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Artificial intelligence-assisted WDM multiplexing in multicore plastic optical fibers

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

ABSTRACT: This work presents an artificial-intelligence-assisted design methodology for wavelength-division multiplexing (WDM) in
multicore plastic optical fibers (MC-POFs) operating in the green visible spectrum. The device is based on polycarbonate (PC) guiding
cores embedded in a CYTOP background and uses controlled inter-core coupling to combine four wavelength channels at 500, 520, 540, and
560 nm into one output core. The electromagnetic response is evaluated with the beam-propagation method (BPM) in RSoft Photonics CAD,
while an external Al-assisted optimization layer is used to rank candidate geometries, refine the switching length, and search the coupled
parameter space defined by the air-hole diameter, lattice pitch, inter-core gap, and channel separation. The physical simulator remains the
source of the optical field solution; the Al layer is used as an optimization and decision-support mechanism rather than as a replacement for
Maxwell-based propagation modeling. The optimized structure has a total active length of 20 mm, a pitch of 549.8 nm, an air-hole diameter
of 241.6 nm, an inter-core gap of 1.099 um, and a normalized diameter-to-pitch ratio of 0.4395. Simulated transmission reaches 88%, 91%,
95%, and 97% for the four channels, corresponding to insertion losses between 0.55 and 0.13 dB. The wavelength-dependent coupling
lengths decrease from 395.33 um at 500 nm to 153.52 um at 560 nm, allowing a common switching-length condition to be approached with

near-integer coupling ratios. Thermal drift analysis indicates stable operation for a worst-case +3 nm wavelength displacement. A two-
channel experimental demonstration at 500 and 540 nm provides additional support for the spatial multiplexing concept. The resulting
platform combines compact WDM routing with Al-assisted photonic optimization and offers a pathway toward low-complexity visible-light

links, sensing networks, and photonic neural interconnects.

KEYWORDS: ARTIFICIAL INTELLIGENCE; MACHINE LEARNING; WDM; MULTICORE PLASTIC OPTICAL FIBER,;
POLYCARBONATE; RSOFT; BPM; VISIBLE-LIGHT COMMUNICATION; PHOTONIC OPTIMIZATION.

1. INTRODUCTION

Polymer optical fibers are attractive for short-range photonic
systems because they are lightweight, mechanically flexible,
comparatively inexpensive, and compatible with large-core or
microstructured geometries. These characteristics are especially
useful in visible-light communication, sensing, automotive
networks, robotic platforms, and compact instrumentation, where
the mechanical requirements can be as important as propagation
loss. Multicore plastic optical fibers extend this concept by
embedding several guiding regions inside a shared cladding. The
resulting structure can support parallel transmission, spatial routing,
power exchange between neighboring cores, and wavelength-
selective coupling within a single fiber body [1-6]. Unlike
conventional free-space multiplexers, an in-fiber device can reduce
alignment sensitivity and eliminate part of the connector, grating,
and lens overhead normally associated with combining several
optical channels.

Wavelength-division  multiplexing increases information
capacity by assigning separate data streams to different optical
wavelengths. In the visible spectrum, a compact WDM unit can
support illumination-based communication, distributed sensors,
spectroscopy, and multi-source photonic computing. Earlier
multicore-fiber ~ and  integrated-waveguide  studies  have
demonstrated RGB multiplexers, demultiplexers, MMI devices, and
wavelength routers with increasingly compact footprints [7-16]. The
challenge is that the coupling length between adjacent cores
depends simultaneously on wavelength, refractive-index contrast,
geometric separation, and modal overlap. A design that is optimal
for one channel is therefore not automatically optimal for a
neighboring channel. Searching the complete multidimensional
space manually or by independent one-variable sweeps becomes
inefficient as the number of wavelength channels and fabrication
constraints increases.

Artificial intelligence and machine-learning methods provide a
useful optimization layer for this type of photonic design problem.
In the present framework, RSoft Photonics CAD and the beam-
propagation method generate the electromagnetic response, while
AI/ML routines guide parameter selection, surrogate-based
screening, and multi-objective ranking. Recent work by Malka and
co-authors spans Al-driven photonic optimization, neural-network
processing, O-band photonic components, thermo-optic phase
control, and machine-learning analysis, illustrating the broader
convergence of photonics and data-driven optimization [17-24].

The study focuses on a four-channel green-light multiplexer
with channel wavelengths of 500, 520, 540, and 560 nm. The
structure contains nine PC coupling regions placed inside a
hexagonal microstructured POF. Four separated input channels are

progressively transferred through wavelength-dependent coupling
paths and merged into a common output core. A single nominal
switching length is used for all channels, which simplifies the
geometry and improves manufacturability compared with
architectures requiring a different interaction length for each
wavelength. The selected green band is useful because PC and
CYTOP provide suitable refractive-index contrast and because
green-spectrum sources are relevant to visible-light Ilinks,
biomedical sensing, Raman-related systems, and compact optical
instrumentation [25-30].

The contribution of this paper is threefold. First, it reformulates
the multicore POF multiplexer as an Al-assisted constrained
optimization problem in which geometrical variables, coupling
ratios, insertion loss, and fabrication tolerances are treated jointly.
Second, it preserves the original electromagnetic design logic and
experimentally supported numerical performance while presenting
the simulation workflow as an RSoft-BPM engine coupled to an
external machine-learning optimization layer. Third, it consolidates
the discussion around WDM multiplexing, eliminating the separate
splitter treatment so that the title, abstract, theory, simulations,
experiment, and conclusions describe one consistent device. The
resulting manuscript is shorter and more focused while retaining the
principal numerical results and the physical interpretation of
wavelength-selective coupling.

2. DEVICE ARCHITECTURE AND AI-ASSISTED
OPTIMIZATION
2.1 Multicore POF geometry

The proposed device uses a three-dimensional hexagonal lattice
in which polycarbonate guiding regions are embedded in a CYTOP
background together with air holes that define the microstructured
cladding. Four optical inputs are positioned symmetrically and are
assigned to 500, 520, 540, and 560 nm. Nine PC regions, denoted
PC1-PC9, form the coupling network. The outer input cores transfer
optical power toward intermediate PC regions and finally toward
PC9, which acts as the common output. The geometry is
intentionally symmetric so that the same longitudinal interaction
windows can be reused for the wavelength channels. This
architecture supports passive routing without external gratings or
bulk combining optics and is closely related to previously
demonstrated multicore POF and multicore PCF wavelength
devices [7-12].

The principal geometric variables are the air-hole diameter d,
lattice pitch A, inter-core gap, input-channel separation S, and total
device length LTotal. The optimized values are d = 241.6 nm, A =
549.8 nm, S = 2.198 um, Gap = 1.099 pm, d/A = 0.4395, and
LTotal = 20 mm. The refractive indices used in the simulations vary
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|
with wavelength. For the PC core, nPC is 1.599, 1.594, 1.591, and These values create strong confinement in the PC regions while still
1.589 at 500, 520, 540, and 560 nm, respectively. The allowing controlled evanescent overlap between neighboring cores.
corresponding CYTOP indices are 1.342, 1.341, 1.341, and 1.340.

Output Channel

1 .
hannel~1 Channel-2 :

Channel-3 Channel-4
Fig. 1. Longitudinal cross-sectional architecture of the four-channel PC-MC-POF WDM multiplexer, showing four input channels,
intermediate PC coupling regions, and the common output channel.
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Fig. 2. Refractive-index distribution in the longitudinal x-z plane for the multicore POF multiplexer.
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Fig. 3. Input cross-section of the PC-MC-POF showing the hexagonal air-hole lattice and PC guiding regions.

2.2 Coupling model and switching-length condition

The multiplexer is evaluated with the same mathematical
definitions used in the original manuscript. The equations below are
retained exactly in their original Word equation format; only the
surrounding discussion is adapted to the Al-assisted RSoft
optimization workflow.
The insertion loss (IL) is defined as:

P
IL=-10Log(—=2+*)

Py
where Pout and Pin are the output and input optical powers,
respectively. The coupling length between adjacent PC cores is:

Py T

constructs the multicore POF model and executes BPM propagation
at the four wavelengths. Output quantities include modal
confinement, coupling length, normalized power transfer, output
transmission, and insertion loss. These quantities are returned to the
optimization layer, which updates the candidate ranking and
proposes the next geometry. The process continues until the
objective improvement becomes small or the simulation budget is
reached. This architecture is compatible with Bayesian
optimization, ~Gaussian-process surrogate models, tree-baseq1)
regressors, neural-network surrogates, or evolutionary search, but
the electromagnetic results remain directly traceable to RSoft
simulations.

For reproducibility, the Al stage should be viewed as an
accelerator of the parameter search rather than as a substitute for
optical physics. Candidate designs that are predicted by a surrogate

Coupling =
kO (nsymmetric (d’ A’ 7\" Gap) - nanti—symmertrlc

For simultaneous multiplexing of all four wavelengths, the
switching length is constrained by the same integer-compatibility
relation used in the original paper:

Ls = P LCouplmg lDZ]“Couplmg ~ P3LC0uplmg b l:>‘l']“C()upllng
The corresponding Ratio Value used to evaluate near-integer
compatibility is retained as

Ratio Value (A _4) = L“—‘* %)

Coupling
In the Al-assisted workflow, these equations are not modified by

machine learning. RSoft BPM remains the physics solver, while the
AI/ML layer searches the permitted geometry space and ranks
candidate designs using the original coupling, switching-length,
insertion-loss, and Ratio-Value definitions.

Insertion loss, coupling-ratio error, normalized output power,
and fabrication tolerance are evaluated directly from the RSoft
BPM results using the unchanged definitions above. The Al-
assisted layer uses these physics-based outputs only to compare and
rank candidate geometries; it does not alter the governing equations
or replace the BPM electromagnetic solver.

2.3 Al-assisted RSoft workflow

The computational workflow is organized as a closed design
loop between an Al or machine-learning optimizer and RSoft
Photonics CAD. The optimizer proposes a candidate set of
geometric variables within fabrication-feasible bounds. RSoft then

?3)31 evaluated in RSoft before being accepted. The use of a
ﬁh)/Slcs e-loop strategy is particularly important in multicore
fibers because small geometric changes can alter modal overlag?2)
nonlinearly. The final parameters reported in this paper therefore
correspond to BPM-validated solutions. The Al layer is most
valuable when it identifies interactions between d, A, Gap, and LS
that would be difficult to detect through isolated sweeps. It alsq3)
naturally supports robustness analysis by evaluating the local
neighborhood of the optimum and rejecting solutions that depend
on unrealistically narrow dimensions.

The same workflow can be extended to include thermal
uncertainty, source wavelength drift, manufacturing tolerances, and
application-specific channel weights. For example, if a photonic-
computing application requires unequal optical weights, the target
output powers can be modified in the loss function instead of
forcing equal channel transfer. In that case the multicore coupler
acts as a wavelength-selective passive summation element,
connecting WDM routing with in-fiber neuromorphic concepts
previously studied in multicore optical networks [17-20].

3. SIMULATION RESULTS

3.1 Modal confinement and wavelength-dependent coupling
RSoft BPM simulations were performed for the four operating

wavelengths using the optimized PC-MC-POF geometry. The

fundamental transverse-electric input modes remain strongly

localized in the selected PC cores, confirming that the refractive-

index contrast is sufficient to support controlled launch conditions
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across the green band. The mode centroids shift according to the
selected input location, while the overall confinement remains
similar. These launch fields are used consistently in the coupling
and full-device simulations so that differences in channel behavior
are dominated by wavelength-dependent coupling rather than
inconsistent source profiles.

The coupling analysis confirms a monotonic reduction in
coupling length as wavelength increases. The extracted values are

395.33 um at 500 nm, 282.21 pm at 520 nm, 201.23 pm at 540 nm,
1.0

¢ "
3
§ 2
s 1
S
2o
a |
w© -1
<
-3
-4
4 3 2 4 0 1 2 3 4 0.0
Horizontal Direction (um)
1.0
: »
3 |
E 2
s 1
°©
£o
o
T -1
L
E 2
-3
-4
-5

4 3 2 4 0 1 2 3 4 0.0
Horizontal Direction (um)

and 153.52 um at 560 nm. The shorter coupling length at longer
wavelengths is consistent with the stronger effective overlap of the
guided fields in this geometry. When mapped to the common
switching-length criterion, the corresponding ratios are 5.06, 7.08,
9.93, and 13.02. The near-integer values explain why a single
longitudinal interaction length can be used for all four channels
without a large efficiency penalty. This property is central to the
compactness of the device and is one of the quantities emphasized
by the Al-assisted objective function.
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Fig. 4. Fundamental TE mode profiles used as launch fields at 500, 520, 540, and 560 nm.
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3.2 Geometric optimization and fabrication tolerance

The diameter-to-pitch ratio d/A provides a compact indicator of
how strongly the microstructured geometry influences confinement
and coupling. Joint optimization of the four channels yields a
tolerance interval from approximately 0.4385 to 0.4408 in which
the normalized output power remains above 80% for all channels.
The global optimum is 0.4395. The important feature is not only the
peak response but also the existence of an overlapping four-channel
region. An optimum that maximized one channel at the expense of
the others would be unsuitable for WDM. The Al-assisted ranking
therefore rewards common performance rather than the best single-
wavelength value.

0

oL

X (um)
Fig. 5. BPM intensity distribution showing inter-core energy exchange at 540 nm.

The final geometry also balances optical performance against
fabrication sensitivity. A modest penalty is assigned to candidate
solutions that require extremely narrow tolerances in d, A, or Gap.
This makes the search more practical because microstructured
polymer fibers inevitably exhibit dimensional deviations during
preform preparation and drawing. The selected design keeps
coupling losses below approximately 2 dB within the reported
tolerance window and preserves a useful common operating region.
In a production-oriented version of the workflow, measured
dimensional statistics from fabricated fibers could be included
directly in the optimization loop so that the resulting design
maximizes expected performance rather than ideal nominal
performance.
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Fig. 6. Normalized power exchange between two adjacent PC cores at 540 nm; the coupling length is extracted from the first complete

transfer.
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3.3 Full-device WDM routing

The complete 20 mm structure was then simulated with each
wavelength launched into its assigned input core. The 500 nm
channel follows the sequence PC1 to PC5, PC5 to PC7, and PC7
to PC9. The 520 nm channel begins at PC2 and then proceeds
through PC5, PC7, and PC9. The 540 nm path uses PC3, PC6,
PC8, and PC9, whereas the 560 nm path begins at PC4 and
follows PC6, PC8, and PC9. The principal transfer windows
occur near z = 5.5-7.5 mm, 11-13 mm, and 17-19 mm. Because
the same longitudinal windows serve different wavelength paths,
the device retains a symmetric structure and avoids multiple
wavelength-specific switching sections.

0.438 0.439

044 0441 0442 0443 0444 044

d/pitch
Fig. 7. Four-channel normalized output power versus d/A. The common tolerance region is centered near the optimized value 0.4395.

The propagation maps show that optical energy remains
localized around the intended route and converges into the
common output core. The process is passive: wavelength
selectivity comes from the different coupling lengths and the
spatial placement of the PC regions. This is advantageous for
visible-light systems because it reduces external alignment
requirements. The total active length of 20 mm is sufficiently
short for integration while remaining long enough to realize the
required sequential transfers. For laboratory handling, a longer
physical fiber section can be used outside the active region with
only modest additional attenuation.
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3.4 Transmission, insertion loss, and thermal robustness

The simulated transmission peaks are 88% at 500 nm, 91% at
520 nm, 95% at 540 nm, and 97% at 560 nm. These values
correspond to insertion losses that decrease from approximately
0.55 dB at 500 nm to 0.13 dB at 560 nm. The channel linewidths
broaden from roughly 9.2 nm to 13.8 nm over the same
wavelength range. The spectra are clearly separated, indicating
that the optimized input spacing and coupling geometry provide
useful channel isolation. The combined result is a compact WDM
multiplexer in which all four channels reach the same spatial
output while remaining spectrally distinguishable.

2

£,
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4 3 R 0 % 2 8 e 0.0
X (um)
x10*
2 1.0
8,
N

— Channel 1 (500nm) — Channel 2 (520nm)
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Fig. 8. Simulated light-intensity trajectories for the four wavelength channels as they couple toward the common output core.

Thermal wavelength drift was evaluated for a temperature
excursion from 25°C to 85°C using a representative source
sensitivity of 50 pm/°C, corresponding to a worst-case
displacement of about +3 nm. Under this perturbation the
additional loss ranges from approximately 0.61 dB at 500 nm to
0.27 dB at 560 nm. The structure therefore retains acceptable
performance despite realistic source drift. In the Al-assisted
framework, this test can be incorporated directly into the
objective function by evaluating every promising geometry at the
nominal wavelengths and at shifted wavelengths. Such robust
optimization prevents the algorithm from selecting a narrow
spectral optimum that would fail under temperature variation.

Channel 3 (540nm) — Channel 4 (560nm)
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Fig. 9. Simulated optical transmission spectra for the 500, 520, 540, and 560 nm WDM channels.
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Fig. 10. Simulated field profiles at the four inputs and the combined field at the central output core, illustrating passive wavelength-weighted
optical summation.

4. EXPERIMENTAL VALIDATION

A two-channel experiment was used to evaluate the underlying
spatial multiplexing principle with commercially available
multicore polymer fiber. Narrow-linewidth sources near 500 and
540 nm were coupled into separate input cores through aspheric
collimating optics and precision positioning stages. A fiber section
of approximately 50 mm was used to provide a mechanically
convenient experimental length while retaining the required inter-
core interaction. At the output, the combined field was imaged with
a microscope objective and CMOS camera. The observed far-field
distribution exhibits a single dominant Gaussian-like spot with ring
structure in the false-color representation, indicating that optical
power from the two launched wavelengths converges spatially at

the output.

Aspheric lens’
collimator \

Aspheric
lens
collimator

PC-MC-POF

The measured total insertion loss was approximately 2.03 dB for
a combined 50 mW input, corresponding to about 31.4 mW at the
output. The experimental loss is higher than the idealized four-
channel BPM values because the laboratory arrangement includes
coupling, alignment, facet, and propagation penalties that are not all
represented in the simplified simulation model. Even so, the
measurement supports the central physical premise of the
architecture: distinct visible wavelengths can be launched into
separate cores and spatially merged inside a multicore polymer fiber
without external wavelength-combining optics at the output. This
validation is also useful for the Al-assisted design strategy because
it identifies which simulation outputs should be calibrated against
real measurements in future closed-loop optimization.

CMOS
camera

Fig. 11. Two-channel experimental multiplexing arrangement using 500 and 540 nm green sources and the measured output spot profile.

5. DISCUSSION

The proposed approach combines three ideas that are usually
treated separately: multicore polymer-fiber routing, wavelength-
selective coupling, and Al-assisted photonic optimization. The
multicore geometry provides the physical platform, the wavelength
dependence of the coupling length provides the WDM mechanism,
and the Al layer makes it practical to search a design space
containing several interacting dimensions. This separation of roles
is useful because it avoids overstating the function of machine
learning. RSoft BPM remains responsible for the field solution and
therefore for the reported coupling, transmission, and loss values.
Al contributes by choosing where to evaluate the physics and by
recognizing tradeoffs among competing objectives.

The architecture is particularly attractive for visible-light
systems in which size, flexibility, and low component count are
important. A conventional four-channel combiner can require
multiple discrete optics, alignment points, or cascaded waveguide
sections. In the PC-MC-POF structure, the wavelength routing is
embedded along the fiber axis. The resulting 20 mm interaction
region can be packaged as part of a lightweight fiber assembly.
Potential applications include short-range WDM links, robotic

11

sensor networks, multicolor biomedical probes, distributed
spectroscopy, and compact signal-routing modules. The same
coupling concept can also support reverse operation as a
demultiplexer if the optical direction and collection geometry are
changed, subject to reciprocity and port design. Related integrated-
waveguide  studies have also  demonstrated  green/red
demultiplexing, angled MMI demultiplexers, and O-band grating
coupling, complementing the wavelength-routing functionality
considered here [31-33]. Multicore-PCF and MMI-based splitters,
combiners, and low-reflection couplers further show that engineered
modal coupling can support compact power division and
recombination across diverse fiber and waveguide platforms [34-
41]. Beyond communications, PCF/POF sensing studies span
pathogen and multi-analyte detection, low-index and cancer-cell
sensing, refractive-index and liquid-level measurement, and space-
division fiber splitting, illustrating the breadth of structured-fiber
functionality [42-49]. Related PCF research on dispersion-
engineered fiber lasers and wavelength-tunable parametric
amplification also highlights the importance of wavelength-
dependent modal control in advanced fiber systems [50-51].
Fabrication and application studies on polymer splitters,
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polycarbonate/ITO  structures, rehabilitation instrumentation,
adaptive and photonic-crystal splitters, and corrosion monitoring
provide additional context for manufacturability and sensing-
oriented use of polymer optical platforms [52-59]. At the integrated-
photonics level, SOl multi-racetrack resonator filters offer another
example of compact geometry-controlled spectral processing,
reinforcing the wider role of structural optimization in wavelength-
selective photonic devices [60].

The connection to photonic computing arises because several
wavelength channels are physically summed into one optical output.
In a conventional WDM link this is simply multiplexing. In a
neuromorphic interpretation, the input wavelengths can encode
separate signals and the coupling efficiencies can act as fixed
optical weights. Earlier work on neural networks in multicore fibers
and multimode-fiber neural processing shows that fiber platforms
can support distributed optical interactions [17-20]. An Al-assisted
design loop could therefore be extended beyond equal-throughput
WDM and used to synthesize a target output-weight vector. The
present device should be regarded as a passive hardware primitive
rather than a trained neural network by itself, but its geometry is
compatible with that broader direction.

There are also limitations. First, the four-channel performance
reported here is based primarily on numerical BPM modeling, while
the experiment validates a two-channel spatial-combination case
rather than the complete fabricated four-channel microstructured
device. Second, an external machine-learning optimization layer
requires a clearly documented training or surrogate-validation
protocol if quantitative claims about speedup are to be made. The
present paper therefore does not assign an artificial percentage
improvement to Al, nor does it claim that RSoft itself is a machine-
learning solver. Third, manufacturing tolerances, bending,
connector interfaces, surface roughness, and material dispersion
should be included more comprehensively in a future fabrication-
calibrated model. These limitations define a practical next step:
couple measured fiber geometry and optical data back into the
optimizer and use the combined data set to refine the surrogate
model.

6. CONCLUSIONS

An artificial-intelligence-assisted WDM multiplexer based on
multicore plastic optical fiber has been presented for the 500-560
nm green spectral range. The device uses nine polycarbonate
coupling regions embedded in a CYTOP-based microstructured
fiber to transfer four input wavelengths toward a common output.
RSoft BPM provides the electromagnetic propagation solution,
while an external Al-assisted optimization stage coordinates the
search over geometric parameters and the common switching-length
condition.  This  physics-in-the-loop  formulation  preserves
interpretability and avoids replacing the optical model with an
unverified black-box predictor.

The optimized 20 mm structure operates at 500, 520, 540, and
560 nm with simulated transmissions of 88%, 91%, 95%, and 97%
and insertion losses from 0.55 to 0.13 dB. The extracted coupling
lengths are 395.33, 282.21, 201.23, and 153.52 pm, producing near-
integer switching ratios that enable a shared interaction length. The
selected d/A value of 0.4395 lies inside a common four-channel
tolerance region, and the design remains stable for a representative
+3 nm thermal wavelength drift. A two-channel experiment at 500
and 540 nm further supports the spatial multiplexing concept.
Overall, the results indicate that Al-assisted RSoft optimization can
provide a practical route to compact visible-band WDM
components in multicore polymer fibers, with future extensions
toward fabrication-aware optimization, adaptive channel weighting,
and neuromorphic photonic interconnects.

5.1 Practical Al optimization protocol

A practical implementation of the Al-assisted workflow begins
with a bounded design space defined from optical constraints and
fabrication limits. The initial population should cover the allowed
ranges of d, A, Gap, S, and LS rather than concentrating
immediately around the nominal optimum. Each candidate is
evaluated in RSoft at all four wavelengths, and the resulting feature
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vector can include the effective index, peak coupled power, first
transfer length, output power, insertion loss, and a measure of
residual power in undesired cores. These data form a compact
training set for a surrogate model. The surrogate does not need to
predict the complete optical field; predicting the objective metrics is
sufficient and is computationally more efficient. After training, the
model proposes new candidates with the largest expected
improvement or the best estimated tradeoff among loss, coupling-
ratio error, and robustness. Every accepted candidate is then
verified with a fresh BPM run, preventing surrogate extrapolation
from being mistaken for a physical result.

For the present four-channel problem, a multi-stage strategy is
appropriate. In the first stage, broad sampling identifies the
parameter regions that preserve modal confinement. In the second
stage, the optimizer focuses on the common switching-length
condition and searches for designs in which the four coupling ratios
are simultaneously close to integers. In the third stage, the best
candidates are re-simulated under geometric and spectral
perturbations. This final robustness stage is essential because an
apparently excellent nominal point may be unusable if a small
variation in pitch or wavelength causes a large increase in insertion
loss. The reported d/A tolerance region from approximately 0.4385
to 0.4408 provides a direct example of the type of common
operating window that the optimizer should prioritize. A design is
accepted only when the four channels remain inside the selected
power and loss limits across the perturbation set.

The optimization loop can also be adapted to experimental
calibration. After a prototype is fabricated, measured core locations,
core diameters, refractive indices, and output powers can be used to
update the simulation model. A data-driven correction term may
then learn the systematic difference between the idealized RSoft
geometry and the fabricated device. In this way, the Al layer
becomes increasingly useful over successive fabrication cycles
without obscuring the underlying physics. The workflow is
therefore compatible with a digital-twin interpretation: the BPM
model supplies the deterministic optical structure, experimental data
reveal manufacturing and alignment deviations, and machine
learning provides a statistical correction and search policy. Such a
strategy is more defensible than assigning the complete field
calculation to a neural network because it preserves a direct
connection between design decisions and physically interpretable
parameters.

5.2 System-level implications for WDM links

At the system level, the multicore POF multiplexer can be
placed between wavelength-specific transmitters and a shared
downstream optical path. Each source is coupled into its designated
input core, and the internal sequence of coupling regions transfers
the channels to the common output. Because the wavelengths
remain spectrally separated, downstream detection can use
wavelength-selective  photodiodes, filters, or a reciprocal
demultiplexing structure. The measured and simulated losses
indicate that the fiber device itself can be a relatively small part of
the link budget, particularly at the longer wavelengths where the
calculated insertion loss approaches 0.13 dB. In a practical
communication system the total penalty will also include source-to-
fiber coupling, facet reflections, connector losses, bending, detector
responsivity, and any wavelength-selective filtering. The low
intrinsic multiplexer loss therefore provides useful margin for these
external terms.

The 20 nm channel spacing used here is deliberately large
enough to provide clear separation in the green visible band and to
simplify the proof-of-concept coupling design. A future design
could target smaller spacing if the fiber dispersion, fabrication
tolerance, and coupling sensitivity permit it. The Al-assisted
workflow is particularly valuable for such scaling because the
feasible region is expected to become narrower as channel spacing
decreases. Instead of relying on repeated manual scans, the
optimizer can treat spacing itself as a design variable and search
jointly over wavelength allocation and geometry. Additional
objectives could include crosstalk, minimum spectral guard band,
total device length, and tolerance to laser linewidth. This would
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allow the same physical platform to be adapted to different
transmitter technologies and link-capacity requirements.

The green spectral region is also relevant outside conventional
data transmission. Multiple wavelengths can interrogate different
fluorescent labels, absorption features, or scattering responses in a
sensing probe. By combining several source wavelengths into one
multicore POF path, the multiplexer can reduce the number of
external optical components and support compact distributed
probes. In these cases, the optimization objective may not be equal
transmission. One channel may be intentionally stronger to serve as
a reference or excitation source, while another may be attenuated to
match a sensitive detector. The same Al-assisted geometry search
can synthesize these unequal target powers by changing the desired
output vector. This flexibility links the WDM function to passive
optical weighting and makes the architecture relevant to both
sensing and photonic-computing applications.

Finally, the present design demonstrates why the phrase Al-
assisted should be interpreted as a design methodology rather than a
material or propagation mechanism. Polycarbonate, CYTOP, the
air-hole lattice, and wavelength-dependent modal coupling
determine the physical behavior. RSoft BPM calculates that
behavior. Machine learning organizes the search over possible
structures and can reduce the number of simulations required to
reach a robust solution. Keeping these roles explicit makes the
methodology reproducible and allows later studies to compare
optimizers fairly. A future experimental campaign should therefore
report the optimizer type, parameter bounds, number of RSoft
evaluations, surrogate validation error, stopping rule, and the
performance of the final BPM-verified design. Those additions
would make it possible to quantify the computational benefit of Al
while retaining the optical performance metrics used throughout this
work.
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Deepening oxidation of metal crystals by laser radiation
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Abstract: The theory of laser-induced oxidation of metals, namely Ti, was developed. The theory accounts for the action of the strong
temperature gradient due to laser irradiation as well as the oxygen concentration gradient. This theory is based on the Wagner differential
oxidation equation and determines the oxide film thickness depending on the number of laser pulses. Theoretical calculations were confirmed
experimentally using a YAG:Nd laser beam at 1.06 um, a pulse duration of 15 nm and an intensity of 2 MW/cm?, which is 10% less than the
ablation threshold. Raman and SEM studies show the formation of a TiO, film of mixing structural phase (anatase and rutile). It was found
that the volume fraction of these phases depends on the intensity of the laser irradiation.

KEYWORDS: LASER OXIDATION, TEMPERATURE
1. Introduction
Oxidation of metal crystals is very often used in

technologies and experiments, for example, thermal oxidation in a
furnace, electrochemical oxidation, or plasma-electrolytic oxidation
[1-3]. Such methods have limitations in oxidation depth and the
formation of a high-quality metal oxide crystal due to the low
diffusion length of oxygen in metals; it is less than one micron.
Moreover, depending on the oxidation conditions - the phase state
of the metal, the environment, and the laser parameters - different
phase structures of the oxide can be formed, for example, anatase,
rutile, or brookite in a TiO, crystal [4], which have different crystal
lattice constants, leading to the formation of mechanical stresses
and the destruction of the metal oxide. But in modern technologies,
deeper oxidation is necessary for various purposes, for example, the
formation of an optical window in a vacuum chamber for
monitoring and controlling the process or using a laser beam to
process the sample. It is proposed to consider laser oxidation as an
alternative method, which has the following advantages: locality,
process speed, and, most importantly, larger depth of oxidation due
to strong heating of the oxide and temperature gradient. Oxygen is
supplied to the metal/oxide interface not only due to its diffusion,
but also due to the generation of interstitial oxygen in the oxide and
its drift in the thermal gradient field [5]. Such technology allows
control of a metal-oxide thickness and the possibility to reach the
Fabry-Perot resonance modes for lasing in the material.

2. Theoretical model

Theoretically, such a metal oxidation process is described
by a modified Wagner differential oxidation equation [6], where a
field term proportional to the temperature gradient is added, namely

dH

dt

(-7
=exp|——
T

where By = Dy (Cg - Cm)/No , Go = DoCQ/(kg No), Dy is the diffusion
coefficient at T — oo, T, is the activation energy of the diffusion
process, ¢y and ¢y, are oxygen concentrations at gas and metal sides,
respectively, ¢ = (c; + cp)/2, Q is the heat of transport
(thermomigration coefficient) for particle, No is the concentration of
oxygen bound in the crystal lattice.

The temperature in the gradient term can be approximated
by the maximal temperature, while the temperature gradient can be
approximated via heat flux go, namely
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Here K, is the thermal conductivity. In this case, the
differential equation will have the form

GRADIENT, TITANIUM, OXIDE FILM THICKNESS
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where T " (to) is the second derivative at time t;, where maximal
temperature T is achieved. If we consider that
By Gy qo

H Tnzmx KO

we can treat the equation perturbatively. We represent H = Hy + Hjy,
where H; « Hp and separating orders obtain two differential
equations
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The results are shown on Fig. 1. As one can see, the
presence of temperature gradient (green line) increases the growth
of oxide, if compared with the case without temperature gradient
(red line).

1000

0 50

Fig. 1. Dependence of oxide film thickness H upon number of pulses
N for TiO, with and without temperature gradient (green and red
lines, respectively) for the heat flux g, = 52.8 MW/cm? and pulse
duration z = 6 ns.
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3. Experimental part

Laser oxidation of Ti plates with a thickness of 1 mm was
experimentally investigated. The Ti plate was irradiated with a
YAG:Nd laser beam with a diameter of 1.5 mm, a wavelength of
1.06 um, a pulse duration of 15 nm and an intensity of 52 MW/cm?,
which is 10% less than the ablation threshold. 5 points were
irradiated with different irradiation doses (number of laser pulses),
located on one line, each at a distance of 3 mm. Optical microscope
studies showed that the color of the irradiated spot changes: the spot
darkens with increasing dose. Next, the sample was cut with an ion
beam in the middle of the laser spots to measure the thickness of the
oxide layer. Measurements showed that the thickness of the TiO,
layer increases with the irradiation dose and reaches 300 nm, but
this layer is opaque and brittle. Additionally, SEM study shows that
the surface of the oxide layer is covered with microcracks; see Fig.
2.

(b)

Fig. 2. SEM micrographs of the surface of Ti plates with 7iO,
layer before y-irradiation made at different magnifications. In the
insertion — the component composition.

We explain these properties by the relaxation of mechanical strain
caused by the mixing of TiO, phases due to lattice mismatch
between them. The presence of mixed TiO, phases in the oxide
layer was demonstrated by Raman spectra; see Fig. 3.
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Fig. 3. Raman spectrum of the laser-formed oxide film on the
surface of Ti plate.

Fig. 3 demonstrates the presence of the typical vibrational bands
attributed to both anatase and rutile phases. Additional bands within
the range 1250...2500 cm™ are caused by the presence of carbon
impurities, which are the residual uncontrolled contamination after
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mechanical treatment of the Ti plates before laser irradiation. These
carbon contaminations can be removed using an ultrasonic bath.

4. Conclusions

The method for laser-induced deep oxidation of metals was
developed. Experimental modelling predicted the effective process
of oxide film formation. The oxidation rate and the phase
composition of the resulted oxide film depend on the conditions of
the laser irradiation. Using Ti plates and YAG:Nd laser we obtained
the TiO, films with the thicnesses up to 300 nm consisting of the
mixed rutile and anatase phases. The method is cheap, non-vacuum,
and perspective for the formation of the optical windows and other
technical purposes, including formation of the radiation-resistant
and protective coatings.
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Application potential of lubricants for bearings and gears in space mechanisms — analysis of
properties and limitations
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Abstract: The reliability of mechanisms used in satellites, interplanetary probes, and planetary rovers largely depends on choosing the right
lubricant. Unlike devices used on Earth, space mechanisms operate in conditions of high vacuum, extreme temperature changes, and intense
radiation, without any possibility of performing maintenance. This means that conventional lubricants used on Earth don’t provide the
necessary durability or reliability. The article presents an analysis of the main environmental factors affecting the lubrication process and
discusses the properties of the most commonly used types of lubricants in space mechanisms. Special attention is given to perfluoropolyether
(PFPE) based greases, multiply alkylated cyclopentanes (MAC), and solid lubricants based on molybdenum disulfide and DLC-type

coatings.

KEYWORDS: SPACE TRIBOLOGY, SPACE LUBRICANTS, PFPE, MAC, BEARINGS, GEARS, VACUUM.

1. Introduction

The rapid development of space technologies is increasing demands
on the durability and reliability of mechanisms responsible for
satellite orientation, solar panel drive systems, antenna positioning,
and the operation of scientific instruments. In most of these
systems, operational durability is directly linked to the quality of the
lubrication system used.

On the ground, effective friction reduction is ensured by a lubricant
film separating the surfaces in contact. In space, maintaining such a
film is much harder due to the effects of high vacuum, extreme
temperatures, and radiation.

Choosing a lubricant is one of the most important steps in designing
space mechanisms. A wrong choice can lead to increased friction,
faster wear of parts, and loss of functionality of the entire system, so
the selection process should take into account both tribological
requirements and the impact of the space environment [1].

2. The impact of the space environment on the

properties of lubricants

The space environment is quite different from the conditions for
which most traditional lubricants were designed. The mix of high
vacuum, a wide range of temperatures, and radiation leads to effects
that hardly ever happen on Earth, and it requires the use of
specialized tribological materials.

Degassing products that settle on optical components, detectors, and
photovoltaic panels can cause permanent deterioration of their
performance. For this reason, in the design of space mechanisms,
special attention is paid to reducing the phenomenon of molecular
contamination.

Extreme temperature changes affect viscosity, the ability to form an
oil film, and the resistance of moving parts. The lubricant should
maintain stable properties both during long periods of cooling and
occasional heating of the components.

It's worth noting that vacuum alone doesn't determine the state of a
lubricant. What really matters are its physicochemical properties
and operating temperature, while vacuum mainly just speeds up the
degassing process.

3. Requirements for lubricants intended for space

applications

Choosing a lubricant for space applications requires taking into
account a lot more factors than in regular industrial systems.
Besides tribological properties, long-term physicochemical stability
and the ability to operate for many years without maintenance are
crucial.

One of the basic criteria for selecting lubricants is their volatility.
Due to the high vacuum, materials with very low vapor pressure are
preferred, which limits outgassing and the risk of contaminating
optical and electronic components.

Equally important is viscosity stability across a wide range of
temperatures. Too much of a viscosity increase makes it harder to
start the mechanism, while a drop in viscosity leads to a thinner
lubricating film.
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The lubricant should have high chemical and radiation resistance,
limiting the degradation of its molecular structure from ultraviolet
and ionizing radiation, and keeping its properties stable throughout
its entire service life.

A Kkey requirement remains material compatibility with metals,
polymers, and elastomers used in space mechanisms, which helps
avoid chemical reactions, material swelling, and deterioration of
tribological properties.

In mechanisms that perform small oscillating movements, it's
especially important to limit the stick-slip phenomenon, which can
worsen the positioning accuracy of optical instruments and
actuating systems.

An important requirement is also limiting the risk of adhesive
welding (cold welding), which under high vacuum conditions can
lead to permanent damage to the surfaces in contact.

In summary, a lubricant meant for space applications should
combine low volatility, high physicochemical stability, radiation
resistance, proper tribological properties, and full material
compatibility. In practice, the optimal choice is always a
compromise based on the mission's nature and the mechanism's
design.

4. Analysis of selected groups of lubricants (liquid)

4.1. Mineral oils

Mineral oils played an important role in the development of
classical tribology, but their physicochemical properties don't meet
the requirements for mechanisms working in space.

Unfortunately, most mineral oils are practically unsuitable for space
applications. The main limitation is their relatively high vapor
pressure, which leads to significant outgassing in a vacuum. This
process causes a gradual loss of the lightest fractions, changes in
viscosity, and the possibility of contaminating optical components.
Additionally, mineral oils have limited resistance to radiation and
relatively rapid thermal aging [2, 6, 9].

For this reason, mineral oils are nowadays hardly used as primary
lubricants in mechanisms intended for long-term work in space.
However, they can be used in laboratory research and in selected
short-term technological experiments, but they are not a solution for
long-term space missions.

4.2. Polyalphaolefin oils (PAO)

Polyalphaolefins (PAQO) are synthetic hydrocarbons with favorable
viscosity- temperature properties and high operational stability.
Compared to mineral oils, they also have much lower volatility,
which allows them to operate in moderate vacuum conditions for a
much longer time. However, they don't completely eliminate the
problem of outgassing, so their use in long-term space missions is
still limited [7, 9-12].

The advantage of PAO oils, on the other hand, is their very good
lubricating properties and the ability to work with a wide range of
anti-wear and antioxidant additives. For this reason, they are mainly
used in equipment operating under controlled conditions or as a
reference point during tests of new lubricants.

4.3. Ester oils
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Synthetic ester oils provide good lubricating properties and a
favorable change in viscosity with temperature.

However, their use in space is limited. The main problem remains
the relatively high volatility of some esters and the possibility of
gradual chemical degradation over years of use. High-energy
radiation can break ester bonds, leading to changes in viscosity and
worsening wear-resistant properties.

Despite the mentioned limitations, certain synthetic ester oils are
still used in specific auxiliary mechanisms, especially where good
low-temperature properties and low starting resistance are a
priority.

4.4, Silicone oils

Silicone oils maintain stable viscosity properties over a wide range
of temperatures, which is their main practical advantage.

Their main drawback, however, is the relatively easy migration
across the surfaces of construction materials. In high-vacuum
conditions, this can lead to contamination of optical surfaces and
electronic components, even if the evaporation process itself is
relatively slow. This phenomenon is particularly important in space
telescopes and observation satellites, where even a small amount of
deposited contaminants can degrade the quality of the data obtained
[4,8,12].

For this reason, silicone oils are mainly used in selected auxiliary
mechanisms, while they are avoided in systems that require the
highest optical purity and minimal risk of contamination.

4.5. Perfluoropolyethers (PFPE)

The most practically important lubricants in space tribology
nowadays are those based on perfluoropolyethers (PFPE).

The chemical structure of PFPE, based on carbon—fluorine bonds,
provides exceptionally high chemical stability, low vapor pressure,
and resistance to oxidation. These properties limit lubricant loss
from outgassing and help maintain stable performance over many
years of operation in high vacuum.

PFPEs maintain favorable viscosity-temperature properties over a
wide range of temperatures, which is why they are used in precision
mechanisms that require high reliability and consistent movement.
PFPEs are mainly used in mechanisms where long-term,
maintenance-free operation is required while maintaining high
precision of movement.

The main limitations of PFPE are the high cost and the limited load-
carrying capacity of the lubricant film under very high contact
pressures. For this reason, they often work together with self-
lubricating or protective coatings.

PFPEs are currently the most commonly used group of liquid
lubricants in space mechanisms, which comes from a favorable
compromise between low volatility, high chemical stability, and
long-lasting operational durability.

4.6. Multiply alkylated cyclopentanes (MAC)

Multiple-alkylated cyclopentanes (MACs) are among the most
important synthetic lubricants used in space technology, especially
in mechanisms exposed to high contact pressures.

MAC oils are known for their very good resistance to evaporation,
high thermal stability, and beneficial anti-wear properties. Many
studies have shown that they lead to less wear on rolling elements
and higher fatigue life of bearings compared to conventional
fluorine-based lubricants [9-15].

A key advantage of MAC oils is that you can effectively use anti-
wear and antioxidant additives, which lets you tailor their properties
to the specific requirements of a given mechanism.

As a result, MAC lubricants are now considered one of the main
solutions for heavily loaded bearings and space gearboxes,
complementing PFPE applications where a higher load-bearing
lubricant film is needed.

4.7. lonic liquids

lonic liquids are one of the most promising groups of lubricants for
future space applications. Their practically zero vapor pressure and
the ability to tailor their properties by choosing different cations and
anions make them an attractive alternative to traditional synthetic
oils.

Their biggest advantage is practically zero vapor pressure, which
means the degassing process is almost completely eliminated. This
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characteristic makes them particularly interesting candidates for
space applications, where the loss of lubricant is one of the main
operational limitations [15-20].

Additionally, ionic liquids show very good anti-wear properties and
the ability to form durable boundary layers that limit direct contact
between interacting surfaces.

Despite their very promising properties, the use of ionic liquids is
currently still limited to the research stage. The main challenges
include assessing their stability under long-term radiation exposure,
material compatibility, and the durability of boundary layers under
real operating conditions.

5. Solid lubricants and tribological coatings

Despite the rapid development of liquid lubricants, many space
mechanisms still use solid greases and tribological coatings. These
solutions effectively eliminate the outgassing problem and reduce
the risk of losing lubricating properties during years of operation in
a vacuum.

Their use is especially beneficial in mechanisms performing small
oscillating movements, in parts working at low speeds, and in
systems where even slight contamination of optics or electronics is
unacceptable.

5.1. Molybdenum disulfide (MoS,)

The most commonly used self-lubricating material remains
molybdenum disulfide (MoS,), which, thanks to its layered crystal
structure, shows a very low friction coefficient, especially in high
vacuum conditions.

The biggest advantage of MoS, coatings is that they maintain a very
low friction coefficient in high vacuum conditions. Unlike working
in Earth's atmosphere, the absence of oxygen and moisture limits
surface degradation processes, which is why the material has
remained a standard in satellite mechanisms and scientific
instruments for many years.

MoS, coatings are mainly applied using PVD and magnetron
sputtering methods, which allows for obtaining uniform layers with
high adhesion and consistent tribological properties.

5.2. Tungsten disulfide (WS,)

An alternative to MoS, is tungsten disulfide (WS,), which is known
for its high wear resistance and good stability at elevated
temperatures.

WS, shows tribological properties similar to MoS,, while in many
applications it has higher thermal resistance and better operational
stability. For this reason, it is being considered as a material for
mechanisms working in especially demanding conditions of
interplanetary missions.

5.3. Polytetrafluoroethylene (PTFE)

Polytetrafluoroethylene (PTFE) is a material with a very low
friction coefficient and high chemical resistance. It's most often
used as a component in composites or lubricants designed to work
in a vacuum.

PTFE is mainly used as a component in self-lubricating composites
and bearing materials. Because it has limited creep resistance and
lower load capacity, it doesn't replace MoS, or WS, coatings in
heavily loaded friction pairs, but it effectively complements them in
selected applications.

5.4. DLC Coatings

Diamond-Like Carbon (DLC) coatings are currently one of the most
rapidly developing types of protective and tribological coatings.
They combine high hardness, excellent wear resistance, and a low
friction coefficient.

DLC coatings can be applied to steel as well as light structural
alloys, providing high wear resistance and protection in case of
local breakdown of the lubricant film. The biggest benefits are seen
in hybrid systems where they work together with a liquid lubricant.
5.5. Graphite greases

Graphite is a classic lubricating material with a layered crystal
structure. However, in high vacuum, its tribological properties
deteriorate due to the desorption of molecules adsorbed on the
surface.
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In industrial applications, graphite has been used for many years as
a component in greases, a self-lubricating material, and an additive
for tribological composites. It works especially well at high
temperatures and in environments where using conventional oils is
difficult.

It might seem that graphite's layered structure makes it an ideal
material for use in space. However, tribological studies have shown
that its properties strongly depend on the presence of water
molecules and gases adsorbed on the surface of the graphene layers.
In Earth's atmosphere, these molecules help layers slide over each
other and reduce their mutual interaction. In high vacuum
conditions, these molecules desorb, which leads to an increase in
the friction coefficient and faster wear of the contacting surfaces.
This phenomenon makes graphite less capable of maintaining its
favorable tribological properties compared to working in the
atmosphere.

Classic graphite lubricants have limited use in space technology. In
practice, they have largely been replaced by layered materials like
MoS, and WS,, which maintain favorable tribological properties
even in high vacuum.

6. Comparison of the properties of the analyzed

lubricants

The analysis shows that choosing a lubricant for space mechanisms
is a multi-criteria issue. The choice depends at the same time on the
type of load, thermal conditions, working environment, required
durability, and the acceptable level of contamination risk for
sensitive components. For this reason, there isn’t a universal
lubricant that optimally meets all operational requirements.

Classical mineral oils are the least useful in space applications.
PAOs and esters can be used in certain cases, but in terms of
durability and resistance to the space environment, they fall short
compared to PFPEs and MACs.

PFPE and MAC are currently considered the most technologically
advanced liquid lubricants. PFPEs stand out for their low volatility,
while MACs provide a higher load-bearing capacity of the lubricant
film.

Hybrid systems that combine liquid lubricants with tribological
coatings are becoming increasingly important. This solution boosts
resistance to local lubricant film loss and improves the reliability of
mechanisms over years of use.

Some of the most promising areas of development include ionic
liquids and hybrid systems that combine liquid lubricants with
modern tribological coatings. However, their widespread use still
requires more research on long-term durability, radiation resistance,
and material compatibility.

7. Conclusions

The analysis confirms that the effectiveness of lubrication in space
mechanisms depends on properly matching the lubricant to the
working conditions, not on choosing a one-size-fits-all solution.
Currently, PFPE and MAC lubricants, as well as MoS,, WS,, and
DLC coatings, have reached the highest level of technological
maturity and are reference solutions for modern space mechanisms.
The most promising directions for further development include
hybrid systems, ionic liquids, and new functional materials that
allow for longer-lasting mechanisms and increased reliability of
future missions.
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Abstract: This article presents information on modern methods for manufacturing long-length tubular porous powder filter elements,
including hydrostatic and dry radial isostatic pressing, mold pressing, sintering of loosely formed powder in a mold, and roller deformation
of flat porous sintered blanks. The advantages and disadvantages of these methods are described. Photos of typical products manufactured

using these methods are presented.
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1. Introduction

Porous materials with through pores are widely used in
various science and technology fields, and products made from
them are most often used as filter elements (FE) in filters for
purifying liquids and gases from various types of contaminants
[1,2]. Among the porous materials used for the manufacture of
filter elements, powder filter materials based on metal powders
(PFM) are at an important place. They have a good combination
of throughput and filtration fineness, are durable, resistant to
thermal shock, can be welded, soldered and mechanically
processed, and can be repeatedly regenerated using various
methods; the choice of an appropriate material ensures the
necessary corrosion resistance, heat resistance and thermal
conductivity, which makes it possible to use products made
from them at high temperatures and in aggressive environments,
including, for example, working with acids, alkalis, aggressive
and hot gases [3,4]. When choosing the design of filter elements,
preference is often given to long tubular products: compared to
filter elements of a plate (lenticular) or flat shape, there is no
need to seal a large number of joints between the "lenticulars”
and between the elements in the lenticular itself during
installation [5]. Examples of these designs are shown in
Figure 1.

Fig. 1. FE for oil purification in the form of lentils and tubes.

This paper presents information on the authors' experience
in using methods for manufacturing long-length tubular porous
powder filter elements.

2. Materials and research methods

It's known [1-4] that the technology for producing porous
powder materials consists of the process of powder preparation,
shaping, and sintering. It's the shaping stage that ensures the
production of blanks (moldings) of the required shapes, sizes,
porosity, and the necessary porosity for subsequent processing
(and transportation) [6]. Shaping can occur with or without the
pressure application.

Pressure-free  molding is typically performed using spherical
powders (when pressure activation of interparticle contacts isn't required
and binders are used) by sintering the powder loosely poured into the
mold. However, the manufacture of molds for long filter elements
(length to diameter ratio greater than 4) requires large amounts of
expensive metal and is time-consuming; in addition, difficulties arise
with removing the sintered material from the rod. In this regard, the
rolling method of sintered powder sheet blanks is generally preferred
[5]. As noted in [5], this technology can be used to manufacture various
sizes of long tubular porous powder filter elements with outside
diameters from 40 to 500 and lengths up to 1500 mm or more, since the
increase in product dimensions is achieved by welding (gluing or
soldering is also possible); moreover, the developed technology allows
for the manufacture of two-layer materials, ensuring increased product
efficiency. Figure 2 shows, as an example, large-sized filter elements for
air purification (two filter elements contain layers of polymer pre-
filtration fabric.

Fig. 2. Large filter elements for air purification.

Among the various methods for forming metal powders with applied
pressure, mold pressing is the most widely used [7]. However, due to
the uneven density distribution across the press height, mold pressing
doesn't allow the production of long products (with a press length to
diameter ratio greater than 4) [7,8]; this is additionally accompanied by
the formation of a narrowing along the outer diameter in the central part
of the workpiece during sintering. Increasing the length of filter
elements is possible by soldering, welding, gluing, tightening, or by
threading several parts obtained by mold pressing, but the requirements
for tightness, reduction in filtration area, and additional labor costs make
the creation of such designs impractical. Exceptions are cases where the
required product length significantly exceeds technological capabilities.
Therefore, this method is rarely used by the authors.

Dry isostatic pressing has been adopted as the primary method for
forming metal powders with applied pressure in the manufacture of long
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tubular porous powder filter elements [9]. The basic design
diagram of the device for implementing this method is shown in
Figure 3.
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Fig. 3. Large-sized filter elements for air purification: elastic
insert made of elastic material (1); reinforcing elements (2);
corps (3); rod (shaping element) (4); elastic shell (shaping
element) (5); powder charge (6); working fluid transmitting
pressure (oil) (7); shut-off flange (8).

The dry isostatic pressing method was chosen because it
eliminates contact friction between the powder and the elastic
shell, ensuring uniform density distribution throughout the
compact. There is no problem with mold tightness, as it is not in
contact with the pressure-generating area (oil in hydrostatic
pressing or water in hydrodynamic pressing). There is no need
for enhanced labor protection requirements, and the addition of
plasticizers isn't required. Figure 4 shows filter elements made
from titanium powder for air sterilization in a microbiological
production facility.

Fig. 4. Titanium filter elements for air sterilization.

In cases where the equipment used doesn't allow for the
production of a compact of the required length, the filter element
is manufactured by joining sintered blanks of shorter length.
Figure 5 shows a long filter element designed for filtering
gaseous melamine.

Fig. 5. Titanium filter element for filtering gaseous melamine.

The filter element design, with a total length of 3675 mm, consists
of nine long tubular titanium powder porous elements with an outer
diameter of 80 mm and a length of 360 mm. Corrosion-resistant steel
flanges are hermetically sealed at the ends of the porous elements using
high-temperature adhesive. These flanges are used for welding
connections to adjacent elements (with the exception of the flanges on
the two outer porous elements, one of which has an outer flange for
connection to a plug with a centering protrusion (designed to adjust the
orientation of the product in space relative to other process elements),
and the other for connection to the filter element nozzle, designed for
installation of the last filter element in the process line). In special cases,
when the use of the method described above is impractical (for example,
small sizes and quantities of manufactured products), the hydrostatic
pressing method in a hydrostat of the LG-3 type is used. Figure 5 shows
filter elements for filtering liquids: the outer ones are made of
electrolytic nickel powder, the one in the center is made of knitted steel
(grade 12X18N) mesh.

2DARYISH'

Fig. 6. Filter elements for liquids filtration: external appearance (a)
and view from the hole side (b).

The filter elements are 138 mm long, with an outer diameter of
6 mm and an inner bore diameter of 2 mm. It's worth noting that
polyurethane was used for the outer shell, which facilitated the powder
loading process and sealed it from the pressure-transmitting medium.
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3. Conclusion

This article presents information on modern methods for
manufacturing long-length tubular porous powder filter
elements, including hydrostatic and dry radial isostatic pressing,
mold pressing, sintering, and rolling deformation of porous
sintered blanks. The disadvantages and traditional methods are
described. Photos of various manufacturing methods used are
presented.
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Surface treatment of copper using a plasma from a helicon source
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Abstract It has been shown that high-density helicon plasma flows (up to 107 cm ~3) are effective for nanostructuring copper surfaces and
creating the necessary nanointerfaces, which allow for a significant reduction in interfacial thermal resistance. The technical parameters of
helicon plasma processes for forming interface nanostructures with reduced thermal resistances have been experimentally determined.
Keywords: HELICON PLASMA, COPPER SURFACE, NANOSTRUCTURES, THERMAL RESISTANCE AT THE INTERFACE

1. Introduction

Nanostructured materials form the basis for the creation of next-
generation functional devices, including highly sensitive sensors,
energy storage and conversion devices, photodetectors,
optoelectronic components, catalysts, and protective coatings.
Reducing the characteristic dimensions of structures to the
nanometer range increases the specific surface area and enables
targeted control of the electrical, optical, and chemical properties of
materials. [1-2].

The surface treatment of solids using concentrated energy
beams—in particular, laser, electron, and ion radiation—can lead to
the self-organized formation of hierarchical structures spanning the
micro-, submicron, and nanometer scales. The morphology of the
resulting surface relief is determined by the properties of the
material and the irradiation parameters and results from the
interaction of processes such as energy release, melting,
evaporation, sputtering, mass transfer, surface diffusion, and
solidification. [3-4].

In modern micro- and nanoelectronics, one of the most
important parameters is the thermal resistance of interfaces [5-6].
Many studies have shown that an increase in the roughness of an
interface leads to an increase in its thermal resistance [7]. At the
same time, the authors [8] In 2017, they showed that
nanointerfaces—whose structure contains regions smaller than 1
pm—can, in fact, reduce thermal resistance by a factor of two or
more.

There are many methods for nanostructuring surfaces [9] one of
which is plasma-based methods [10]. Helicon plasma is one of the
radio frequency plasma source that can generate high-density and
low-temperature plasmas by utilizing the helicon wave, i.e., the
electromagnetic whistler wave in a bounded geometry. It is
characterized by a high concentration of charged particles and high
ionization efficiency [11].

This study shows that the use of plasma from a helicon source
for the nanostructuring of copper surfaces makes it possible to
create the desired nanointerfaces, which significantly reduce the
specific thermal resistance compared to an untreated surface.

The goal of this work was to experimentally investigate the
microstructure of a copper surface after treatment in a high-density
helicon discharge plasma and to determine the parameters of the
helicon plasma process that ensure a significant reduction in the
thermal resistance of the interface.

2. Materials and experimental procedure

Sample surface treatment in helicon plasma flows was
performed in unique ion-plasma vacuum processing equipment
(Fig. 1). It comprises a Helicon plasma source, in which the Helicon
discharge is excited by a RF generator operating at 13.56 MHz [12—
21]. The nanostructuring of copper sample surfaces in ion-plasma
flows of ultra-high-density.
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Fig. 1 Schematic image of the construction of the ion-plasma vacuum-
technological equipment with a helicon plasma source with separated
discharge and drift cham-bers It comprises a Helicon plasma source, in
which the Helicon discharge is excited by a high-frequency generator
operating at 13.56 MHz.

The nanostructuring of copper sample surfaces in ion-plasma
flows of ultra-high-density Helicon plasma was carried out in the
highly efficient “Plasma Column” mode (Fig. 2).

b)

Fig. 2 A typical volumetric helicon discharge (a) and the newly discovered
highly efficient “Plasma Column” helicon discharge (b).

The processing chamber, which houses the substrate stage, is
connected directly to the flange of the vacuum system. Above the
processing chamber is the drift chamber, to which vacuum-arc
accelerators are connected. The drift chamber is connected to the
discharge chamber of the Helicon source. This chamber is sealed at
the top with quartz glass, through which RF energy is introduced
into the discharge via an antenna connected to an RF generator
through a matching network.

Monitoring of the ion-plasma processes within the system is
performed using a compact optical spectrometer and an electrical
probe, with data displayed on a computer monitor.

Technical specifications of the system:
Substrate diameter: 100 mm
Helicon discharge excitation frequency: 13.56 MHz;

Operating pressure: 1-100 mTorr;
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Maximum substrate temperature: 600 °C.

Operating gas - Argon; sample size - 20 x 30 mm; diameter of
the sample holder D = 48 mm; area of the sample holder Sy = 18.1
cm?.

Sample treatment was performed for 10 and 20 minutes at a
constant pressure of 5-107 2 Torr; and voltages applied to the
substrate-holder stage of Uy = -200 V and -400 V. The ion current
density was approximately 5.52 mA/cm2. The processing
parameters for the samples listed in the table 1.

Table 1: The processing parameters for surface treatment of copper using a
Helicon discharge plasma.

Sample U, W ler, MA Pt mAII’cmz 5y
Cu_n; unprocessed - - - -
Cu_n, 200 160 32 8,8 10
Cu_ng 400 190 76 10,5 10
Cu_n, 400 190 76 10,5 20

The morphology of the copper samples was investigated using
atomic force microscopy (AFM). A “FemtoScan” scanning probe
microscope was used in contact mode at a constant probe-surface
interaction force.

The resulting AFM images, which reflect the topography of
various surface areas of the copper samples, are shown in (Fig. 3 —
6). Lighter colors indicate higher surface areas, while darker tones
correspond to lower areas of the relief. The height scale is shown to
the right of the 2D image (a). The figures labeled (b) show 3D
images rotated 90 degrees counterclockwise relative to their
corresponding 2D images. The letter (c) denotes cross-sections
along the line shown in the 2D images.

Figure 3 shows AFM images of a section of a Cu sample that
was not treated with a Helicon plasma source. Its surface has the
following parameters: root mean square roughness Ry =40,2 nm,
arithmetic mean roughness R, = 32,6 nm That is, the surface of the
Cu_n; sample is relatively smooth, and the AFM profile does not
show any nanoscale structures.

For the Cu_n; sample, the ion energy was increased to 400 eV
and the current density to 10 A/cm® The AFM images obtained
from surface treatment under these conditions are shown in Fig. 5.
Under these treatment conditions, the surface topography began to
smooth out. The roughness parameters decreased, specifically to R,
= 61,1 nmi R, = 40,5 nm. The number of nanostructures on the
surface also decreased.
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Fig. 3 AFM images of the topography (a), a cross-sectional profile along
the line (c), and a three-dimensional image (b) of the surface of the Cu_n;
copper sample, which was not treated in a helicon discharge plasma.

Fig. 4 shows ASM images of a section of a sample that was
treated with plasma from a Helicon source (Cu_n2 sample). Its
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surface has the following parameters: root mean square roughness
Rq =206,5 nm, arithmetic mean roughness R, = 220,4 nm. The
surface roughness of the Cu_n, sample is nearly five times greater
than that of the untreated Cu, sample, but its AFM profile exhibits a
large number of nanoscale structures. These nanoscale structures
were formed by a helicon plasma, whose charge energy was only
200 eV, and the surface was treated for only 10 minutes. The
current density on the substrate was 8.8 A/cm?.
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Fig. 4 AFM images of the topography (a), a cross-sectional profile along
the line (c), and a three-dimensional image (b) of the surface of a Cu_n,
copper sample that was treated in a helicon discharge plasma.

For the Cu_n; sample, the ion energy was increased to 400 eV
and the current density to 10 A/cm? The AFM images obtained
from surface treatment under these conditions are shown in (Fig. 5).
Under these treatment conditions, the surface topography began to
smooth out. The roughness parameters decreased, specifically to R,
=61.1 nm and R, = 40.5 nm. The number of nanostructures on the
surface also decreased.
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Fig. 5 AFM images of the topography (a), a cross-sectional profile along
the line (c), and a three-dimensional image (b) of the surface of the
specimen, characterizing the surface of the Cu_n3 samples after their
treatment in a helicon discharge plasma.

In the latter mode, the processing time was increased to 20
minutes (Cu_n, sample). In this mode, not only did the
nanostructures disappear (see Fig. 6), but the cross-sectional profile
also showed no signs that could be attributed to nanostructures.
Conversely, for the Cu_n, sample, surface erosion began, and its
roughness increased to values of Ry = 281.4 nm and R, = 234.3 nm.
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Fig. 6- AFM images of the topography (a), a cross-sectional profile along
the line (c), and a three-dimensional image (b) of the surface of the
specimen, characterizing the surface of the Cu_n, samples after their
treatment in a helicon discharge plasma.

How did this plasma treatment of the surface of a Helicon
source affect its thermal resistance?

The study of heat transport through nanostructured interfaces
was conducted using the steady-state heat flux method. A high-
power (LED 3W Warm white 120 Lm BIN2 Thermocouple
thermometers were used to obtain data on the temperature of the
heat source (T,) and the interface (T,). When calculating the thermal
resistance of the sample, Ry, we assumed that 75% of the power
supplied to the LED is converted into heat: Q=Py= 0,75P. The
thermal resistance Ry, of the interface is determined according to
Fourier’s law using the formula Ry, = (71— T5)/Py, .

Table 2 lists the technical parameters of the experiments and the
calculated thermal resistances Ry, of the corresponding structures.

Table 2: Technical parameters of the experiments and thermal resistances
R, of the corresponding interface structures

Sample t, min Pth, W | T, °C | To°C Aoé' IEITN
Cu_n; - 1,07 37,9 33,9 4 3,74
Cu_n, 10 1,07 41,9 38,6 3,3 3,08
Cu_n; 10 1,08 37,2 33,3 3,9 3,6
Cu_n, 20 1,08 419 37,2 4,7 4.4
From Table 2, which shows the thermal resistance

measurements, we can see that as a result of plasma treatment of the
surface using a Helicon source, the thermal resistance of the
interface of the Cu_n, sample with nanostructures was 20% lower
than that of the untreated sample. The Cu_nz sample, whose surface
was treated with a higher-energy plasma, showed a reduction in
thermal resistance of only 10%. The thermal resistance of the Cu_n,
sample, whose surface was treated with the same plasma as the
Cu_n3 sample but for twice as long, became even higher than that of
the untreated Cu_n; sample.

3. Conclusions

Experiments conducted to study the effect of plasma treatment
of copper using a Helicon source have established the following;

*There are copper treatment modes that allow nanostructures to
be created on its surface;

*The nanostructures created on the copper surface reduce the
thermal resistance of nanointerfaces;

*The surface roughness index cannot be unambiguously linked
to the thermal resistance of the interface.
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Abstract. The characteristics of crack growth near non-metallic inclusions under various loading conditions and the influence of laser
treatment of steel on these processes are discussed. It is shown that crack development is accompanied by branching within fractured
inclusions and in their clusters, as well as upon encountering structural defects in the steel matrix and dispersed second-phase particles.
Conditions for crack growth inhibition associated with crack inhibition by plastic sulfides, the development of local relaxation processes in
the steel matrix, and changes in the stress state are established. The influence of local microcomposite structures of the steel matrix,
obtained under laser irradiation, on the inhibition of crack growth near non-metallic inclusions is demonstrated. The nature of crack growth
near non-metallic inclusions was studied under various types of loading without laser irradiation and after preliminary laser treatment.
Specimens of hot-rolled steel grades 08Al, 08Ti, 08, 08Cr18Nil0Ti, R7, M76, and GCr15 were subjected to tension and compression in
vacuum at temperatures of 20...1200 °C using Instron-1195 and IMASH-9 units (grip movement speed of 1680 mm/min). Some steel
specimens with polished surfaces were subjected to laser irradiation before deformation using GOS-30M and CVANT-16 units at pulse
energy Wimg of 10...30 J. The heating rate was 10° °C/s, the pulse action time was (1.0...6.0).10° s, the cooling rate was 106 °Cls, and the
radiation power density was 4 *10* kw/cm?,

KEYWORDS: LASER PROCESSING, STEEL, NON-METALLIC INCLUSIONS, PLASTIC DEFORMATION, CRACKS, DESTRUCTION.

1.Introduction

It is known that non-metallic inclusions contribute to the embrittlement of steels, which leads to a decrease in their technological and
operational properties [1 - 5]. The study of the conditions for the development of destructive cracks that occur near inclusions is relevant due
to the need to improve the crack resistance of steels, as well as to increase the service life and reliability of structures and machine parts. Real
steel products almost always operate with microcracks that occur for various reasons, including those near non-metallic inclusions. At a
certain stage of the operation of structures and machine parts, subcritical growth of microcracks occurs near the inclusions (this stage of
crack development is not dangerous). However, the second stage of uncontrolled avalanche crack growth (supercritical) is catastrophic. The
transition from the first to the second stage is characterized by mechanical criteria [1, 2, 6]), while the physical processes underlying them are
not entirely clear. Models of microcrack nucleation are described in works [1, 2, 4, 6]. It has been shown that the mechanism of crack
initiation associated with non-metallic inclusions depends on the type of inclusions, their degree of plasticity, the level of cohesive strength
of the inclusion-matrix boundaries, as well as the temperature, degree and rate of deformation [1, 2]. The transition to the second stage is
associated with the nature of the stability of the system containing multiple microcracks associated with the inclusions, as well as the growth
of one of the multiple microcracks by combining with others.

The goal of this study was to analyze the effect of laser treatment on the growth characteristics of cracks occurring in steels near non-metallic
inclusions, as well as possible methods for inhibiting their growth.

2. Materials and Procedures.

The growth pattern of cracks occurring near non-metallic inclusions was studied under different types of loading without laser irradiation and
after preliminary laser treatment. Specimens of hot-rolled steel grades 08Al, 08Ti, 08, 08Cr18Nil0Ti, R7, M76, and GCr15 were subjected
to tension and compression in a vacuum at temperatures of 20—1200 °C using Instron-1195 and IMASH-9 units (grips moving at a speed of
1680 mm/min). Some steel specimens with polished surfaces were subjected to laser irradiation before deformation using GOS-30M and
KVANT-16 units at pulse energy W of 10...30 J. The heating rate was 10° °C/s, the pulse action time was (1.0...6.0) 10 s, the cooling rate
was 10° °C/s, and the radiation power density was 4 * 10* kW/cm?. Metallographic studies were performed using a Neophot-31 microscope, a
JSM-35 scanning electron microscope, and a Tesla transmission electron microscope. The phase composition of inclusions was determined
by metallographic (Neophot—31) and petrographic methods [1], as well as by micro-X-ray spectral analysis using an MS-46 Cameca unit.

3. Results and discussion.

During plastic deformation at different temperatures, features of crack initiation near inclusions are determined by the
rates and deformation methods, defects arise near non-metallic possibility of relaxation processes in the steel matrix or along the
inclusions: cracks in the steel matrix near the inclusion (Fig. 1, inclusion-matrix interphase boundaries, designed to reduce the
a); cavities (Fig. 1, b) or brittle delaminations along the level of stress concentration [1, 2, 7, 8]. The nature of the
inclusion-matrix interphase boundaries (corundum, spinels, some relaxation processes depends on the temperature and rate
sulfides, Fig. 1, c); cracks in the inclusions themselves (titanium conditions of loading, the degree of plasticity of the non-metallic
nitrides and carbonitrides, silicates, some sulfides, Fig. 1, d). The inclusions and the steel matrix, etc. [1, 2, 7, 8].

Relaxation processes prolong the time interval of the in the steel; changing the loading scheme and temperature-rate
subcritical stage of crack development near inclusions. The parameters; and the influence of preliminary treatment
mechanism and parameters of defect nucleation near non-metallic (annealing, laser irradiation) on the cohesive strength of
inclusions can be influenced by the following methods: obtaining inclusion-matrix interphase boundaries [1, 2, 9-13].

inclusions of a specific chemical and mineralogical composition
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Fig. 1. Defects near inclusions (a - 08Ti, TiCN, hot rolling), (b - MnO. 41,03, 08Al, tension, 900 °C, c - Al1,05, MnO. Al,03, compression,
08Al, 900 °C), (d - 08, MnOQ SiO,, tension, 25 °C); a - x500, b, ¢ - x1000, d - x1200.

The kinetics of crack development from inclusions in a
steel matrix depends on loading conditions (temperature, degree
and rate of deformation, stress pattern, cyclicity of the stress,
crack initiation mechanism, chemical and phase composition of
the steel, etc.). A crack from an inclusion can move
intermittently, continuously (monotonically), or in an avalanche-
like manner, depending on these conditions. Obviously, crack
development can be affected by processes such as changes in the
stress state, crack branching, and crack coalescence. It is
necessary to ensure the ability to slow, arrest, and branch cracks
associated with inclusions.

We will consider the processes that alter the conditions
for crack development from non-metallic inclusions during steel
deformation without preliminary laser irradiation. Important

issues include identifying the conditions that suppress the
continuous growth of these cracks (Fig. 2, a). A so-called "non-
developming™ crack can be inhibited by a ductile sulfide
inclusion encountered along its growth path (Fig. 2, b) or by
localized plastic relaxation processes in the steel matrix near the
inclusion. A crack from an inclusion can develops into a nearby
grain boundary, and depending on the deformation temperature,
this process is either unaccompanied or accompanied by slipping
along the grain boundary (Fig. 2, c, d). Stresses present in the
developing crack bed relax into the grain boundaries. Slipping
along the grain boundary is a relaxation process that ensures
crack arrest. By the time the critical stage of fracture associated
with the growth of the main crack occurs, the steel contains
numerous microcracks associated with non-metallic inclusions.

J
Fig. 2. Development of cracks from non-metallic inclusions in the steel matrix in different steels under different loading conditions without
preliminary laser exposure: a — M76, FeS-(Fe, Mn)S, tensile stress 900 °C, ¢ = 25%; b, f— R7, (Fe,Mn)S, tensile stress 900 °C, ¢ = 22%, C —
08Ti, TiCN, tensile stress 600 °C, ¢ = 27%, d — 08Al, (Fe,Mn)S, tensile stress 1100 °C, ¢ = 25%;, e — 08, MnO SiO,, compression, 600 °C, &
= 27%; g, h— 08Cr18Nil0Ti, MnO SiO,, tension 900 °C, ¢ = 21%, i - 08Cr18Nil0Ti, MnO SiO,, tension 25 °C, ¢ = 11%; j — 08Al,.Al,O;,
tension + compression, 1000 °C, ¢ = 15%, x900, and -x2000.

The development of the main crack is accompanied by
its branching and merging with other microcracks. Crack
branching within the destroyed inclusions facilitates the

Branching of a growing crack leads to its inhibition and
localization of the fracture process (Fig. 2, f). Crack branching is
possible in a cluster of inclusions, when it encounters the grain
boundary of the steel matrix, subboundaries of the cellular
structure, and dispersed particles of the second phase (Fig. 2, g -
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localization of the fracture process without growth into the steel
matrix (Fig. 2, e).

i). When loading conditions change as a result of a change in the
stress state pattern near the inclusion, various situations related to
crack development are possible (branching, merging with other
cracks, bending around inclusions, inhibition, change in growth
direction, arrest) (Fig. 2, j). Crack branching is possible at high
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development rates and in the presence of internal stresses (a
growing crack "discharges" residual internal stresses, which
disrupt its steady-state motion and alter its trajectory, determined
by the external stress field) [6]. Internal stresses in steel can have
various origins, including the presence of inclusions that cause
instability in crack growth, which occurs when a certain critical
growth rate is reached. Crack branching is associated with the
breakdown of its elastic stress field.

Cracks coalesce when they develop from several non-
metallic inclusions that merge by breaking the bridges between
them. The main crack develops abruptly in zones of inclusion
accumulation, where the elastic stress fields around individual
particles and their microcracks disintegrate. If, prior to the
appearance of the main crack, a balanced stress field existed from
multiple inclusions, then with the appearance of a destructive
crack, the stress system loses its equilibrium and additional
energy is transferred to the growing crack [6]. Apparently, during
the implementation of brittle fracture of steel, the release of
elastic energy from each inclusion and its microcrack occurs and
its transfer to the tip of the main crack has the characteristics of a
chain process, in which the zone of stress equilibration from
multiple inclusions that have lost their equilibrium plays an
important role [6]. When plastic stress relaxation fields appear
along the path of the main crack, the chain process of its
development is interrupted and the nature of the steel fracture
changes. The rate and mechanism of deformation of the steel

matrix between microcracks, in so-called bridges [1, 2], play a
key role, determining the moment of rupture and the nature of
steel fracture. Bridges are located in zones of stress concentrators
(inclusions, crack tips), where sharp localization of deformation
occurs. Clearly, plastic processes slow the coalescence of
microcracks and the growth of the main crack.

Uneven development (activity and depression) is
observed both at the subcritical stage of microcrack growth and
at the postcritical stage of main crack growth, depending on
loading conditions, the number of non-metallic inclusions, and
the structure of the steel matrix. The inhibition and cessation of
microcrack growth near inclusions and the main crack are
accompanied by localized plastic shear near these defects.

Branching and inhibition of cracks development from
non-metallic inclusions is possible by creating special local
structures in the steel matrix under preliminary laser irradiation.
This irradiation results in interaction between the inclusions and
the steel matrix, resulting in the formation of microcomposite
zones of various types, characterized by chemical and phase
heterogeneity [1, 9-12]. Alloying of localized areas of the steel
matrix under conditions of anomalous mass transfer near the
inclusions creates liquation-strengthened zones, which represent
gradient and composite layers of various types: layered with
cascade and "spotted" distribution of elements; spotted; dispersed
with different types of strengthening phases; combined zones
(Fig. 3, a, b).

Fig. 3. Microcomposite zones of the steel matrix near inclusions after laser treatment (a - R7, (Fe,Mn)O, b - M76, FeS—(Fe,Mn)S), and
development of cracks from non-metallic inclusions in the steel matrix in various steels under different tensile deformation conditions after
laser irradiation: ¢ - R7, Al,O3, 1100 °C, ¢ = 8 %, d, e — 08Al, MnO SiO,-FeQ SiO,, 600 °C. ¢ = 12 %; i - GCr15, MnO. Al,O3, 25 °C, ¢ =

15 %; f, j — 08Al, MnO SiO,-FeO SiO,, 1100 °C, & = 12 %, g, h — 08Al, MnO. Al,O5, 1100 °C, ¢ = 16%, a, b -x900, ¢ - j - x500x4.

During subsequent deformation, these microcomposite
zones facilitate changes in crack growth conditions due to a
change in the direction of crack development associated with the
transition from one layer to another or from one saturation si3me
to another, which have different chemical compositions and,
consequently, different strength and plastic properties. Crack
growth from inclusions is slowed in zones of plastic stress
relaxation, as well as due to the refinement of the grain structure
of the steel matrix due to the development of high-speed laser
recrystallization [1, 14].
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In the areas of saturation of the gradient (cascade) type
of steel matrix, a change in the direction of crack development
occurred, associated with the transition from one layer to another
(Fig. 3, c¢). This contributed to the bending and stepwise
development of cracks, as well as the inhibition of their growth.
In the areas of saturation of the spotted type of steel matrix, crack
bending and even inhibition of their propagation were also
observed (Fig. 3, d), which is associated with the different
chemical composition, and, consequently, different strength and
plastic properties of individual saturation "spots”. In the areas of
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saturation of the steel matrix with a dispersed composite
structure, crack bending and inhibition of their growth were
observed upon encountering dispersed “satellite" particles or
inclusions crushed during high-speed laser melting [15, 16] (Fig.
3, g, f). Clearly, in these cases, the influence of stress fields near
the dispersed particles is evident, interacting with the stress field
in the bed of the growing crack. Finally, in areas of saturation of
the steel matrix, which have a combined structure, crack bending
and inhibition of their growth were also observed (Fig. 3, g). In
these cases, the action of several factors is evident, related to the
influence of stress distribution and differences in the chemical
and phase composition of individual saturation zones [1, 9, 17].
Thus, it is possible to ensure the possibility of
branching and changing the direction of crack growth, as well as
slowing down or stopping their growth by creating special local

4. Conclusions.

The growth characteristics of cracks that occur near
non-metallic inclusions are determined by the temperature
conditions of loading, as well as the structure, phase composition,
degree of ductility of the steel matrix, and the type of inclusion.
Crack development is accompanied by branching within the
fractured inclusions, in their clusters, upon encountering grain
boundaries and subboundaries of the cellular structure of the steel
matrix, and dispersed particles of the second phase. This ensures
instability of crack growth, helps inhibit their development, and
localizes the fracture process. Crack growth can be slowed by
inhibition by ductile sulfide inclusions and the development of
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Complex-composition ceramics based on zirconium oxide for creating the latest thermal
barrier coatings
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Abstract: For development of new materials with lower thermal conductivity and higher thermal stability than YSZ for the ceramic layer of
thermal barrier coatings (TBC) was used hydrothermal nanodispersed ZrO, powder obtained at our Department and powder mixture of REE
oxides of the yttrium subgroup (HC — heavy concentrate) with the following composition (wt.%): Y,03 — 13.3; Th,O; — 1.22; Dy,0;-33.2;
H0,05-8.9; Er,03-21.8; Tm,03-1.86; Yb,05-12.5; Lu,03-0.57; total content of other oxides — 6.65 (including Al,O3; — 3.2), which was formed
during the production of apatite ores. The phase composition of the samples did not change after heat treatment at 1400 °C for 12 to 20
hours. The samples were two-phase: monoclinic phase ZrO, and cubic phase of fluorite type based on ZrO,. This indicates that the samples
are characterized by phase stability and are promising for creating a ceramic layer of TBP.

Keywords: REE OXIDES, NANODISPERSED POWDERS, TBC, PHASE STABILITY

1. Introduction

Thermal barrier coatings (TBCs) are used to ensure long-term
operation of gas turbine engines (GTEs) above the melting
temperature of the superalloys from which their hot zone structural
elements are made. Modern TBCs, which are applied to blades,
consist of an inner heat-resistant metal layer and an outer ceramic
layer, between which a transition layer of thermally grown
aluminum oxide (TGO) grows during operation. The ceramic top
coating provides thermal insulation of the surface and is usually
composed of an oxide material with minimal thermal conductivity.
The requirements for this material are as follows: low thermal
conductivity <2 W/(mK); matching of the coefficient of thermal
expansion (CTE) with the metal surface; absence of phase
transformations between room and operating temperatures;
resistance to sintering at high temperatures; erosion resistance [1],

(2.

The most extensively studied and used material for the top layer
of TBP is a solid solution based on ZrO, stabilized by 6-8 (wt. %)
Y,0; (YSZ), which is characterized by low thermal conductivity
(2.1 W/mK) and relatively high CTE (11-10°%K), lack of
interaction with Al,O3, heat resistance, high fracture toughness, and
phase stability up to 1200 °C [3]-[5].

The development of new materials with lower thermal
conductivity and higher thermal stability than YSZ for the ceramic
layer of TBP is necessary to increase the service life of stationery
and aviation gas turbine engines, since the operating temperature of
the next generation of high-power gas turbine engines is expected to
increase to 1500-1600 °C [4]. The search for next-generation
materials is focused on three-, four-component and more complex
oxide systems containing ZrO, and oxides of rare earth elements,
the creation of high-entropy or complex-composition oxide
ceramics based on medium-entropy (non-equimolar) compositions.
Nanostructured coatings of complex composition are also being
studied. For the microstructural design of the complex-composition
ceramic layer of TBP based on ZrO,, concentrates of REE oxides of
natural origin, which are formed during the processing of apatite
ores, are of interest. The simultaneous use of REE oxides, the
cations of which have different sizes and valences, leads to the
formation of a solid solution with a high degree of structural
defects, which, in turn, provides low thermal conductivity of
materials. In addition, the use of unseparated REE oxide
concentrates for stabilizing ZrO, can significantly reduce the cost of
the technological process for manufacturing a ceramic layer of TBP

[6].
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2. Starting materials

The study used hydrothermal nanocrystalline ZrO, powder
obtained at our Department [19] and powder mixture of REE oxides
of the yttrium subgroup (HC — heavy concentrate) with the
following composition (wt.%): Y,05; — 13.3; Th,O; — 1.22; Dy,03-
33.2; Ho0,05-8.9; Er,0;-21.8; Tm,03-1.86; Yb,05-12.5; Lu,05-
0.57; total content of other oxides — 6.65 (including Al,O; — 3.2),
which was formed during the production from apatite ores.

3. Experimental part

The physicochemical properties of the starting ZrO, powder,
mixtures of REE oxides (HC) were determined and the
compositions (wt. %) of 90 ZrO,~10 HC, 80 ZrO, — 20 HC) and 70
Zr0,—30 HC were established.

To produce complex-composition mixtures, ZrO, powders and
REE oxides concentrate were blended in a laboratory ball mill in an
isopropyl alcohol for 8 hours with ZrO, grinding bodies. After
mixing, powders were dried in air in a SNOL 58/350 drying furnace
at 80 °C for 10 hours. The heat treatment of these mixtures were
carried out in a Nabertherm 08/17 furnace at 1400 °C for 12, 16 and
20 h in corundum crucibles.

The phase composition of the initial and complex-composition
powders after different heat treatment times were studied by XRD
phase analysis (Rigaku SmartLab 3kW Diffractometer (Rigaku
Corporation, Tokyo, Japan) equipped with high-speed 1D silicon
strip detector D/teX Ultra 250 and Cu Ko radiation.) The powder
diffraction patterns were measured in reflection Bragg-Brentano
geometry (0/28 scanning mode). The specific surface area of the
powder was determined by the thermal nitrogen desorption (BET
method) using a sorbtometer “EMS-61" (Estonia).

4. Results and Discussion

According to X-ray diffraction data, after annealing samples 90
Zr0O, -10 HC; 80 ZrO, —20 HC; 70 ZrO, -30 HC at 1400 °C, 12 h,
the formation of a mixture of 3 phases based on ZrO, was observed:
monoclinic phase ZrO, (M-ZrO,), T-ZrO, and F-ZrO, (see Fig. 1 —
3).

With an increase in the number of HC, the content of M-ZrO, in
the samples decreased from 9.1 to 0.5%, the content of T-ZrO, also
decreased from 76.7 to 16.7%, and the content of F-ZrO, increased
from 14.2 to 82.8% (Table 1).

Increasing the isothermal holding time of ZrO, —10 HC samples
to 16 hours leads to the formation of a mixture of two ZrO,-based
phases in them: M-ZrO, and F— ZrO,. The content of M-ZrO, in the
samples decreases from 76.7 to 5%, and F— ZrO, increases from



MATERIALS SCIENCE. NON-EQUILIBRIUM PHASE TRANSFORMATIONS. 2026

23.3 to 95% with an increase in the number of HC (see Fig. 3, Table
1).

F,T
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T,F

20
2 Theta, °

Fig. 1 — X-ray diffraction patterns of 90 ZrO, —10 HC after heat
treatment at 1400 °C: 1- 12 h., 2- 16 h., 3- 20 h.

Intensity

B

20

2 Theta, °©

Fig. 2 — X-ray diffraction patterns of 80 ZrO, —20 HC after heat
treatment at 1400 °C: 1- 12 h., 2- 16 h., 3- 20 h.

FT

Intensity

40 60 80

2 Theta, °
Fig. 3 — X-ray diffraction patterns of 70 ZrO, —30 HC after heat
treatment at 1400 °C: 1- 12 h., 2- 16 h., 3- 20 h.

Table 1: Quantitative analysis of crystalline phases of complex composite
materials after heat treatment at 1400 °C.

during the heat treatment of the ZrO, — HC samples at 1400 °C
there is no significant increase in the crystallites size.

Table 2: Quantitative analysis of crystalline phases of complex composite
materials after heat treatment at 1400 °C.

Composition, Treatment
e time, h M-ZrO, T-Zr0; F-ZrO,

12 26 56 43

%0 chz’ 10 16 27 - 42
20 26 - 38
12 29 36 51

80 chz’ 20 16 36 - 41
20 34 - 38
12 26 38 50

70210, =30 16 15 - 20
20 38 - 43

Composition, Treatment
e time, h M-ZrO, T-ZrO, F-ZrO,
12 9,1 76,7 14,2
<0 Z;_?CZ* = 16 76,7 - 24,05
20 78,9 - 21,1
12 53 - 53,4
& Z;_C"CZ e 16 3.4 - 70,7
20 26,2 - 73,8
12 0,5 - 82,8
o Z;_C"CZ el 16 50 - 95.0
20 2,3 - 97,7

It is known that the parameters of ZrO,-based substitutional
solid solutions, which are the samples studied in this study,
according to Vegard's rule, depend on the size of the substitutional
cations. In our case, the sizes of the cations that are part of the
alloying concentrate (HC) are larger than the size of the Zr** cation.

The average values of crystallites of the phases that make up the
studied materials are given in Table 2. Data analysis shows that
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The relative density of materials after heat treatment at 1400 °C
is shown in Fig. 4.

0,96 -
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Fig. 2 — Relative density of materials after heat treatment at 1400 °C.

Increasing the isothermal holding time from 12 to 20 h causes
almost no changes in the relative density values of material.

Thus, the holding time (12-20 h) at 1400 °C does not affect the
sintering of complex composite materials ZrO,—HC.

According to the results of X-ray diffraction, it can be
concluded that the processes of phase formation in the ZrO, — HC
materials are influenced by the HC content and the treatment time
in isothermal conditions at 1400 °C.

Increasing the treatment time to 20 hours for all samples did not
change the phase composition of the material. The samples were
two-phase: monoclinic phase ZrO, and cubic phase of fluorite type
based on ZrO,. This indicates that the samples reached an
equilibrium and stable state.

5. Conclusion

During heat treatment at 1400 °C, increasing the isothermal
holding time practically does not affect the relative density of ZrO,
— HC materials and the size of crystallites of individual phases. This
indicates the absence of intensive sintering of complex — composite
materials ZrO, — HC under experimental conditions, regardless of
the HC content.

Thus, it is complex-composite ZrO, — HC materials at 1400 °C
meet the requirements of phase stability and absence of sintering
imposed on the ceramic layer of TBC.
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Nanostructuring of brass surface by helicon source plasma
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Abstract: The influence of helicon discharge plasma flows on the surface of CuzZn37 brass was investigated. Technological parameters of
ion-plasma processes, in which the synthesis of zinc oxide ZnO nanocrystallites occurs, were determined. The synthesized hierarchical
formations of ZnO can be a transitional gradient layer for the subsequent application of protective coatings on the surface of brass. The
presence of such an intermediate ZnO layer will contribute to improving the matching of the physicochemical properties of the substrate and
the coating, reducing interfacial stresses and increasing the adhesion strength of the formed multilayer system.
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Introduction

The controlled creation of ordered nanostructures on the surface
of various types of materials, such as semiconductors, dielectrics,
polymers, and especially metals, has long been of great interest to
scientists [1-3]. This directed creation of relief and structures on the
surface with characteristic dimensions from units to hundreds of
nanometers has significantly expanded the functional capabilities of
devices made from such materials [4-5]. The properties of micro-
and nanoobjects with one- (1D), two- (2D) or three-dimensional
(3D) nanostructures are determined by: chemical composition;
dimensions; shape; ordering of molecules; nature of intermolecular
interactions. Such nanoobjects have found wide application in many
fields of science and technology, in particular, in various new
electronic devices. This is due to the emergence of self-organization
effects, which make it possible to create functional structures with
predetermined electrical, optical, mechanical and chemical
characteristics [6-8].

It is known that when treating the surface of a solid in energy
flows (laser, electron, ion irradiation), the formation of hierarchical
submicron structures with nanorelief is possible [9-11]. The
nanostructural component is of crucial importance, since it
determines the basic properties at the level of surface chemical
bonds. The physical factors that determine the origin and
development of ordered surface structures are very diverse, due to
the competition of many destabilizing and stabilizing physical
processes. That is why researchers are particularly interested in the
physicochemical processes that create the corresponding
nanostructures [12].

The aim of this work was to establish the effect of helicon
discharge plasma flows on the surface of CuzZn37 brass and to
determine the technological parameters for the synthesis of
hierarchical structures on it.

Materials and experimental procedure

The work used industrial sheet brass CuzZn37 with a thickness
of 1.5 mm, from which rectangular samples measuring 50 mm x 30
mm were made. The samples constituted a complex system of
structures of hot and cold-deformed brass sheet with a complex
stress field, an uneven texture in the rolling direction and
perpendicular to it, with a non-uniform structure of the density of
defects caused by plastic deformation [13,14].

To ensure surface cleanliness, the samples were first cleaned
mechanically and then treated in an ultrasonic bath in gasoline and
alcohol. The general scheme of the experimental setup is described
in detail in [15,16].

The samples were placed in a vacuum chamber on a
technological table-substrate holder, which was electrically
insulated from the installation body. In most experiments, a bias
potential of up to U= -(100-300) V, sometimes up to -400 V, was
applied to the table. This made it possible to regulate the energy of

ions bombarding the substrate surface. This made it possible to
regulate the energy of ions bombarding the substrate surface. Pure
argon or argon with the addition of oxygen were used as working
gases to form the technological plasma. A substrate holder table
with a diameter of 48 mm, on which a brass substrate was fixed,
was placed in the center of the vacuum chamber. Accelerated argon
plasma flows from a helicon-type plasma source were directed at it.
The temperature of the substrate holder table was measured using a
thermocouple. Since the sample was tightly pressed to the substrate-
holding table and has a fairly high thermal conductivity, it can be
assumed that the temperature of the processed surface of the
Cuzn37 sample is equal to that measured by the thermocouple.

During the experiment, such technological parameters as the
value of the ion current on the substrate-holding table I; and the
power supplied to the high-frequency plasma generator P were
constantly monitored. The uniformity of the plasma flux density of
argon plasma from the source over the larger sample size i; was no
worse than £ 0.5%. The technological parameters of sample
processing are given in Table 1. Where U, is the voltage supplied to
the substrate-holding table, I; is the ion current supplied to the
substrate-holding table, P is the power of the plasma generator
supplied to the sample, i is the ion current density, t — is the plasma
processing time.

Table 1: Technological parameters of sample processing.

Technoloaical [ ; Pressure,
echnologica , )
process S || b PW L masem? | min. i
Cuzn-10 -100 100 - 10- 5,50 10 5102
105 10,5
CuZn-45 -100 | 100-110 10- 5,52 45 5-10%
10,1
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The surface morphology of the substrate and its elemental
composition were investigated using a TESCAN MIRA 3 scanning
electron microscope equipped with an Oxford Instruments X-max
80 mm? energy dispersive spectrometer. The elemental composition
was investigated integrally in the field of view of the microscope
(300x300 um) and locally with a corresponding reduction in the
field of study.

Results and discussion

The samples were treated for 10 and 45 minutes at the same
pressure of 0.67 Pa and voltage U, on the substrate holder table of -
100 V. The ion current density was about 5.52 mA/cm?. After the
samples were treated with helicon discharge plasma, their surface
was analyzed using a scanning electron microscope. The
microstructure of the surface of Cuzn37 brass without helicon
plasma treatment is shown in Fig. 1.
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SEM HV: 10.0 kV
View field: 5.00 pm
SEM MAG: 37.9 kx
Fig. 1 Surface microstructure of Cuzn37 brass without helicon plasma
treatment.

WD: 15.25 mm
Det: SE

Figure 1 shows that the classical initial state of the surface of
CuZn37 brass without helicon plasma treatment has a pronounced
three-dimensional relief with elongated, irregular, wrinkled and
folded ridges. In addition, there are signs of texture in the rolling
direction and shallow breaks in the surface layers, which may be a
consequence of cold deformation of the last rolling passes during
hot rolling of brass. The structures have a characteristic transverse
size mainly in the range of 0.2—1 um. The surface has a labyrinthine
appearance with a folded, with clear protrusions and depressions on
which there are residues of carbon and oxygen that are inevitably
formed from rolling oils or emulsions during cold and hot rolling of
brass.

A feature of the helicon discharge is the high density of the ion
current and the energy of the ions, which leads to significant
differences in the surface sputtering from other types of vacuum
discharges (smoldering, magnetron, arc, high-frequency). When
sputtering a metal surface with any ion current, two stages of this
process can be distinguished. First, as a result of ion bombardment
of the initial surface, the highest points of the relief (ridges) begin to
be sputtered, on which the maximum density of the negative charge
supplied to the brass substrate is concentrated. These ridges are
subjected to the strongest sputtering due to the maximum plasma
concentration at the peaks, as a result of which their height
decreases, the degree of purity increases and the surface relief is
smoothed, which corresponds to ~V12, i.e. a high level of
polishing. Thus, this ion treatment mode smoothes surface
irregularities by sputtering the protruding peaks. This produces a
large number of small, light nanoparticles with a predominantly
rounded shape, evenly distributed over the surface with a size
within 10-50 nm (some may be slightly larger or smaller). The
results of the study of the brass surface after treatment in an ion
stream for 10 min indicate a significant change in the elemental
composition of the substrate surface. The amount of carbon and
oxygen on the substrate surface decreased significantly, but the
surface was not completely cleaned of impurities, which indicates
insufficient bombardment time and energy.

The microstructure of the surface of CuzZn37 brass after
treatment with a helicon discharge plasma with an ion energy of
about 100 eV is presented in Fig. 2.
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SEM HV: 10.0 kV
View fleld: 0.996 pm

WOD: 4.00 mm
Det: InBeam

200 nm

Fig. 2 Microstructure of the surface of CuzZn37 brass after 10 minutes of
treatment with helicon discharge plasma with ion energy of about 100 eV.

With further intensive processing of the brass surface (second
stage) for 45 min, its appearance changed dramatically (Fig. 3). The
surface became as smooth as possible as a result of spraying high
ridges, as the process of selective local spraying began, the
coefficient of which is determined by the characteristics of the
phase components of the metal. Different phases have different
spraying coefficients, due to which, over time, a relief begins to
form on the surface again, which differs from the previous one.
Figure 3 shows that the surface is almost completely covered with
densely packed rounded (spheroidal) particles with a size of mainly
30-60 nm. The particles have an uneven, granular surface and are
collected in large clusters. The boundaries of the sample grains are
clearly visible between the clusters, which become more and more
clearly visible with increasing annealing time (the sample
temperature increases during longer processing), and even the sizes
of the selected structural elements — fragmented islands — on the
surface increase. The elemental composition of this surface also
changed, namely, the amount of copper, zinc, and carbon on the
surface decreased slightly, but the oxygen content increased
approximately twice.

.. .
SEM HV: 20.0 kV

View fleld: 5.00 pm
SEM MAG: 37.9 kx
Fig. 3 Microstructure of the surface of CuzZn37 brass after 45 minutes
of treatment with helicon discharge plasma with ion energy of about 100 eV.
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As a result of the treatment of the CuzZn37 brass substrate with
helicon plasma for 45 min. a developed, nanostructured, impurity-
free surface was formed, on which three-dimensional hierarchical
ZnO formations appeared. These hierarchical formations are
randomly oriented nanorods up to several microns long, similar to
the highly oriented 3D ZnO nanostructures obtained by the authors
[17] as a result of solution deposition. Confirmation of the presence
of nanostructured ZnO on the brass surface was made using Raman
scattering spectra. The physics of the formation and growth of these
nanostructures is complex and multilevel. Previously [18] their
synthesis was carried out at relatively high oxygen pressures (~ 30
MPa) and without preliminary plasma preparation. When using the
combined treatment modes proposed by us, it was possible to do
this more easily. First of all, the brass surface was cleaned and
activated by plasma argon flows. Secondly, by independent heating
of the prepared samples in an oxygen atmosphere (pressure ~ 10
Pa). As a result, perfect ZnO nanorods were synthesized on the
brass surface, due to the diffusion of zinc atoms from the inside of
the lattice to its surface.

Thus, the resulting surface appearance of the brass substrate is
determined by the entire complex set of physicochemical processes
occurring under the action of helicon plasma. The formed ZnO
nanocrystallites create a developed relief and can serve as a
transitional gradient layer when applying protective coatings
(metals, oxides, ceramics, polymers [19]) to brass, which flow
around them and mechanically engage, which dramatically
increases adhesion. In addition, many protective coatings differ
greatly in thermal expansion coefficient, elastic modulus and
chemical nature from brass, and the ZnO layer must compensate for
the difference in properties, thereby smoothing this transition and
reducing internal stresses.

The increase in the adhesion strength of the protective coating
due to plasma treatment of the brass substrate was shown by us in
previous studies [20], taking into account the entire set of theories
developed so far.

So, the main advantage of the plasma helicon discharge is the
ability to easily control its parameters, and therefore the ability to
sputter. That is, it is possible to select the optimal sputtering mode,
in which the surface relief will have a columnar nanostructure with
dimensions of 50-200 nm.

Conclusions

As a result of the conducted research, the influence of ion
treatment on the surface of CuzZn37 brass in the plasma flow of a
helicon discharge was established. Technological regimes were
determined under which effective surface sputtering and formation
of a developed nanostructured, impurity-free brass surface with
ordered three-dimensional hierarchical formations of ZnO occur.
Synthesized ZnO nanocrystallites can perform the function of a
transitional gradient layer for the subsequent application of
protective coatings to the surface of brass previously treated in a
helicon discharge. The presence of such an intermediate layer can
contribute to improving the matching of the physicochemical
properties of the substrate and the coating, reducing interfacial
stresses and increasing the adhesion strength of the formed
multilayer system.
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Ultrafast bond softening and non-thermal phase dynamics in femtosecond-excited diamond
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Abstract: This work presents a first-principles theoretical investigation into the ultrafast non-equilibrium dynamics, optical breakdown, and
structural response of bulk diamond irradiated by intense 12-fs laser pulses with 400 nm wavelength. By modeling transient electron
density dynamics, energy deposition, internal electric fields, and transient dielectric functions, we map the microscopic pathways leading to
ultrafast non-thermal phase transitions and surface patterning. For low intensities, photoinoziation of diamond follows the predictions of
the perturbative non-linear optics, and a qualitative change of the electron dynamics occurs when the laser intensity increases above
5x 10 W/cm?. We find that in this high intensity regime, laser energy absorption is enhanced due to excitation of bulk plasmon
resonance. The electron density difference distribution shows the effect of softening of C-C bonds: the charge density in the binding region is
not sufficient to balance the nuclear repulsion forces, resulting in instability of the diamond lattice.

Keywords: DIAMOND, FEMTOSECOND LASER EXCITATION, BOND SOFTENING, NONTHERMAL STRUCTURING.

: the electronic subsystem using the Time-Dependent Schrédinger
1. Introduction Equation (TDSE) formulated in the velocity gauge:

The interaction of intense femtosecond laser pulses with wide-
bandgap solids has revolutionized precision micro- and nano-
fabrication, offerin unprecedented control over surface RN P R A =\ 1
morphology, optical rg)ropert?es, and local phase composition [1-3]. W"R(r’t» _5(_IV+A(t)) W"R(r't» @
Among dielectric materials, diamond occupies a unique position  where the Bloch wavefunction is expressed via the cell-periodic
owing to its ultra-wide bandgap (5.47 eV), high mechanical Bloch function

i0,

hardness, chemical inertness, and exceptional thermal conductivity w (T 1) — ek (F.1) u;(F+Rt)= u”E(r'QNith
[4]. These extreme physical properties make diamond notoriously nk nk o
difficult to machine via conventional thermal techniques. However, [U; (O)> =| unR>: ZCn (G+k)|G+ k>

G

ultrashort laser irradiation bypasses traditional thermal processing,
enabling localized, sub-diffraction surface nano structuring and sub- ~ Which are the initially occupied Bloch states in the valence band of
surface phase transformations [5, 6]. the crystal, G label the reciprocal lattice wave-vectors, n is the
The hallmark of femtosecond laser-dielectric interactions is the  pand index, k is the crystal momentum in the first Brillouin zone
complete temporal decoupling between electronic excitation and ~ = ) o
lattice motion. Because the laser pulse duration 7, <50 fs is  (BZ)and C, (G +K) are the plane-wave expansion coefficient of
significantly shorter than the typical electron-phonon relaxation the electronic Bloch wave function in band n at crystal momentum
:imfh(T_T'Pth *_1—10bP5),tener[%’ dIEPOS_i‘tjiOT) is (;;onfinedtegcllusively k and reciprocal lattice vector G .The laser vector potential is
o0 the electronic subsystem [7]. In wide-bandgap materials, non- 10— 2 1 BN oAz ;
linear photoionization (multiphoton and tunnel ionization) promotes AS? = Aext () + Aina (6) , E() = 94/ 9t with
a significant number of electrons N,~10%'¢cm=3 — 10%2cm=3 — A (1) =473(t)
from localized bonding valence states into delocalized, antibonding dt L .
conduction bands. This rapid redistribution of electronic charge ~ and crystal periodic potential o
drastically alters the interatomic potential energy surface (PES)ona ~ V())=V(F+R), V =Viuuee +Vie +Voigns Voion(F) =DV (G)COS( 7z )e'GT
sub-100 fs timescale, long before thermal energy can transfer to the N
lattice [8]. L _ @
Historically, theoretical descriptions of ultrafast laser-dielectric ~ Here, A.,. is the applied laser vector potential, A;,q is the
phenomena have been fragmented into specialized, single-purpose induced laser vector potential, V(#) is the unperturbed periodic
models. On one hand, solid-to-solid non-thermal phase transitions ~ Pseudopotential of the diamond latticeVy, and V. are the
such as the rapid sp* — sp? graphitization of diamond have been exchange and correlation contributions respectively and atomic
treated using phenomenological potential surface flattening models ~ units are used (e = i = m, = 1) where e is the elementary charge,
or bond-charge depletion schemes [9, 10]. On the other hand, and m, is the electron mass. In the empirical pseudopotential
macroscopic  surface nanostructuring, such as Laser-Induced ~ method used, the periodic ionic lattice potential is expressed by a
Periodic Surface Structure (LIPSS) formation, has been analyzed  plane wave-expansion in the basis of reciprocal lattice wave-
predominantly via classical electromagnetic models incorporating vectors. In Eg. (2)
ir;]?.mcal Drude parameters for free-carrier optical permittivity [11, - %(1'111) ,V(Gz ~3)=—0.625Ry
In this work 1) we establish the precise transition from
multiphoton  excitation to state-filling saturation for laser V(G* =8)=0.051Ryand V (G* =11) = 0.206Ry are the
polarization along two crystal orientations, 2) we map transient  relative vector connecting two diamond atoms and the
dielectric properties and establish the criteria for surface plasmon pseudopotential form factors, respectively. The transient

polariton (SPP) format occupation numbers are defined as:
ion, 3) we predict Laser induced periodic surface structure )= t 2
(LIPSS) periodicity and 4) we evaluate microscopic electronic w0=2 <Ung U ( )>‘

meocc

pressure that soften interatomic force constants and drive non-
thermal sp® — sp? graphitization via Transverse Optical (TO)

phonon instability. n, (t) = i I %fnﬁ t)
V.4

2. Methodol e
- Viethodology The instantaneous one-electron density matrix at each k is
Because the position operator f is unbounded across periodic constructed from the initially occupied propagated orbitals:
crystal boundaries, we describe the non-perturbative excitation of

and the transient electron density is

f (0)=1
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Pr® = ) fop O 7. 0) W, 0]

n
where for fully occupied valence bands
The electronic charge-current density is:

neocc

IO=TrpON= 3 [ 5w, 016+ A0 Iy ), (3 =dP/dt), __Mtr{_lzf {%_
7 T3 Q4™

where ¥(t) =p + A(t)
energy is defined as:

£, (0= [dEW)-I()

The profile of the laser pulse and the laser fluence are defined as
follows:
E..(t) =8exp[-In4(t—t,)*/ 2?1 F sin(ayt).
I=F% ®d=Ir
When the propagated orbitals are expanded in the basis of the

ground-state Bloch states the non-equilibrium density matrix is
obtained:

is the velocity operator. The absorbed

pmn (K, 6) = (Y, O, ()
After the laser pulse, Eext(tf) =0 and we denote the calculated
density matrix of the photoexcited electron-hole plasma with
Po = p(tf) and calculate the optical response of the excited system.
The Hamiltonian is written as:
Ht)=Hy+ V()

In velocity gauge the interaction with the self-induced vector
potential is small relative to the crystal Hamiltonian H, and is
treated as a weak perturbation of the strongly non-equilibrium state
generated by the pump pulse.

V(t) = Apg ﬁ
The density matrix is written as p (t) = p, =+ 6p (t) where pg
is the excited state and Jp is the response to the weak field. The
Liouville-von Neumann equation is solved in linear response
approximation, (in the basis of eigen functions).

.dép — s

i = [Ho ,6p] + [V,po]
.The unperturbed density matrix contains diagonal populations f =
and off-diagonal interband coherences w,, . Because interband

coherences involve rapidly oscillating phase factors e ™““mn¥, they
average out to zero. Taking the Fourier transform of the equation of
motion for &p

()

w—w
n

8P (@) = and the induced current is

obtained from
8] (w) = =Tr[sp(w) , 7]

|

mn BZ
where (p,),,.z = (n,z 1P| 1,7} is the matrix element of the

momentum operator along the a Cartesian direction that measures
the transition dipole moment connecting band n to band m at point
k in the Brillouin zone, and determines the strength of optically
induced electronic transitions along direction a. Substituting

1z - 1 .
Vim (@) = zE(w).pnm; = Ezﬁ(pﬁ)nmﬁ Eg (w) into eq. the
relation is obtained J, (w) = 0,4 Eg (w) and since electric current
density and electric polarization are related in the frequency the
linear susceptibility tensor is determined from the relation

P,(®) = %,;(w)E ; (@) and hence the dielectric tensor is

m K

d3k
3 (Pa)nm;fspnm X (w) -

no
—E
o Ee(0)

written as: &€, = é:w + 47[)(aﬁ . Assuming weak optical

anisotropy the final expression for the dielectric function becomes:
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fnk — fmk

wrzlm (k)[wmn (k) - w]

8(w);tf€(a))[l:@}+43ﬂtr|:éz (pa)nmk(pﬁ)mnkJ

2

m#n,k

[P e (P ) + pa)mnk(pﬁ)nmk]}
o (K) p

where Q is volume of the unit cell. Using the real part of the
dielectric function we determine the condition for plasmon polariton
formation in the photoexcited diamond.

Following ref [] we define next the macroscopic stress tensor

T, =- ;J ¢, (k+G) [ (k+G),(k+G), +2n;)| n(G)[* 1G*(2G,G ,/G* ~5,,) -
=3 S(G)[V,y, (G) 1 8G22G,G , +V,,,(G)S,,In(-G) +
G=#0

+6,5 2 [67(G) = 1 (G)N(-6) - 8, enZ + o 5™
G

Xc XC a

where N(G) = z foc (k+G'—G)c, (k+G') is the
n,G' K

Fourier transform of the real-space electron density in the crystal

describing how the electronic charge is distributed periodically

throughout the crystal lattice and S(G) is the form factor . The

real-space electronic charge density p(7) =¥ _ N(G) e=i6+ is
G

obtained via the Fourier transform of N(G) . The first term in eq.

() is the Electronic Kinetic Stress since it represents Quantum
mechanical momentum flux of the electrons. The second term is the
Hartree Electrostatic Stress arising from long-range electron-
electron Coulomb repulsion. The third term represents the stress
generated by electron-ion electrostatics between conduction/valence

electrons and atomic cores, where VIOC is the local component of

the ionic pseudopotential in reciprocal space and the derivative of
the pseudopotential with respect to momentum transfer squared
captures energy changes under strain. Last two terms describe
exchange-correlation stress and classical ion-ion Coulomb stress
tensor computed via Ewald summation, representing interatomic
repulsive forces between positive atomic nuclei in the diamond
lattice. Then the pressure is defined as:

2]

v,G Bz

_ltrT = l
3 3

p

v, k+G

dSIZ(

473
3. Results and Discussion

In Fig. 1 (a) the first Brillouin zone of the face-centered cubic
(FCC) diamond structure is a truncated octahedron with high-
symmetry points (T, L, X, W, K, U) and symmetry axes (A along
[001] , A along [111], and £ along [110]). In Fig. 1 (b) the
electronic energy band dispersion of unperturbed crystalline
diamond that provides the fundamental quantum mechanical
framework for calculating optical transitions and high-intensity
carrier dynamics is shown. The valence band maximum (VBM) is
located at the zone center T, set at 0 eV. The conduction band
minimum (CBM) lies along the A axis (A; branch) near the X;
boundary, yielding an indirect bandgap of 5.42eV. Under the dipole
approximation, direct interband optical transitions require
conservation of quasi-momentum. The minimal direct transition
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threshold occurs at the T" point between I, and I';,, requiring a
photon energy of 7 eV to create an electron-hole pair without
phonon assistance.

Fig. 2 displays the calculated real-time dynamics of the

transmitted electric field E(t) inside bulk diamond during and after
irradiation by the laser pulse linearly polarized along the [001]
direction across three distinct coupling regimes. The weak coupling
regime with ®=1.2J/cm? , 2 (a), shows a symmetric,
undistorted pulse envelope peaking at ~ 0.55 V/A. Because photo-
induced carrier generation is low in this perturbative regime, the
medium's response remains largely linear, leaving the laser field
profile unperturbed without significant internal polarization
screening. Therefore, we can calculate the static dielectric constant
of diamond in this regime. In the transition to strong coupling
regime with ® = 7.2 J/cm? , 2 (b), as the peak field reaches
~ 2.0 V/A, intense non-linear photoionization generates a dense
conduction plasma. The induced polarization current produces a
counter-directed screening field, causing a subtle temporal
asymmetry in the field envelope as electronic screening begins to
modify the propagating wave. Fig. 2 (c) illustrates extreme strong
coupling, with ® =60 J/cm? where the field peaks near
~ 2.5 V/A early in the pulse due to rapid, carrier excitation before
the pulse peak that creates a high-density plasma. The resulting
large induced current J(6) strongly distorts the driving laser field,
shifting the peak field forward in time and suppressing field
amplitudes in the trailing edge of the. Persistent low-amplitude
electric field oscillations remain after the main laser pulse passes,
directly capturing coherent collective plasma oscillations
(plasmons).

Fig. 3 displays the calculated real-time dynamics of the electron
number density in diamond during and immediately after irradiation
bya 12 fs, 400 nm laser pulse. Panel (a) shows excitation with
linear polarization along the [001] direction, while Panel (b) shows
polarization along the [111] direction. During the laser pulse, the
carrier density exhibits strong intra-pulse oscillations at twice the
laser frequency, reflecting non-linear sub-cycle field ionization and
interband virtual excitations. In the low fluence ® =2.4—
3.6 J]/cm? regime carrier generation proceeds via perturbative
multiphoton excitation, reaching a modest transient density
n, = 1.5x10% ¢cm™3. In the high fluence regime @& =6—
12 J/cm? highly non-linear ionization rapidly elevates the
conduction electron density between n, =~ 6 x 10?2 cm™3 — 8 x
1022 ¢m™3 . At these extreme densities, state-filling (Pauli blocking
in conduction bands) and strong electronic screening lead to a
saturation of net carrier generation. Following the pulse, high-
frequency field oscillations die out, leaving a stable, residual
electron-hole plasma n, > 3 x 1022 cm=3 for ® = 6 J/cm? and
n, >4x10%2 cm=3 for ® =12 J/cm?. Comparing Figs. 3 (a)
and (b) demonstrates subtle anisotropic excitation kinetics. For
identical fluences ® = 12 J/cm?, polarization along [001] (a)
drives steeper sub-cycle peak oscillations during the pulse envelope
than along [111] (b), reflecting the orientation of C — C bonds
relative to the driving electric field vector. The carrier density
n, ~ 4 x 10?2 cm=3 generated at high fluences exceeds 15% —
17% of the total valence electron density n, crossing the critical
threshold n, =ny/€, required to trigger transverse acoustic
phonon softening and complete lattice collapse following the simple

criterion wf4(n.) = whyy (1 — € Z—C) in which wr,(n,) is the
0

frequency of the transverse acoustic phonon mode as a function of
the photo-excited carrier density n,, wraso is the ground-state
transverse acoustic phonon frequency, ¢, is the static bulk dielectric
constant of diamond ~ 5.7 and ny is the total bulk valence electron
density.

Fig. 4 illustrates the time-dependent instantaneous -electronic
excitation energy per atom  (eV /atom) transferred from the laser
pulse into the bulk of diamond, comparing polarization along [001]
(@) and [111] (b) across varying fluence. Energy absorption rises
rapidly on the rising part of the laser pulse featuring high frequency
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oscillations corresponding to sub-cycle field interactions. After the
peak of the pulse, the absorption curves flatten , indicating that
energy transfer strongly decreases leaving excitation energy stored
within the electronic system. For low fluence ® = 6 J/cm? the
absorbed energy is (~3.5 — 4.0 eV /atom). For moderate fluence
® = 12 J/cm? the absorbed energy is (~5.0 — 5.5 eV /atom) and
in the high fluence regime ® = 60 J/cm? the absorption saturates
for (~8.0—9.5 eV/atom). The thermal melting energy of
diamond is 0.33eV/atom and its bulk cohesive energy is
~7.37 eV /atom. Across all shown fluences, the energy deposited
into the electronic subsystem substantially exceeds the thermal
melting energy and, at high fluences, surpasses the cohesive energy
of the lattice. The comparison between the two laser polarization
directions reveals that for polarization along the [001] direction —
Fig. 4 (a), drives higher net energy absorption at each fluence level,
reaching ~ 4.0 eV/atom at 6 J/cm? ~55 eV/atom at
12 J/cm? and ~9.5 eV /atom at 60 J/cm? . Polarization along
the [111] direction Fig. 4 (b), exhibits slightly reduced absorption
efficiency (~3.3 eV/atom at 6 J/cm? ~4.5 eV/atom at
12 J/em? and ~7.8 eV/atom at 60 J/cm?, reflecting laser
polarization anisotropy in the energy absorption.

Fig. 5 presents the laser fluence dependence of the generated

conduction electron density n.and the absorbed energy per carbon
atom Es (eV/atom) on logarithmic scales. Fig. 5 (a) and Fig. 5
(b) correspond to linear polarization along [001], while panels Fig.
5 (c) and Fig. 5 (d) correspond to polarization along [111]. At low
fluences below ~3.5 J/cm?, the carrier density grows rapidly
according to n, o« @ for both polarizations. This cubic power law
indicates a non-linear multiphoton excitation mechanism
dominating  the initial  band-to-band  transitions.  Near
® ~ 4.0 J/cm?, n, undergoes an abrupt vertical jump spanning
nearly an order of magnitude (crossing 1022 ¢cm=3). This step
marks the optical breakdown threshold.
Above ® ~ 25 J/cm? , carrier generation severely slows down,
following a sub-linear power law n, « ®'/3. This sub-linear
scaling reflects strong conduction-band state filling (Pauli blocking)
and high-density plasma screening that suppresses further
ionization.

In Fig. 5 (b) and Fig. 5 (d), the absorbed energy per atom at high
fluences scales as E,p, o ®'/% which directly reflects the heating
dynamics of the degenerate photo-excited plasma. Melting
Threshold: The horizontal dashed line in (b) and (d) mark the
thermal melting energy of diamond 0.33 eV /atom. For fluences
exceeding @ ~ 2.5 J/cm?, the absorbed electronic energy
significantly exceeds this baseline, driving the system into the non-
thermal phase transition regime.

Comparing Fig. 5 (a, b) with Fig. 5 (c, d) shows that the power-
law exponents v =3,v=0.33 ,v=0.5 are polarization-
independent. However, polarization along [111] (Fig. 5 ¢, d)
exhibits a slightly lower breakdown threshold fluence than along
[001], demonstrating direction-dependent non-linear absorption
coefficients.

Fig. 6 displays the calculated energy distribution of occupied
conduction electronic states p(e, @) per unit cell for two laser pulse
durations 12 fs and 30 f's across low (Fig. 6 a, b) and high (Fig. 6
¢, d) fluence regimes. At lower fluence, photo-induced carriers
predominantly occupy low-lying conduction states (¢ < 4eV) ,
producing distinct peaks around 0.5eV and 2.0 eV. Comparing
results for 12 fs (a) to 30 fs (b) shows progressive population
accumulation in higher states up to 14 eV as multiphoton
absorption and conduction band energy absorption proceed. In the
regime of strong coupling, conduction states are filled across a
broad energy window stretching beyond 25 eV, displaying major
peaks near 3 eV and 7 eV . As the lower conduction band states
become fully populated, state-filling severely restricts further
transition matrix elements from the valence band. This Pauli
blocking mechanism causes the saturation of photo-ionization seen
at high fluences, forcing newly promoted carriers into higher kinetic
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energy states (¢ > 10eV) and driving the sub-linear scaling
laws n, < @3 and Epp, o« ®Y/2,

In Fig. 7 the modification of the dielectric constant in
photoexcited diamond following the irradiation by a 30 fs,
400 nm is presented. In Fig. 8 left panel (a) and (b) the intensity-
dependent dielectric response for laser polarization along [001]
direction is shown. In Fig. 8 left panel (a) Re[e(w)] exhibits
characteristic dielectric behavior with positive values in the sub-
bandgap region (w < 3 eV) at low excitation intensity (solid black
curve). As the laser intensity increases (progressing from red dashed
to blue and green dotted curves), a sharp Drude-like metallic
crossover emerges: Re[e(w)] becomes strongly negative below
~2 eV, dropping down to —25 at 1 eV. This negative divergence
directly is a signature of free-carrier plasma formation and non-
thermal metallization of the diamond crystal.

Surface plasmon polariton (SPP) excitation at the interface between
the photo-induced metallic surface layer and vacuum (e = 1)
requires the real part of the frequency-dependent complex dielectric
function € (w;) = Re [€ (w;)] +ilm [e (w;)] to satisfy the
condition Re [e (w;)] < —1. The spatial period of the resulting
low-spatial frequency laser-induced periodic surface structures
Appss 1S governed by the SPP dispersion relation Ajjpss =

AL/Re[JE (wy)/ (e (wL)+1)], where 1, is the incident laser

wavelength and e (w;) is evaluated directly from the calculated
dielectric spectrum at the driving photon energy. For our laser
wavelength 400nm, o, =3.1eV taking from Fig. 7
Re [e (w;)]~—8 and Im [e (w;)]~1 gives an SPP factor of
~1.07, resulting in a calculated period of Ajjpss ~374nm or

In Fig. 7 left panel (b) Im [e(w)] is plotted. The ground-state
fundamental interband absorption edge remains prominent near
w =~ 4.2 eV. With increasing laser intensity, the peak absorption
amplitude diminishes due to state-filling (Pauli blocking in valence
states), while substantial spectral weight transfers into the low-
energy Drude absorption tail (w < 3eV), indicating efficient
intraband absorption by photo-excited free carriers.

In Fig. 7 - right panel (a) and (b) - the intensity -dependent
dielectric response for laser polarization along [001] and [111]
directions is shown to demonstrate polarization anisotropy. In Fig.
8, right panel (a) Re[e(w)] is exhibited. Comparing the response
along the [001] direction (solid black curve) and [111] direction
(red dashed curve) highlights a strong optical anisotropy. Excitation
along the [111] axis causes a significantly faster breakdown of
dielectric screening, with Re[e(w)] crossing zero at higher photon
energy ~1.5 eV and diving steeper into negative values —20 at
0.8 eV. This indicates that alignment along the C — C bonding
direction enhances photoionization and free-carrier production.

In Fig. 7 right panel (b) Im[e(w)] is exhibited. The [111]
orientation (red dashed curve) exhibits greater low-energy intraband
absorption (w < 3 eV) compared to [001], while suppressing the
primary interband absorption peak at w =~ 4.2 eV more effectively.
This confirms a higher depletion of bonding valence electrons along
the [111] C — C bond axis, leading to stronger electronic screening
and faster non-thermal bond softening.

In fig. 8 shows the spatial distribution of valence charge in
unperturbed diamond that provides the baseline for understanding
ultra-fast photo-excitation and non-thermal bond softening. The
contour plot displays the ground-state electron number density p,
mapped in the 110 crystallographic plane. High-density regions
(intense red contours exceeding 0.4 a. u. are localized directly along
the C — C bond axes at the midpoints between carbon nuclei,
demonstrating the strong covalent sp3 bonding character. Under a
local pseudopotential formulation, the mid-bond charge displays
closed, elliptic density contour lines whose major (long) axes orient
perpendicular to the primary bonding direction. This structural
topology reflects the spatial symmetry of the overlapping valence
orbitals in the diamond lattice. Because ground-state stability relies
on these concentrated mid-bond charge distribution, any subsequent

38

laser-induced photoionization that depletes p,from these regions by
transferring electrons into non-bonding or anti-bonding interstitial
sites (green background, py ~0.1 a.u.) directly scales down the
effective bond charge Z, that screens nuclear repulsion and

destabilizes the lattice. Here Z,(n,) = Z,, (1 — € Z—e) where
0

Zy ¢ is the ground-state effective bond charge of the unperturbed
lattice. Ground-state bond chargeis Z,, = 2/¢.

In the dielectric screening model of photo-excited covalent
crystals, both the transverse acoustic phonon frequency w?,(n,)
and the effective bond charge Z,(n.) depend directly on the
screening of covalent bonds by the photo-generated carrier gas
(expression for w?,(n,) was given in the discussion of Fig. 3).
Because the transverse restoring forces in sp3 covalent crystals
originate directly from the localized bond charge Z, in the mid-
bond region, the square of the phonon frequency scales with the
effective bond charge:

w%A (ne) X Zb (ne)

When n, reaches the critical threshold nS = n, /e, the effective
bond charge Z,(n,) vanishes Z, — 0, representing complete
electronic depletion of the directional bonding nodes. The restoring
force for transverse shear modes vanishes simultaneously
w#%,(n,) < 0, causing complete mode softening and non-thermal
lattice collapse.

Fig. 9 maps the spatial electron density difference Ap(#) =
p(#) — po(#) in the 110 plane following the irradiation by a
12 fs5,400 nm  laser pulse linearly polarized along the 001
direction. The charge depletion at C — C mid-bonds is clearly seen:
deep blue regions centered along the horizontal bonding chain
correspond to negative difference contours (Ap(#) < 0, dotted
lines down to -0.02 a.u.). This confirms that intense photoionization
directly strips valence electrons out of the localized sp3covalent
mid-bond sites. The interstitial accumulation is observed as well:
yellow-green background areas represent positive difference
contours (Ap(¥) > 0, solid lines). Promoted electrons transfer into
non-bonding and interstitial anti-bonding regions surrounding the
C — C bonds, generating an uncompensated electronic pressure.
Intensity scaling is provided in the two panels of Fig. 10. In Fig. 10
(@) the laser intensity is 6 x 10* W /cm? and moderate charge
depletion localized primarily at the bond midpoints (blue pockets
reaching = —0.015 a. u. is exhibited. In Fig. 10 (b) for the higher
intensity 10'> W /cm? the blue depletion nodes expand radially
and deepen (surpassing —0.02 a.u). This stronger depletion
weakens the directional restoring forces of the C — € bonds, driving
the transverse acoustic (TA) phonon frequency toward zero
(w%, < 0) and setting off non-thermal lattice collapse.

Fig. 10 presents the calculated laser intensity I dependence of
the photo-induced pressure p (in kbar) in crystalline diamond
following irradiation by a 12 fs,400 nm laser pulse linearly
polarized along the [001] direction. For laser intensities below
4 x 10 W/cm?, the photo-induced pressure remains low
(p < kbar), indicating a low electron-hole pair excitation density
in the perturbative ionization regime. At I ~ 4 x 10 W /cm?, an
abrupt step-like increase of the pressure occurs, with pressure
p > 400 kbar. This rapid rise marks the optical breakdown
threshold, where strong non-linear photoionization promotes a
dense plasma of carriers into conduction states.

For above-threshold intensities (I = 4 x 10'* W /cm?) , the
pressure increases sub-linearly with intensity, closely following the
scaling law  p o= I5/9  and reaching values over 600 kbar at
I ~1x10' W/cm?. Because carrier density in the breakdown
regime scales sub-linearly as n, o= I/3 due to state filling and
Pauli blocking, combining the two scaling laws we have obtained
from our calculation - n, o~ [Y/3 with p ocx 1579 yields the
standard Fermi pressure scaling law for a degenerate electron gas:
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p o= [5/3 | Over 80% of this photo-induced pressure stems from
the kinetic energy of the hot electron subsystem. At pressures
approaching 600 kbar (60 GPa), this uncompensated outward
Fermi pressure exceeds the elastic yield strength of the diamond
crystal, driving shear destabilization and non-thermal lattice
collapse on sub-picosecond timescales.

Energy [eV]

Fig. 1 (a) Brillouin zone of diamond lattice (b) Electronic energy
bands of diamond along A and A symmetry lines.
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Fig. 2. Time evolution of the electric field in bulk diamond
irradiated by pulsed laser with pulse width 12 fs and wavelength
400 nm.The laser is linearly polarized along the [001] direction.

The laser fluence is (a) 1.2 J/cm?, (b) 7.2 Jfcm?, (b) 60 J/icm?
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Fig. 3. Time evolution of the electron number density (12fs, 400 nm)

, the laser fluence is indicated in the figures. Figure 3 (a) the laser

is polarized in [001] direction. Figure 3(b) the laser is polarized in
[111] direction.
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Fig. 4. Instantaneous electronic excitation energy (12fs, 400 nm),
the laser fluence is indicated in the figures. Figure 4 (a) the laser is
polarized in [001] direction. Figure 4 (b) the laser is polarized in
[111] direction. The melting energy of diamond is 0.33 eV/atom.
The cohesive energy of diamond is 7.37 eV/atom.
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Fig. 7. Intensity-Dependent Dielectric Response of diamond for
increasing laser intensity - left panel (a) and (b): laser polarization
along [001] direction and right panel (a) and (b): laser polarization
along [111] direction
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Fig. 8. Contour plot of the electron number density in the (110)
plane in diamond ground state. The contour interval is 0.01 a.u.
The laser is linearly polarized along the [001] direction

A=800 nm, T=12 fs, I=10"® Wicm?

Fig. 9. Local density difference map p(#) — p, (#) after
irradiation of diamond with laser pulse of duration is 12 fs, and
wavelength 400 nm. The laser intensity is 6 x 10 W /cm? (a) and
1015 W/cm? (b). The laser is linearly polarized along the [001]
direction. Negative contours associated with depletion of charge
are indicated by dotted lines and positive contours associated with
charge accumulation are indicated by solid lines. The contour
interval is 0.005 a.u. C-C bonds are softened
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Fig. 10. Laser intensity dependence of the photo-induced pressure
(in kbar) The laser is linearly polarized along the [001] direction.

4, Conclusions

In conclusion, our real-time simulations provide a unified
physical framework describing the non-equilibrium response of
diamond subjected to high-intensity femtosecond laser pulses. The
optical breakdown threshold of crystalline diamond is obtained as a
function of the laser energy fluence and polarization direction. The
occurrence of breakdown is associated with high electronic
excitation, plasma formation and highly efficient free-carrier
absorption. We demonstrated that optical breakdown converts
diamond into a transient metallic state, where high-density
conduction state occupation induces strong Pauli blocking that
saturates photo-ionization. The resulting metallic plasma drives the
real part of the dielectric function strongly negative, enabling
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surface plasmon polariton modes that lead to the formation of low-
spatial-frequency LIPSS with sub-wavelength spatial periods. The
electron density difference distribution shows the effect of softening
of C-C bonds: the charge density in the binding region is not
sufficient to balance the nuclear repulsion forces, resulting in
instability of the diamond lattice.

In this regime of high electronic excitation, an unbalanced
photo-induced degeneracy pressure results in mechanical instability
of the lattice, which may be considered as a precursor to ultrafast
melting and ablation of diamond.

We have demonstrated that a single physical driver photo-
induced electronic bond charge depletion naturally accounts for
both solid-to-solid non-thermal phase transitions and macroscopic
SPP-driven surface nanostructuring.

Acknowledgements: Support from KP-06-COST/26 (BNSF) and
CA21128 are acknowledged.
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Influence of microstructural modification of cement-based composites on transport
processes and long-term reliability
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Abstract. The long-term durability of cement-based composites is strongly influenced by their microstructural characteristics and resistance
to the transport of water and aggressive ionic species. This study presents a parametric numerical investigation of the influence of binder
modification on transport-related properties and predicted chloride penetration in cement-based composites. Four representative
compositions were analysed: a reference Portland cement composite (REF), a mixture containing 10% silica fume (SF10), a mixture
containing 15% metakaolin (MK15), and a hybrid mixture incorporating 5% silica fume and 10% metakaolin (HYB). The comparative
assessment included accessible porosity, initial sorptivity, chloride migration coefficient and a proposed dimensionless Transport Resistance
Index (TRI). Long-term chloride penetration was additionally evaluated using a simplified one-dimensional Fickian transport model for
exposure periods of up to 50 years. Within the adopted parametric scenario, the HYB composition exhibited the most favourable overall
performance, with reductions of approximately 28.3% in accessible porosity, 51.0% in initial sorptivity and 69.0% in chloride migration
coefficient compared with the reference composite. The predicted comparative chloride penetration depth after 50 years decreased from
approximately 134.5 mm for REF to 74.8 mm for HYB. The time required to reach a comparative penetration depth of 50 mm increased from
approximately 6.9 years for REF to 22.3 years for HYB. Strong descriptive correlations were observed between accessible porosity, sorptivity
and chloride transport. The results indicate that optimised binder modification may significantly improve resistance to transport processes
and delay chloride penetration. However, the presented results should be interpreted as a comparative parametric analysis requiring
subsequent experimental validation before application to quantitative structural service-life prediction.

KEYWORDS: CEMENT-BASED COMPOSITES; MICROSTRUCTURE; SILICA FUME; METAKAOLIN; POROSITY; SORPTIVITY;
CHLORIDE TRANSPORT; DURABILITY.

1 Introduction Diffusion-based approaches derived from Fick's laws are
Cement-based composites are among the most widely frequently used for simplified chloride penetration
used construction materials because of their mechanical modelling, but the effective transport coefficient is not a
performance, technological adaptability and universal constant and may vary with hydration, ageing,
comparatively high durability. Their long-term behaviour, temperature, moisture and exposure conditions [4,6,12].
however, is strongly controlled by the ability of the The objective of this study is to examine, within a clearly
cementitious matrix to resist the penetration of water,  defined parametric  numerical  framework, how
gases and aggressive ions through its pore system. microstructural modification may influence accessible
Chloride ingress is particularly important for reinforced  porosity, capillary water absorption, chloride transport
concrete structures exposed to marine environments, de-  and predicted long-term chloride penetration. The study
icing salts and other chloride-containing media, because ~ compares a reference Portland cement composite with
accumulation of chlorides near reinforcement may initiate ~ silica-fume, metakaolin and hybrid modifications,
corrosion and progressively reduce structural reliability ~ introduces a dimensionless Transport Resistance Index
and service life [1,6]. (TRI), and evaluates descriptive correlations among the
Transport processes in cementitious materials are closely principal transport-related parameters. The intention is not
related to microstructural characteristics such as total and ~ to present fabricated experimental measurements, but to
accessible porosity, pore-size distribution, connectivity, establish a transparent, reproducible modelling framework
tortuosity and the properties of the interfacial transition that can subsequently be validated using laboratory data.
zone. Total porosity alone does not fully determine

permeability or ionic transport. Experimental studies have 2 Materials and Research Methodology

shown that larger interconnected capillary pores and the 2.1 Research design and composition of cement-based
topology of the transport-active pore network may be composites

more relevant to chloride migration than total porosity Four representative mixtures were considered: a reference
considered independently [5,13]. Portland cement mixture (REF), a mixture containing
Partial  replacement of Portland cement  with 10% silica fume (SF10), a mixture containing 15%
supplementary cementitious materials is a widely  metakaolin (MK15), and a hybrid mixture containing 5%
investigated approach for modifying the microstructure of  silica fume and 10% metakaolin (HYB). The replacement
cement-based composites. Silica fume and metakaolin can percentages were defined by mass of total binder. The
alter hydration processes, refine the pore network and water-to-binder ratio was maintained at 0.40 and the total
modify both transport resistance and chloride-binding binder content at 450 kg/m?® in all mixtures. Fine and
behaviour. Their influence is not governed exclusively by coarse aggregate contents were kept constant in order to

a physical reduction in porosity; chemical composition isolate the influence of binder modification as far as
and the resulting hydration products may also affect possible. The proposed mixture proportions are presented
chloride interactions within the hardened binder [2,11]. in Table 1.

Moisture condition further complicates ionic transport.
Unsaturated ion diffusion depends on degree of
saturation, pore solution characteristics and binder
composition. Consequently, durability assessment based
on a single material parameter is generally insufficient for
reliable interpretation of long-term performance [3].
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Table 1. Proposed composition of cement-based

composites
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REF | 4500 |0 0 180 | 720 | 1020 | 0.40
SF10 | 4050 | 450 |0 180 | 720 | 1020 | 0.40
MK15 | 3825 [0 675 | 180 | 720 | 1020 [ 0.40
HYB | 3825 | 225 | 450 | 180 | 720 | 1020 | 0.40

The selected mixtures represent different approaches to
microstructural modification while maintaining an
identical total binder content and water-to-binder ratio.
This experimental configuration enables a direct
comparison of transport-related properties and provides a
basis for identifying possible synergistic effects
associated with hybrid binder modification.

2.2 Specimen preparation and curing framework

For future experimental validation, all constituents should
be mixed under identical laboratory conditions, cast using
the same compaction procedure and cured under
controlled conditions. A principal test age of 28 days is
proposed, together with additional testing at 90 days to
capture continued hydration and microstructural
development. For each mixture and investigated property,
at least three replicate specimens should be used, with
results expressed as arithmetic mean, standard deviation
and coefficient of variation.

2.3 Accessible porosity

Accessible pore volume is represented using the density,
absorption and permeable-void concept of ASTM C642-
21 [7]. The volume of permeable voids can be expressed
as:

P=[(B-A)/B-C)] =100 (I)

where P is the volume of permeable voids (%), A is the
oven-dry mass, B is the saturated mass in air, and C is the
apparent mass of the immersed saturated specimen.
Relative change in accessible porosity is evaluated as:

AP; = [(P; = Prer)/Pree/ * 100 (2)

where P; represents the porosity of the modified mixture
and Prer represents the corresponding value of the
reference composite. A negative value of 4Pi indicates a
reduction in accessible porosity relative to the reference
mixture.

2.4 Capillary water absorption

Capillary water absorption is represented through initial
sorptivity, consistent with the conceptual framework of
ASTM C1585-20 [8]. Cumulative water absorption per
unit exposed area is expressed as:

I(t) = mLi(dps) (3)

and initial sorptivity is obtained from the slope of the
approximately linear relationship:

I=SNt+b (4

Lower values of initial sorptivity indicate reduced
capillary intake and, generally, a more discontinuous or
tortuous transport pathway for liquid water.

2.5 Chloride migration resistance

Chloride transport resistance is represented by a non-
steady-state migration coefficient consistent with the
comparative role of NT BUILD 492 [9]. Because
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migration-derived coefficients are not automatically
identical to natural diffusion coefficients, they are used
here as comparative transport indicators rather than
intrinsic material constants [10]. The relative reduction is
calculated as:

Ro = /[1 = (D/Dree)] * 100 (5)

2.6 Long-term chloride transport model

Long-term chloride penetration is modelled using the
simplified one-dimensional form of Fick's second law.
For the parametric analysis, the adopted transport
coefficient is denoted D* to emphasise its comparative,
apparent character:

oC/ot = D* - 9°C/ox*  (6)

Under the assumptions of a semi-infinite medium,
constant surface chloride concentration and constant
apparent  transport  coefficient, the  normalised
concentration profile is:

C(x,t)/Cs = 1 — erflx/(2N(D*)]  (7)

A comparative penetration depth X,.5 is defined as the
depth at which C(x,t)/Cs = 0.50. This gives:

Xo.5 = 0.9530\(D*) (8)

The criterion is used only for relative comparison among
mixtures. It does not represent a corrosion-initiation
threshold or a complete service-life prediction.

2.7 Integrated Transport Resistance Index

A dimensionless Transport Resistance Index (TRI) is
proposed to integrate the three principal comparative
indicators: accessible porosity, initial sorptivity and
chloride transport coefficient:

TR[, = (I/3)[P,/PRE|: + Si/SREF + Di/DREF] (9)

For the reference mixture TRI_REF = 1.00. Values below
1.00 indicate improved combined transport resistance
relative to REF. TRI is introduced as a study-specific
comparative index and is not intended to replace standard
durability parameters or direct service-life calculations.
2.8 Statistical analysis

The relationships between accessible porosity, sorptivity
and chloride transport are evaluated using Pearson's
correlation coefficient and simple linear regression.
Because the dataset contains only four parametrically
defined compositions, the coefficients are interpreted
descriptively and are not used as evidence of general
statistical significance.

3 Results and Discussion

3.1 Comparative transport-related properties

The adopted parametric dataset is presented in Table 2.
These values are model inputs selected to enable a
systematic comparison of plausible transport-response
trends; they are not reported as laboratory measurements.

Table 2. Parametric values of transport-related properties

Accessible Initial g?lgglt?gn
Mixture | porosity P | sorptivity S grati TRI
(%) (mm/min® -%) coefficient D
(x10~"2 m?/s)
REF 13.8 0.145 12.6 1.000
SF10 10.7 0.082 4.8 0.574
MK15 11.2 0.091 5.6 0.628
HYB 9.9 0.071 3.9 0.506
Relative to REF, SF10 showed reductions of

approximately 22.5% in accessible porosity, 43.4% in
initial sorptivity and 61.9% in chloride transport
coefficient. MK15 showed corresponding reductions of
18.8%, 37.2% and 55.6%. The most pronounced
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combined improvement was obtained for HYB, with
reductions of 28.3%, 51.0% and 69.0%, respectively
(figure 1). The direction of these changes is consistent
with experimental literature reporting improved pore
characteristics and chloride resistance in concretes
containing metakaolin and silica fume [11].

Relative reduction of transport-related parameters

704 W Accessible porosity
mm nitial sorptivity
mmm Chloride migration coefficient

Reduction relative to REF (%)

Figure 1. Relative reduction of transport-related
parameters compared with the reference mixture.

HYB

3.2 Long-term prediction of chloride penetration
Using the simplified Fickian model and the adopted
apparent transport coefficients, comparative chloride
penetration was calculated for exposure periods of 1, 5,
10, 25 and 50 years. The results are presented in Table 3.
The ranking HYB < SF10 < MK15 < REF remained
unchanged throughout the analysed period.

Table 3. Predicted comparative chloride penetration

depth xy.s
E;gfﬁ)‘ge REF (mm)| SF10 (mm) '\("mKni;" HYB (mm)
1 year 19.0 11.7 12.7 10.6
5 years 425 26.3 28.4 23.7
10 years 60.1 37.1 40.1 335
25 years 95.1 58.7 63.4 52.9
50 years 1345 83.0 89.7 74.8

Predicted chloride penetration depth as a function of exposure time

140
—&— REF

—8— SF10
—— MK15
—e— HYB

1204

1004

804

60

Comparative chloride penetration depth, xq.5 (mm)

4] 10 20 30 40 50
Exposure time (years)

Figure 2. Predicted comparative chloride penetration
depth as a function of exposure time.

After 10 years, the predicted comparative penetration
depth was approximately 60.1 mm for REF and 33.5 mm
for HYB. After 50 years, the corresponding values were
134.5 mm and 74.8 mm (figure 2). These differences
demonstrate the sensitivity of long-term penetration depth
to the assumed apparent transport coefficient. Because
migration coefficients evolve with concrete age and
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exposure, absolute service-life prediction requires time-
dependent experimentally calibrated parameters [12].

3.3 Normalised chloride concentration at a depth of 50
mm

A second comparison was made at a fixed depth of 50
mm. The calculated values are expressed as the
normalised concentration C, = C(50 mm,t)/C..

Table 4. Predicted normalised chloride concentration at

50 mm depth
Exposure

pgrio d REF SF10 MK15 HYB
1 year 0.076 0.004 0.008 0.001
5 years 0.428 0.199 0.234 0.154
10 years 0.575 0.364 0.400 0.314
25 years 0.723 0.566 0.595 0.524
50 years 0.802 0.685 0.707 0.652

At five years, the normalised chloride concentration at 50
mm was 0.428 for REF and 0.154 for HYB. At ten years,
the corresponding values were 0.575 and 0.314 (table 4).
Although continued exposure progressively increases
chloride penetration in all mixtures, the modified binders
delay the development of concentration at a given depth
within the adopted modelling assumptions.

3.4 Time required to reach a comparative penetration
depth of 50 mm

Table 5. Predicted time to reach x,.; = 50 mm

Mixture Time (years) 5oerl1?pt>2/ree d wi thl rglrEeFase
REF 6.9 —

MK15 155 +125%

SF10 18.1 +163%

HYB 22.3 +223%

The simplified model indicates that HYB requires
approximately 22.3 years to reach the comparative depth
criterion, compared with 6.9 years for REF. The ratio
t HYB/t_REF is approximately 3.23 (table 5). This is a
comparative modelling result and must not be interpreted
directly as reinforcement corrosion-initiation time, which
additionally depends on surface chloride concentration,
critical chloride threshold, cover depth, moisture,
temperature, ageing and chloride binding.

3.5 Integrated transport resistance

The proposed TRI provides a compact ranking of
combined transport resistance. The values were 1.000 for
REF, 0.628 for MK15, 0.574 for SF10 and 0.506 for
HYB. Lower values indicate improved performance
relative to the reference mixture.

Integrated Transport Resistance Index
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= e e
S o @
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Figure 3. Integrated Transport Resistance Index for the
investigated mixtures.

The combined ranking was therefore REF < MK15 <
SF10 < HYB in terms of increasing transport resistance
(figure 3). The result suggests a potentially beneficial
hybrid effect, but because the underlying values are
parametric, the ranking should be treated as a model-
based hypothesis requiring experimental verification.
3.6 Correlation analysis
Descriptive  Pearson correlation coefficients were
calculated for the four-point dataset (table 6). Strong
positive associations were obtained among all three
transport-related parameters.

Table 6. Descriptive correlations between transport-

related parameters

Parameters Pearson r R?
Accessible porosity — Sorptivity 0.997 0.994
Accessible porosity — Chloride 0.989 0.978
migration coefficient ' ’
Sorptivity — Chloride migration

coefficient 0.997 0.994

The corresponding regression relationships were S =
0.01943P — 0.12421, D = 2.331P — 19.853, and D
120.674S — 5.011. These very high coefficients reflect the
internally consistent construction of the parametric dataset
and must not be interpreted as universal empirical laws.
Experimental research indicates that chloride transport is
controlled by a combination of porosity, pore
connectivity,  pore-size  distribution,  pore-solution
conductivity and physicochemical interactions [5,13].

3.7 Limitations and implications

The principal limitation of the present study is that the
numerical values were defined parametrically rather than
measured experimentally. Accordingly, the analysis
should be regarded as a transparent hypothesis-generating
framework. The simplified Fickian model further assumes
constant boundary conditions and a time-independent
apparent transport coefficient, whereas real chloride
ingress is influenced by ageing, moisture, temperature,
binding and exposure history. Nevertheless, the
framework is useful for demonstrating how alternative
binder modifications can be compared consistently and
for defining the experimental programme required for
future validation.

4 Conclusions

1. Within the adopted parametric scenario, all modified
mixtures exhibited lower accessible porosity, lower initial
sorptivity and lower chloride transport coefficients than
the reference mixture.

2. The HYB mixture showed the most favourable
combined performance, with reductions of approximately
28.3% in accessible porosity, 51.0% in initial sorptivity
and 69.0% in the chloride transport coefficient relative to
REF.

3. The reduction in predicted chloride transport was
substantially greater than the reduction in accessible
porosity, supporting the interpretation that pore
connectivity, tortuosity and microstructural refinement are
critical in addition to total accessible pore volume.
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4. The proposed TRI ranked the mixtures consistently as
REF < MK15 < SF10 < HYB in terms of increasing
transport resistance.

5. Using the simplified long-term model, the predicted
comparative penetration depth after 50 years decreased
from approximately 134.5 mm for REF to 74.8 mm for
HYB.

6. The time required to reach Xo.s = 50 mm increased
from approximately 6.9 years for REF to 22.3 years for
HYB under identical simplified boundary conditions.

7. Strong descriptive correlations were obtained among
accessible porosity, sorptivity and chloride transport, but
the four-point parametric dataset is too limited for
statistically generalisable conclusions.

8. The proposed approach provides a coherent framework
linking binder composition, transport indicators and long-
term chloride penetration, but experimental validation is
essential before quantitative structural service-life
predictions are made.

Future research should experimentally determine porosity,
sorptivity and chloride migration for the proposed mixture
series, extend testing to multiple curing ages, characterise
pore-size distribution and chloride binding, and calibrate a
time-dependent transport model. Such validation would
enable the parametric framework to evolve into a
quantitative durability and service-life assessment tool.
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Hot deformation processing of Ti—-Zr—Nb biomedical alloys
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Abstract: Hot deformation is a promising approach for modification the microstructure of metallic materials, as it combines the
simultaneous action of elevated temperature and mechanical loading. Under these conditions, intense plastic flow increases the density of
crystal lattice defects and promotes dynamic recrystallization, resulting in grain refinement and a corresponding increase in the grain
boundary density. Since grain boundaries serve as effective vacancy sinks, the formation of such deformed and recrystallized microstructures
enhances vacancy diffusion and activates pore elimination, thereby promoting densification and the formation of low-porosity or nearly fully

dense materials.

Keywords: TITANIUM ALLOY, POWDER METALURGY, HOT DEFORMATION

1. Introduction

Ti-Nb-Zr alloys have attracted considerable attention for
biomedical applications, including orthodontic archwires, bone
fixation plates, and vascular stents, owing to their excellent
corrosion resistance, high strength, and favorable elastic properties
[1-3]. The addition of zirconium to titanium enhances the
mechanical performance of these alloys while maintaining excellent
corrosion resistance and biocompatibility [4, 5]. A key requirement
for metallic implant materials is a low Young's modulus, ideally
approaching that of human cortical bone (approximately 30 GPa), in
order to minimize the stress shielding effect and promote long-term
implant performance [6-7]. Previous studies have demonstrated that
alloying Ti-Zr alloys with a sufficient amount of the f-stabilizing
element niobium significantly reduces the Young's modulus to
approximately 50-60 GPa. This reduction is primarily attributed to
the formation and stabilization of the B body-centered cubic (BCC)
Ti-Zr-Nb phase [8-10].

It is well known that in powder metallurgy production pore
elimination gradually slows during the final stage of sintering and
eventually ceases because pore coalescence becomes the prevailing
process without reducing the total pore volume. This behavior is
explained by the Slyozov mechanism [20]. According to this
mechanism, the vacancy flux from the pore system to vacancy sinks
is redirected from smaller to larger pores within the same grain. As
a result, larger pores grow at the expense of smaller ones, leading to
pore coarsening rather than further densification. Therefore,
enhancing pore elimination requires increasing the density of
effective vacancy sinks, such as grain boundaries and dislocations,
which promote vacancy migration and facilitate continued
densification.

Thermomechanical processing is one of the most effective
approaches for tailoring the microstructure of metallic materials and
enhancing their mechanical and physical properties. This approach
is also applicable to alloys produced by the powder metallurgy route
employed in the present study. Accordingly, additional deformation
processing at room and elevated temperatures offers a promising
strategy for reducing the residual porosity of the synthesized Ti-Zr-
Nb alloys while improving their mechanical performance.
Therefore, this section examines the effect of cold and hot
deformation on the microstructural evolution, densification, and
resulting mechanical properties of the synthesized alloys.

2. Materials and methods

Due to promising mechanical properties there were investigated
two biomedical materials: 59Zr-19Ti-22Nb and 35Zr-39,5Ti-
25,5Nb. They were manufactured using powder metallurgy
methods. The starting materials were zirconium hydride powders
ZrH, and titanium TiH, with a size of less than 100 microns and
niobium metal powder with a size of less than 63 microns. The
mixing process of the corresponding elements took place for six
hours. The compaction of the mixtures was carried out by cold
pressing in steel molds. The pressing pressure was 650 MPa. The
resulting compacts were sintered at a temperature of 1250°C with a
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subsequent holding time of 4 hours, after which they were cooled
together with the furnace.

There were used sintered samples of parallelepiped shape with a
length of ~ 60 mm, a width of ~ 20 mm and a thickness of ~ 9 mm
for hot pressing. Pressing was carried out at a temperature of 900°C
and a pressure of 780 MPa.

3. Results

The microstructure shown in Fig. 1 indicates that the
investigated materials are characterized by a significant level of
porosity. Therefore, hot deformation was employed as an additional
processing method to modify the microstructure and reduce the
residual porosity of the materials. The material is simultaneously
exposed to mechanical stresses and high temperature with intense
metal flow and an increase in the defectivity of its crystal structure,
which causes the development of recrystallization processes with a
decrease in grain size and a corresponding increase in the density of
grain boundaries. Since grain boundaries are sinks for vacancies,
the creation of such deformed and recrystallized structural states
activates the processes of pore healing, contributing to the
achievement of low-porosity or practically non-porous structures.
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Fig.1. As-sintered microstructures of 59Zr-19Ti-22Nb (a) and 35Zr-39.5Ti-
25.5Nb (b) alloys.

For these alloys, deformation values of the order of 55-65% can
be achieved in one cycle of heating to 900 °C with a load. Fig.2
shows that already at deformation levels of about 30%, porosity is
significantly reduced, individual, significantly deformed grains are
visible in the microstructure and signs of recrystallization processes
appear. Thus, along with relatively large grains (of the order of 100-
140 um), which were formed during the synthesis of alloys, there
are smaller grains (40-50 um), formed as a result of
recrystallization. In addition, it was recorded that, in addition to a
decrease in the volume fraction of pores (up to 2%), their size also
decreases (up to 10-20 pm).
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Fig.2 Microstructures of the 59Zr-19Ti—22Nb (a) and 35Zr-39.5Ti—
25.5Nb (b) alloys after hot pressing at 900 °C with a deformation degree of
30%.

At deformation levels of 40-55% (fig.3), the volume fraction of
pores decreases to approximately 1-1.5%. At the same time, a
substantial increase in the fraction of recrystallized grains is
observed compared with deformation levels of up to 30% (fig.2). It
should be noted that the evolution of deformation and
recrystallization processes is strongly dependent on the chemical
composition of the alloys. Consequently, the investigated alloys
exhibit some differences in both the residual pore fraction and the
proportion of recrystallized grains.

SEM HV: 200KV

View field: 200 pm

e s0um
SEM MAG: 278 kx_ Date(miay}: 10109118

Fig.3 Microstructures of the 59Zr-19Ti—22Nb (a) and 35Zr-39.5Ti-
25.5Nb (b) alloys after hot pressing at 900 °C with a deformation degree of
40-45%.

When alloy deformation degrees of about 60% are reached
(fig.4), a practically non-porous recrystallized structure is observed,
which is anisotropic due to the elongated shape of the grains.

-
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Fig.4 Microstructures of the 59Zr-19Ti-22Nb (a) and 35Zr-39.5Ti—
25.5Nb (b) alloys after hot pressing at 900 °C with a deformation degree of
60%.

To evaluate the influence of microstructural changes obtained
under the action of hot pressing on the mechanical characteristics of
alloys of the Zr-Ti-Nb system, their hardness and Young's modulus
were measured. Given the difference in the shape and size of the
samples required for conducting different types of mechanical tests,
materials hot pressed with a deformation value of up to 60% were
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investigated to measure hardness, and 40-45% to measure Young's
modulus. The results are given in Table 1.

Table 1: The effect of hot deformation on changes in hardness and Young's
modulus.

Hot-deformed state Hot-deformed state
Alloy , Moy o dness
composition [ YOUNG'S | 5 nesg | OHTa, HV
modulus, I'Ma
HV (deform.
GPa (deform. 60%)
40-45%) 0
59Zr-19Ti-
29Nb 56.3 185 713 298
35Zr-
39.5Ti- 55 159 62.6 291
25.5Nb

X-ray diffraction analysis performed for the 39Zr-36.1Ti-
249Nb alloy revealed no changes in the phase composition
following deformation. The material retained its single-phase -
BCC structure (fig.5), indicating that the applied deformation
treatment does not induce phase transformations. The preservation
of the B phase is particularly beneficial for the intended biomedical
application, as stabilization of the B-BCC structure is essential for
achieving a reduced Young’s modulus and, consequently,
improving the mechanical compatibility of the alloy with bone
tissue.

14004
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26, deg

Fig.5 X-ray diffraction analysis 0f39Zr-36.1Ti-24.9Nb alloy

As shown in Table 1, hot pressing with deformation levels
of up to 60%, resulting in a practically pore-free microstructure,
leads to an increase in the hardness of all investigated Zr-Ti—Nb
alloys. It is also noteworthy that deformation substantially reduces
the differences in hardness among the studied compositions. This
behavior can be attributed to the initially different porosity levels of
the synthesized alloys, which means that their hardness is governed
by two main factors: the pore volume fraction and the chemical
composition of the B-BCC phase. Following deformation, the
formation of a nearly pore-free structure eliminates the contribution
of porosity to the measured hardness, making the effect of the B-
phase composition the dominant factor determining the hardness of
the alloys.

Considering the critical importance of Young’s modulus for
biomedical alloys, its value was measured for the 59Zr-19Ti—22Nb
and 35Zr-39.5Ti-25.5Nb alloys in both the as-synthesized and
deformed states to evaluate the effect of hot pressing. In the as-
synthesized state, both compositions exhibited relatively low
Young’s modulus values of 55-56 GPa (Table 1). As expected,
deformation treatment resulted in an increase in Young’s modulus,
which reached 63-71 GPa in the nearly pore-free states (Table 1).
According to [21], this increase can be attributed to the
approximately linear dependence of Young’s modulus on the
porosity of the material. Thus, the substantial reduction in the pore
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volume fraction during hot pressing leads to a corresponding
increase in the effective elastic modulus (Fig. 6).
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Fig.6. Young's modulus dependence on the titanium alloys porosity [21].

4. Conclusions

Hot pressing effectively reduced the residual porosity of the
synthesized alloys. At deformation levels of 40-55%, the pore
fraction decreased to 1-1.5%, while deformation up to 60% resulted
in nearly pore-free structures. Increasing deformation also promoted
recrystallization.

The Young’s modulus of the investigated alloys increased from 55—
56 GPa in the as-synthesized state to 63-71 GPa after hot
deformation. This increase is mainly attributed to pore elimination,
as the effective elastic modulus of porous materials strongly
depends on their porosity.

Hot deformation is an effective way to influence the microstructure
of synthesized Zr-Ti-Nb alloys. The hot-pressing method achieved
practically pore-free states, which made it possible to significantly
regulate the complex of physical and mechanical characteristics of
the material, which was confirmed by an increase in the values of
their hardness and Young's modulus.
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In vitro investigation the effect of experimental bleaching agents on the tooth surface and
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Abstract: Tooth bleaching with peroxide-based chemical products is the simplest non-invasive method of lightening the tooth color. The aim
of the present paper was to perform an in vitro investigation and to study the effect of the experimental bleaching agents (BA) on the tooth
surface roughness (Ra) and tooth shade (4SGU). Extracted human teeth were used as samples which were randomly distributed in untreated
Control Group and five experimental groups, subjected to in vitro bleaching by agents, based on 35% and 20% hydrogen peroxide (HP) with
or without chemical activation. Changes in the surface morphology, Ra and ASGU of the treated teeth have been studied by optical
microscopy, surface roughness tester and spectrophotometer. It was found that the surface roughness increased after bleaching in all groups
of teeth, treated with the experimental BA. The highest Ra increase of 22% was found in Group 5 (20%HP + catalase), followed by 16% in
Group 3 (20%HP + ferric sulfate), 10% in Group 2 (20%HP) and only 5% in Group 4 (20%HP + horseradish peroxidase). Bleaching with
the commercial BA (Group 1) did not change the Ra value. As a consequence, the highest value of ASGU=4 was found in the samples,
bleached with a commercial BA, and the lowest — in those treated only with a 20% HP (ASGU=2.29). Teeth bleaching with experimental BA
led to a good bleaching effect, but lower than that of the commercial one and also to a negative correlation between Ra and ASGU.

Keywords: TOOTH BLEACHING, BLEACHING AGENT, HYDROGEN PEROXIDE, SURFACE ROUGHNESS, TOOTH SHADE,
BLEACHING EFFECT
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1. Introduction

Active packaging extends shelf life by interacting with the product, driving a shift toward renewable biopolymers
like carboxymethyl cellulose (CMC). To prevent contamination and oxidation, natural active agents can be
Incorporated into the matrix. Here, green barley extracts—prepared in water, ethanol, and a water-ethanol mixture—
were integrated into CMC to leverage their rich content of flavonoids, phenolic acids, and antioxidant enzymes. The
resulting films exhibited pronounced antioxidant activity and successfully blocked UVA and UVB radiation.
Although the extracts reduced transparency and caused significant yellowing (especially in ethanol-based samples),
they successfully transformed passive CMC into a functional, bioactive barrier. Ultimately, these biodegradable
materials show great promise for packaging and medical applications that require flexibility, UV shielding, and

active protection.

2. Problem discussion

The compatibility between the CMC matrix and green barley extracts is strictly governed by solvent polarity. Pure
water extraction (CMC-BW) achieves excellent thermodynamic compatibility, yielding a highly homogeneous,
crack-free surface with superior flexibility (elongation ~158%). Conversely, hydropnobic compounds m pare ... > 45
ethanol (CMC-BE) cause phase separation, surface wrinkles, and intense colour shifts (AE = 40.93). Crucially, the
50/50 water-ethanol mixture (CMC-BEW) offers a synergistic extraction capacity, isolating a wide spectrum of
bioactive agents to deliver the highest antioxidant activity (1Cg, = 0.92 ml) and a complete 100% UV barrier. Thus,

solvent selection is the key engineering tool to customise film performance.

3. Objective and research methodologies

The primary aim of this research is to design and synthesize biodegradable, active polymer packaging films based
on a carboxymethyl cellulose (CMC) matrix incorporated with young green barley (Hordeum vulgare L.) extracts.
The study systematically evaluates how the polarity of different extraction solvents (pure water, pure ethanol, and a
1:1 water-ethanol mixture) shapes and dictates the structural, morphological, mechanical, optical, and antioxidant

performance of the resulting active biomaterials.

Below, the formation of active CMC-based films and the methodology of the techniques used are presented in three
steps:

STEP |. Preparation of green barley extracts

01. SOURCING

10g of high-grade
powdered green barley.

STEP Ill. Process of forming active films

Preparation of
2% CMC Solution

Carboxymethyl cellulose

02. SOLVENT
APPLICATION

(=

\—/

Water Ethanol Hybrid Mix

Addition of 50ml solvent.
Three parallel tracks: Pure
Water, 99.8% Ethanol, or a

50/50 Hybrid Mix.

J

+ Glycerin (plasticizer)

ﬁ Stirred at 55°C for 48h

o

N

- J
( N
Preparation of Green
Barley Extracts
10g barley powder in 50ml
solvent variants:

.

03. AGITATION

Magnetic stirring for a full
48-hour cycle to maximize
cellular disruption and
compound release.

S

%

Combination

'

20 ml CMC Solution +
2 ml Extract
Mixed for 30 mins

S

N

Z

1. Pure Water (BW)

2. Pure Ethanol (BE)

3. Water/Ethanol 50:50
(BEW)

Mixed for 48h, then filtered y

Casting Process

Poured onto 9 cm Petri dishes

Dried at 30°C for 48h
\_

04. FILTRATION

Separation of insoluble
biomass from the purified,
concentrated bioactive
liquid extract.

CMC

’ (Reference Film / No Extract)

CMC-BW
(Water Extract)

STEP lll. Characterization of the obtained materials

( ) a4 b g N
Molecular Topographical N Optical & UV
. . . » ege
Diagnostics Imaging ' Permeability
NICOLET iS10 Spectrometer Quanta 3D FEG HALO DB-20S Spectrophotometer
NICOLET iS10 Spectrometer. FTIR analysis Quanta 3D FEG. Scanning Electron Microscopy HALO DB-20S Spectrophotometer.
(650-4000 cm™) to track chemical bonding (SEM) at up to 5000x magnification to Measuring UVA (315-400nm) and UVB
and confirm matrix integrity. evaluate surface morphology. (280-315nm) barrier properties.
5 > . S 7 K V.
( ) [
Mechanical _ o<’ Antioxidant
| oge %ﬂ \ A 0 .
ot | | Durability — °a® Efficacy
i Shimadzu EZ-Test SX. w\f 3 DPPH radical scavenging
? | Tensile strength, elastic ) ;0" ‘ assay to calculate exact
B modulus, and elongation 'k ﬁ@ IC50 inhibition rates and
feo @\ atbreak (Tcm/min ‘ ﬂ prove active bioactive
G  stretch rate). & transfer.

4. Results

Structural characterization

Absorbancja

~3300 cm™ (O-H bonds)

Broad, intense peak. Highlights the hydroxyl
groups of cellulose, glycerin, and newly
introduced phenolic compounds from the barle

~2900 cm™ (C-H bonds)

47| Aliphatic stretching. Confirms the strict
preservation of the structural cellulose
skeleton across all four variants.

I'T1650 cm™ (C=0 bonds)

Carbonyl stretching in the carboxymethyl

| groups. Slight variations in shape here prove
that the aromatic compounds from the barley

I 1

2500 2000

I
3500 3000 ;
Liczba falowa [cm™)

polymer matrix.

extract are successfully interacting with the I

CONCLUSION: The primary CMC structure remains perfectly intact and highly stable, successfully
hosting the complex botanical payload without degrading the structural mesh.

Morphology

CMC (Reference)

Homogeneous Baseline

CMC-BE (Ethanol)
Solvent-Induced Stress Fractures

CMC-BW (Water)
Highest Uniformity

CMC-BEW (50:50)
Moderate Uniformity

Mechanical properties

Stiffness
(Elastic Modulus - N/mm?)

2.6

40 &

Strength
(Tensile Strength - N/mm?)

Higher Load
Capacity

Flexibility
(Elongation at Break - %)
180

Maximized
158% “«~  Stretch

2.65
Higher 245 4 38 160
25 Flexibility : 138% 140%
‘ 3.5 3.9 39 140 130%
2.0
2 3 120
2.5 100
1.5
2 80
! 1.5 60
] 40
0.5
0.5 20
0 0 0
CMC mCMC-BW mCMC-BE uCMC-BEW CMC mCMC-BW mCMC-BE ®uCMC-BEW CMC mCMC-BW mCMC-BE uCMC-BEW

The Water extract (CMC-BW) acts as a structural enhancer, simultaneously reducing
stiffness while maximizing tensile strength and elongation.

UV-barrier properties

uvB UVA
(280-315nm) (315-400nm)

1.0

CMC Reference
- CMC-BW
0.8 1 — CMC-BEW ‘
8 - CMC-BE
& 06-
O
y =
2
0 0.4"
<
0.24
|
\
0-0 1 1 ] | | /
200 300 400 500 600 700 800
Wavelength (nm)

|
' Covers 100% of both UVA and UVB

effective optical barrier against light

Antioxidant Efficacy

Colorimetric Radical Scavenging

Unreduced Radical
(Purple)

+ CMC-Green Barley
Extract (H-donor)

Reduced
Compound
(Yellow)

Absorbance measured at 515 nm. The color shift from
purple to yellow validates active free radical neutralization.

4. Conclusion

| J
200 300 400 800 700 200 3 700

PURE CMC CMC-BE

Baseline Control Ethanol Extract
0% Partial

Protection UVA Shield

PN ~
R S et
s i TR ol e
e ‘l \ "I '
1y 1 ! !
‘1 1 ! g
\ rd ° / )
\ ! \ !
\ sl ¢ !
\\ S/ P
- AN i AP 4
———— A ——— - P i 4
~. N a2
~_” -
300 400 “~ 500 7 200 300 400 500

600 00 800 700
Blocks 100% of UVB, but exhibits
slightly lower protection in the UVA
range compared to water-based
extracts.

Minimal absorbance across the

spectrum. Offers no functional

protection against UVA or UVB
radiation.

CMC-BW

Water Extract

100%

Absolute Barrier

CMC-BEW
Hybrid Extract

100%

Absolute Barrier

500 300 400 500 800

Like the water extract, this 50/50 mix

achieves 100% shielding across both
UVA and UVB wavelengths.

spectrums. Forms a completely

degradation.

IC50 Evaluation by Extraction Solvent

< LOWER VOLUME = HIGHER ANTIOXIDANT ACTIVITY

CMC-BEW
(Ethanol:Water 50:50)

CMC-BW
(Water)

CMC-BE
(Ethanol)

0.92 mi

0.98 ml

The Ethanol:Water (50:50) mixture proved to be the optimal
extraction solvent, yielding the highest concentration of bioactives and
requiring the lowest volume (0.92 ml) to achieve 50% radical inhibition. |

{

The Structural Guardian: CMC-BW

* Winning Traits: Maximum elasticity (158%),
highest tensile strength (4.0 N/mm?), and
excellent morphology.

%ﬁ "E"‘ (4.0 N/mm?)

« Ideal Industrial Use: Flexible medical dressings,
wound care wrappers, and physical containment
where tear-resistance and clarity are paramount.

% |

50

P!

The Bioactive Guardian: CMC-BEW

* Winning Traits: Peak antioxidant efficiency
(0.92ml IC50) and superior UV barrier.

@é ;Eéi (0.92ml IC50)

« Ideal Industrial Use: Packaging for highly
sensitive, light-degradable pharmaceuticals and
active therapeutic delivery systems requiring
maximum chemical shielding.

=
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