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Nanoarrayed Cu,O/CuSCN HTLs for High-Efficiency Organic Solar Cells

Organic solar cells (OSCs) offer a promising low-cost and flexible alternative to conventional photovoltaic
technologies; however, their performance remains limited by inefficient charge transport and carrier recombi-
nation losses. In this work, we present a novel nanoarrayed hole-transport layer (HTL) based on
Cu, O/CuSCN heterostructures fabricated via a two-step electrodeposition process. Vertically aligned Cu,O
nanocrystals were grown on CuSCN films, forming a nanostructured charge-extraction framework with en-
hanced interfacial contact and potentially reduced carrier transport distances. The morphology and properties
of the films were systematically tuned by controlling the electrochemical parameters, enabling the formation
of well-defined nanoarchitectures. Photoelectrochemical measurements revealed enhanced interfacial photo-
current and improved charge-extraction characteristics of the composite structures compared with the corre-
sponding single-layer films. When integrated into PTB7-th:PCBM-based OSCs, the nanoarrayed HTL sub-
stantially improved device performance, increasing the open-circuit voltage from 0.62 to 0.84 V, the short-
circuit current density from 7.99 to 11.8 mA c¢cm~ 2, and the power conversion efficiency from 2.76% to
5.59%. These improvements are attributed to more efficient charge collection and suppressed recombination
enabled by the nanoarray architecture. This study demonstrates a low-temperature electrodeposition strategy
for engineering advanced HTLs and highlights the potential of nanoarrayed Cu,O/CuSCN heterostructures
for future organic and hybrid photovoltaic devices.

Keywords: Organic solar cells, copper thiocyanate films, PTB7-Th: PCBM, Cu,O nanocrystals,
electrodeposition, bulk heterojunction, hole transport layer, charge transfer

Introduction

Organic (polymer-based) solar cells are widely regarded as one of the most promising renewable-
energy technologies and are becoming increasingly competitive with traditional silicon devices. This interest
is largely driven by their low-cost fabrication methods [1] and the distinctive properties of organic materi-
als [2]. In particular, organic photoactive and conductive polymers are flexible and semi-transparent [3], al-
lowing them to be deposited onto flexible or transparent substrates and integrated into a variety of surfaces,
such as building windows [4]. Additionally, many organic materials can be processed from solution, ena-
bling thin-film fabrication through techniques such as spin-coating, dip-coating, and roll-to-roll printing.
These processes can be carried out at or near room temperature with only mild thermal treatment (<110 °C),
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significantly lowering production costs compared to conventional inorganic technologies [5, 6]. Organic ma-
terials are also often compatible with biomaterials, which open the door to environmentally friendly and bio-
integrated applications [7].

Despite these advantages, the efficiency of organic solar cells (OSCs) still trails behind that of silicon
and perovskite technologies [8, 9]. In conventional OSC designs, the photoactive layer consists of a blend of
a donor polymer and a fullerene-based acceptor, forming a bulk heterojunction (BHJ) positioned between
hole- and electron-transport layers. When light is absorbed, excitons are generated in the donor material and
must diffuse to donor—acceptor interfaces to dissociate into free charge carriers. However, because exciton
diffusion lengths in many polymers are relatively short compared to the thickness required for efficient light
absorption, the BHJ architecture is employed to maximize interfacial area [10]. Even so, device performance
remains strongly limited by morphology [11, 12] and by imbalances in charge carrier mobility—hole mobili-
ty is typically lower than electron mobility [13]—Ileading to charge accumulation and recombination losses.
In addition, regions within the BHJ often lack efficient percolation pathways to the charge transport layers,
resulting in incomplete charge collection [14].

To mitigate these limitations, extensive research has focused on improving hole-transport layers
(HTLSs), including the use of conductive polymers (e.g., PEDOT:PSS), transition metal oxides, and inorganic
p-type semiconductors such as CuSCN. While these materials can provide suitable energy level alignment
and chemical stability, they are typically implemented as planar thin films that rely on one-dimensional (1D)
vertical charge extraction. This configuration does not fully match the three-dimensional nature of charge
generation within the BHJ layer, where photogenerated carriers are distributed throughout the film volume.
As a consequence, holes must often travel laterally over relatively long distances before reaching the HTL
interface, increasing the probability of recombination and limiting device efficiency. Although previous stud-
ies have improved HTL performance through doping, interfacial engineering, and conductivity enhancement,
comparatively little attention has been given to engineering the spatial architecture of HTLs to fundamentally
alter charge extraction pathways. This represents a key gap in the current development of OSCs.

In this work, we address this limitation by introducing a nanoarrayed Cu,O/CuSCN heterostructured
HTL, which transforms the conventional planar extraction interface into a quasi-two-dimensional (2D)
charge collection network. The structure is formed by electrodepositing vertically aligned Cu,O nanocrystals
onto CuSCN films, creating an extended interfacial framework that penetrates toward the active layer. Un-
like planar HTLs, this nanoarrayed architecture increases the effective contact area and provides multiple
localized pathways for hole extraction. As a result, the average transport distance for photogenerated holes is
reduced, leading to suppressed recombination and more efficient charge collection. Importantly, this ap-
proach combines the favorable electronic properties of CuSCN with the structural advantages of Cu,O
nanocrystals, while remaining compatible with low-temperature and scalable fabrication processes.

A two-step electrodeposition method was developed to precisely control the nucleation and growth of
Cu,0 nanocrystals on CuSCN films, enabling the formation of well-defined nanoarrayed heterostructures.
The resulting architecture promotes strong interfacial coupling and efficient charge transfer.
Photoelectrochemical measurements demonstrate enhanced interfacial photocurrent and improved hole ex-
traction in the composite structures compared to single-layer counterparts. When integrated into PTB7-Th:
PCBM-based OSCs, the nanoarrayed HTL leads to significant improvements in open-circuit voltage, short-
circuit current density, and overall power conversion efficiency.

Overall, this work demonstrates that engineering the geometry of the HTL—from planar to
nanoarrayed—oprovides a fundamentally different strategy for improving charge extraction in OSCs. The
proposed Cu,O/CuSCN nanoarray architecture offers a simple, low-temperature, and scalable route to en-
hance charge management and device performance, thereby addressing a critical limitation of conventional
HTL designs and contributing to the development of next-generation organic photovoltaic technologies.

Experimental

Materials

To ensure the fabrication of high-purity thin films with minimal contamination, all reagents of analyti-
cal grade or higher purity were purchased from Sigma-Aldrich. The chemicals used included copper(1l) sul-
fate (anhydrous, >99.99 %), ethylenediaminetetraacetic acid (EDTA, OmniPur® Grade, >99.5 %), potassium
thiocyanate (ReagentPlus®, >99.0 %), diethanolamine (DEA, BioUltra, >99.5 %), lactic acid (ACS reagent,
>85 %), and sodium hydroxide (ACS reagent, >97.0 %).

“Physics” Series. 2026, 31, 3(123) 7
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All agueous solutions were prepared using deionized water with a resistivity of 18.2 MQ-cm, obtained
from a Smart-Q30UT purification system (Drawell Scientific). The use of high-purity reagents and ultrapure
water minimized the incorporation of impurities during thin-film formation.

Preparation of CuSCN Thin Films

CuSCN layers were deposited onto fluorine-doped tin oxide (FTO) glass substrates from Ossila with ac-
tive area 90 mm? (sheet resistance ~15 Q/sq). Prior to deposition, the substrates were sequentially cleaned in
an ultrasonic bath using a 2% Hellmanex solution (10 min), deionized water (10 min), and
2-propanol (10 min), followed by drying under a nitrogen stream. The substrates were subsequently treated
under UV irradiation for 15 min to remove residual organic contaminants and improve surface wettability.

Two types of CuSCN films were fabricated. The first, denoted CUSCN-E, was electrodeposited from an
aqueous solution containing 12 mM CuSQO, with equimolar concentrations of EDTA and KSCN. The second
type, CuSCN-D, was obtained from a precursor solution composed of 15 mM CuSO,; 67.5mM
diethanolamine (DEA), and 45 mM KSCN. In both cases, EDTA or DEA was added prior to KSCN to sup-
press the formation and precipitation of Cu(SCN), complexes. The pH values of the EDTA- and DEA-based
electrolytes were adjusted to 1.6 and 8.2, respectively.

Electrodeposition was performed in a three-electrode configuration using a platinum counter electrode
and an Ag/AgCI (saturated KCI) reference electrode (Fig. 1). Chronoamperometric deposition was carried
out at fixed potentials of —0.3 V (CuSCN-E) and —0.45 V (CuSCN-D) versus Ag/AgCI. The deposition time
was varied in the range of 60-300 s to control film thickness. The resulting CuSCN films had a typical
thickness of 40-60 nm, as estimated from deposition charge and confirmed by profilometry measurements.

Reference
Electrode

Working

Electrode
Counter

Electrode

Potentiostat

Electrochemical
Cell

Figure 1. Three-electrode setup for electrodeposition

Preparation of Cu,O Thin Films and Cu,O/CuSCN Nanoarrays

Cu,0 films were deposited electrochemically onto CuSCN/FTO substrates using an alkaline electrolyte
containing lactate-complexed copper ions. The electrolyte was prepared by dissolving 0.2 M CuSO, and 3 M
lactic acid in deionized water, followed by the addition of 0.5 M K,HPQO, as a buffering agent. The solution
pH was adjusted to 12 by gradual addition of 2 M KOH.

To form nanoarrayed Cu,O/CuSCN heterostructures, a two-step electrodeposition process was em-
ployed. First, a galvanostatic nucleation step was carried out at a current density of —0.1 mA-cm for 10's to
generate spatially separated Cu,O nuclei. This was followed by a potentiostatic growth step at —0.3 V versus
Ag/AgCI for 60 s, enabling controlled growth of vertically aligned Cu,O nanocrystals. Deposition was con-
ducted at 30 °C. The resulting Cu,O nanocrystals had an average lateral size of ~80 nm and an effective
height of approximately 50-80 nm, forming a nanoarrayed morphology on the CuSCN layer.

Device Fabrication

Organic solar cells were fabricated using the following architecture:

FTO / CuSCN (or Cu,0/CuSCN) / PTB7-Th: PCs;BM / Al

The active layer (photoactive layer, PL) consisted of a PTB7-Th: PCs,BM bulk heterojunction. The so-
lution was prepared by dissolving PTB7-Th and PC¢,BM in chlorobenzene at a weight ratio of 1:1.5 with a
total concentration of 25 mg/mL. The solution was stirred at 60 °C for 12 h prior to deposition.

The active layer was spin-coated onto the HTL-coated substrates at 3000 rpm for 60 s, resulting in a
film thickness of approximately 90-110 nm. After deposition, the films were dried under inert conditions.
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A 100 nm thick Al electrode was thermally evaporated under high vacuum (~10° Torr) through a shad-
ow mask, defining an active device area of 0.1 cm? The devices were subsequently encapsulated using
epoxy in a nitrogen atmosphere to minimize degradation.

Characterization

The surface morphology of the films was analyzed using scanning electron microscopy (SEM, Carl
Zeiss Crossbeam 540 with GEMINI 11). Atomic force microscopy (AFM, NTEGRA ACADEMIA) was used
to evaluate surface roughness and morphology of the active layer. The all thickness of the layers was meas-
ured by AFM making gentle scratch.

Photoelectrochemical (PEC) measurements were carried out using a CS300 potentiostat (Corrtest In-
struments) under chopped illumination from an Ossila solar simulator (AM 1.5G, 100 mW-cm ?). Current—
voltage (I-V) characteristics of the fabricated devices were measured under the same illumination conditions
by Ossila source meter.

Results and Discussion

Next, we developed a method for the electrodeposition of a Cu,O nanocrystal array on the surface of
CuSCN. To form the array, electrodeposition was first performed in a galvanostatic regime at a low current
density (-0.1 mA-cm?) at 30 °C and pH 12 for 10 s. This stage enabled a slow nucleation rate and the for-
mation of Cu,O nuclei sufficiently spaced from each other. Subsequently, the process was switched to a
potentiostatic mode, and electrodeposition was continued at —0.3 V versus Ag/AgCI reference electrode for
1 min. This combination of modes allowed the deposition of well-separated Cu,O nanocrystals on the
CuSCN surface, which shown in Figure 2A with average size of the Cu,0 nanocrystals of 80 nm.

(B)

20 nm

3 um

Figure 2. (A) SEM image of the nanoarrayed Cu,O/CuSCN composite film.
AFM phase (B) and topography (C) images of the PTB7-th: PCBM blend layer deposited
on the surface of the Cu,O/CuSCN composite film
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Further, the nanoarrayed Cu,O/CuSCN composite films were employed as the hole transport layer in
organic solar cells. In the next step, a bulk heterojunction (BHJ) layer based on a PTB7-th: PCBM blend was
spin-coated onto the surface of the as-grown nanoarrayed Cu,O/CuSCN composite films. The AFM image of
the 100 nm-thick PTB7-th: PCBM layer is shown in Figure 2B. As shown in Figure 2B, the AFM phase im-
age of the PTB7-Th: PC4;BM film reveals a continuous and laterally homogeneous surface with nanoscale
contrast. The observed phase variations suggest the presence of donor—acceptor phase separation within the
blend, which is typical for bulk heterojunction systems. The uniform distribution of phase domains indicates
good film formation and consistent coverage over the underlying Cu,O/CuSCN layer. Such morphology is
expected to support efficient interfacial contact and facilitate charge transfer processes at the HTL/active
layer interface.

Finally, device fabrication was completed by thermally evaporating a 100 nm thick Al electrode onto
the active layer, followed by encapsulation with epoxy. A schematic of the full fabrication process is shown
in Figure 3. For comparison, reference organic solar cells were also prepared using only a CuSCN layer as
the hole transport layer (HTL), with the CuSCN thickness fixed at 50 nm in both device configurations. The
current-voltage (I-V) characteristics and the corresponding photovoltaic parameters of the fabricated devices
are presented in Figure 4 and summarized in Table 1.

* Substrate Cleaning ‘

Cu,0/CuSCN Applying

PTB7-th:PCBM Applying 4
* Al cathode Evaporation %
* Thermally Annealing

* Encapsulation Q

Figure 3. Schematic illustration of the fabrication process of organic solar cells

(a) (b)

Voltage, V 4 Voltage, V

(c) ® -electrons (d)
Q -holes

Glass Glass

Figure 4. Schematic current-voltage characteristics of organic solar cells (OSCs) incorporating (a) CUSCN and (b)
nanoarrayed Cu,O/CuSCN composite hole transport layers; and mechanism of charge carrier separation in OSCs:
(c) one-dimensional (1D) injection in conventional OSCs based on CuSCN,
and (d) two-dimensional (2D) injection in the developed OSC with nanoarrayed Cu,O/CuSCN HTL

10 Bulletin of the Karaganda University



Nanoarrayed Cu,O/CuSCN HTLs...

Table 1
Photovoltaic parameters of the fabricated devices
Device Voc, V Jsc, mAlcm® Fill Factor PCE, %
With CuSCN HTL 0.62 7.99 56.1 2.76+0.05
With nanoarrayed Cu,O/CuSCN HTL 0.84 11.8 56.4 5.59+0.05

As shown in the |-V characteristics, replacing the planar CuSCN HTL with the nanoarrayed
Cu,O/CuSCN composite markedly improves device performance. The open-circuit voltage (Voc) increases
from 0.62 V to 0.84 V (= +35.5 %), the short-circuit current density (Jsc) increases from 7.99 mA-cm to
11.8 mA-cm? (= +47.7 %), and the power conversion efficiency (PCE) rises from 2.76 % to 5.59 %
(= +102.5 %, i.e., roughly doubled). The fill factor remains essentially unchanged (56.1 — 56.4), indicating
that the series resistances is no substantially increased by the nanoarrayed layer.

These performance enhancements can be attributed to the nanoarrayed Cu,O/CuSCN morphology,
which establishes efficient two-dimensional (2D) pathways for hole transport. The vertically oriented Cu,O
nanocrystals increase the interfacial contact area with the PTB7-th: PCBM active layer and introduce addi-
tional channels for hole extraction into the HTL. As a result, the average lateral distance that holes must
travel within the active layer is reduced, decreasing recombination losses and improving charge collection
efficiency, as reflected in the significant increase in Jsc. The higher Voc is likely due to improved energy
level alignment and suppressed interfacial recombination at the donor/HTL interface provided by the compo-
site structure. Collectively, enhanced charge collection (higher Jsc) and reduced recombination (higher Voc)
account for the approximately twofold increase in PCE.

In our previous article the electrodeposition and detailed characterization of Cu,O, CuSCN, and
Cu,O/CuSCN composite thin films were systematically explored with the aim of developing efficient hole-
transport layers for organic solar cells. Careful optimization of electrochemical parameters—such as applied
potential, current density, pH, and temperature—enabled precise tuning of the films’ morphology,
crystallinity, and interfacial properties [15].

Potentiostatic and galvanostatic investigations of Cu,O electrodeposition revealed that the structural and
morphological properties of the films are strongly dependent on the deposition regime. Well-defined cubic
grains with a preferred orientation (111) were obtained under conditions of high pH (12) and moderate po-
tentials (Fig. 5), whereas deviations from these parameters resulted in rougher surfaces and the partial for-
mation of secondary phases [15]. An increase in deposition temperature led to smoother and denser films,
reflecting enhanced ion mobility and thermally driven grain reorganization.

6000
(111) oH 12

Intensity
g

1000 A

30 40 50 60 70 80
2-theta (deg)

Figure 5. XRD spectra of Cu,0 thin films grown by potentiostatic electrochemical deposition [15]

For electrodeposited CuSCN films, the choice of complexing agent (EDTA or DEA) was found to sig-
nificantly influence film uniformity and grain size [15]. Films prepared from EDTA-based electrolytes
(CuSCN-E) exhibited smoother and more homogeneous morphologies, making them more suitable as hole-
transport layers. These films also served as effective templates for subsequent Cu,O deposition, enabling the
formation of high-quality Cu,O/CuSCN bilayer composites with well-defined interfaces.
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Photoelectrochemical measurements further confirmed the enhanced interfacial performance of the
Cu,O/CuSCN heterostructures, demonstrating approximately a twofold increase in photocurrent density
compared to single-layer Cu,O films. This enhancement is attributed to favorable band alignment and more
efficient hole extraction across the heterojunction [15].

Finally, nanoarrayed Cu,O/CuSCN composite films were successfully implemented as hole-transport
layers in PTB7-th: PCBM-based organic solar cells. The introduction of Cu,O nanocrystal arrays led to a
significant improvement in device performance, doubling the power conversion efficiency (from 2.76 %
to 5.59 %) as a result of enhanced charge extraction and reduced recombination losses. The nanoarray archi-
tecture provides multiple lateral pathways for hole transport, promoting more efficient coupling between the
active layer and the HTL.

Overall, the results presented in this chapter highlight electrodeposition as a versatile and controllable
technique for the fabrication of high-quality Cu,O/CuSCN heterostructures. These nanoarrayed composites
demonstrate strong potential as efficient, stable, and scalable hole-transport layers for next-generation organ-
ic and hybrid photovoltaic devices.

Conclusion

In this work, Cu,O, CuSCN, and Cu,O/CuSCN composite thin films were fabricated by
electrodeposition, and a two-step deposition approach combining galvanostatic nucleation and potentiostatic
growth was applied to form nanoarrayed Cu,O structures on CuSCN layers. This method enabled the prepa-
ration of heterostructured films with controlled morphology and good interfacial contact between the layers.

The incorporation of nanoarrayed Cu,O/CuSCN structures as hole-transport layers in PTB7-Th:
PCes:BM-based organic solar cells resulted in improved device performance compared to reference devices
based on planar CuSCN. In particular, increases in open-circuit voltage and short-circuit current density were
observed, leading to an enhancement of power conversion efficiency from 2.76 % to 5.59 %. These results
indicate that the modified HTL structure can contribute to more efficient charge extraction.

The observed improvement in device performance is attributed to the increased interfacial contact area
and the presence of additional pathways for hole transport provided by the nanoarrayed structure. This may
reduce the average transport distance of charge carriers within the active layer and contribute to more effec-
tive charge collection.

Overall, the results demonstrate that electrodeposited Cu,O/CuSCN nanoarrayed structures are a prom-
ising approach for modifying hole-transport layers in organic solar cells. Further work is required to system-
atically optimize the deposition parameters and to perform more detailed structural and electrical characteri-
zation in order to fully understand the mechanisms governing the observed improvements.

Acknowledgments

We thank the Science Committee of the Ministry of Science and Higher Education of the Republic of
Kazakhstan for financial support under the project Grant No. AP26194217 “Comprehensive study of transi-
ent processes in organic electrochemical transistors and optimization of their switching speed”.

References

1 Gambhir, A., Sandwell, P., & Nelson, J. (2016). The future costs of OPV — A bottom-up model of material and manufactur-
ing  costs  with uncertainty  analysis. Solar  Energy  Materials and  Solar  Cells, 156,  49-58.
https://doi.org/10.1016/j.solmat.2016.05.056

2 Wang, X,, Sun, Q., Gao, J., Wang, J., Xu, C., Ma, X., & Zhang, F. (2021). Recent Progress of Organic Photovoltaics with Ef-
ficiency over 17 %. Energies, 14(14), 4200. https://doi.org/10.3390/en14144200

3 Liu, Ch,, Xiao, Ch., Xie, Ch., & Li, W. (2021). Flexible organic solar cells: Materials, large-area fabrication techniques and
potential applications. Nano Energy, 89, 106399. https://doi.org/10.1016/j.nanoen.2021.106399

4 Sun, Ch,, Xia, R., Shi, H., Yao, H., Liu, X., Hou, J., Huang, F., Yip, H., & Cao, Y. (2018). Heat-Insulating Multifunctional
Semitransparent Polymer Solar Cells. Joule, 2, 1816-1826. https://doi.org/10.1016/j.joule.2018.06.006

5 Faurea, M.D.M., & Lessard, B.H. (2021). Layer-by-layer fabrication of organic photovoltaic devices: material selection and
processing conditions. Journal of Materials Chemistry C, 9, 14-40. https://doi.org/10.1039/D0TC04146G

6 Shkir, M., Kaushik, A.K., & AlFaify, S. (2021). Nanomaterials for Optoelectronic Applications. Engineering & Technology.
Physical Sciences, 314. https://doi.org/10.1201/9781003083948

12 Bulletin of the Karaganda University


https://doi.org/10.1016/j.solmat.2016.05.056
https://doi.org/10.3390/en14144200
https://doi.org/10.1016/j.nanoen.2021.106399
https://doi.org/10.1016/j.joule.2018.06.006
https://doi.org/10.1039/D0TC04146G
https://doi.org/10.1201/9781003083948

Nanoarrayed Cu,O/CuSCN HTLs...

7 Kakei, Y., Katayama, Sh., Lee, Sh., Takakuwa, M., Furusawa, K., Umezu, Sh., Sato, H., Fukuda, K., & Someya, T. (2022).
Integration of body-mounted ultrasoft organic solar cell on cyborg insects with intact mobility. npj Flexible electronics, 6, 78.
https://doi.org/10.1038/s41528-022-00207-2

8 Bhattacharya, S., & John, S. (2019). Beyond 30 % Conversion Efficiency in Silicon Solar Cells: A Numerical Demonstration.
Scientific Reports, 9, 12482. https://doi.org/10.1038/s41598-019-48981-w

9 Min, H,, Lee, D.Y., Kim, J,, Kim, G., Lee, K.S., Kim, J., Paik, M.J., Kim, Y.K,, Kim, K.S., Kim, M.G,, Shin, T.J.,, &
Seok, S.I. (2021). Perovskite solar cells with atomically coherent interlayers on SnO, electrodes. Nature, 598, 444-450.
https://doi.org/10.1038/s41586-021-03964-8

10 Sajjad, M.T., Ruseckas, A., & Samuel, D.W. (2020). Enhancing Exciton Diffusion Length Provides New Opportunities for
Organic Photovoltaics. Matter, 3(2). https://doi.org/10.1016/j.matt.2020.06.028

11 Scharber, M.C., & Sariciftci, N.S. (2013). Efficiency of bulk-heterojunction organic solar cells. Progress in Polymer Science,
38(12), 1929-1940. https://doi.org/10.1016/j.progpolymsci.2013.05.001

12 Li, K,, Li, L., Khlyabich, P.P., Burkhart, B., Thompson, B.C., & Campbell, J.C. (2012). Efficiency limitations in organic bulk
heterojunction solar cells. IEEE Xplore, 1072-1075. https://doi.org/10.1109/PVSC.2012.6318222

13 Wojtkiewicz, J., & Pilch, M. (2017). Modelling of limitations of bulk heterojunction architecture in organic solar cells.
researchgate.net. Retrieved from https://www.researchgate.net/publication/319477895

14 Mihailetchi, V.D., Wildeman, J., & Blom, P.W.M. (2005). Space-Charge Limited Photocurrent. Physical review letters, 94,
126602. https://doi.org/10.1103/PhysRevL ett.94.126602

15 Seisenbayeva, G.S., Kambar, D.S., Zavgorodniy, A.V., & llyassov, B.R. (2024). Enhanced charge separation at the interface
of Cu,0/CuSCN composite thin films synthesized by electrodeposition technique. Bulletin of the Karaganda University. Physics
Series, 29, 3(115). https://doi.org/10.31489/2024ph3/34-40
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A.B. 3aBropoanuii, XK. K. Axarosa, A.K. AGumesa

7Korapsl THiMII OpraHnKajbIK KYH 0aTapesiiapbina apHaiaran Cu,O/CuSCN
HAHOOJIIeM/Ii MACCUBTI KEMTIKTepi TachIMaiay KadaTrrapbl

OpraHuKaJbIK KyH Gatapesuiapbl A3CTYpIli ()OTOBOJIBTaNKAIBIK TEXHOJIOTHSIIAPFA TIEPCIEKTHBABI, ap3aH api
OHTaiybl Oanmama, amaiifia oONapablH THIMIUIM O J€ 3apsa TachIMAJBIHBIH THIMCI3IITIMEH KOHE
peKOMOWHANHUS IIBIFBIHAAPEIMEH MIeKTenedi. JKyMpIcTa eKi caThUIBI JIEKTPIIK TYHIBIPY MPOIEeci apKbUTBI
anmsiaran CU,O/CUSCN reTepOKyphUTBIMIApbIHA HETi3[elreH jKaHa HaHOOJIIeMI MACCHBTI KEMTIKTep.i
taceiMannay kabarel (HTL) ycemburran. Tik  Oarerrtamran Cu,O  nHanokpuctanmaper CuSCN
KaOBIKIIANAPBIHBIH ~ YCTiHAE OcCipimim, JKakcapThUFaH (aszajmap apaibslk OaiilaHbICEI  Oap  KOHE
TachIMaJIIayIIbUIAPBIH JKYPINl ©TETiH KAalIBIKTHIFBI KBICKApPTBUIFAH €Ki eJIIeMIi 3apsarapibl Oeiim amy
KYPBUIBIMBIH ~ KaJIbINTAacThIpAbl.  KaObIKmanapaslH MOpGOJIOTHICE MEH KacHeTTepi AJIEKTPXUMHSIBIK
napameTpiepai 0aKpuIay apKbUIbl KYHETi Typae peTTeni, Oy allkblH aHBIKTAJIFaH HAHO apXUTEKTypasapbl
KJIBINTACTBIpyFa MYMKIHAIK Oepai. DOTOAIEKTPXUMMSUIIBIK —OJIIeyJiep KOMIO3UTTIK KypbUIBIMIapia
0ipkabaTThl YATLIEPMEH CaNbICTHIpFaHa (a3aapaiblk (OTOTOKTHIH IKAKCAPFAaHBIH JKOHE KEMTIKTEpIiH
HEFypJbpIM THiMIlI Oeminin anbiHaTeiHbIH Kepcerti. PTB7-Th: PCBM Herisinmeri OpraHUKAambIK KYH
OarapesulapblHa EHTI3UIreH Ke3ne HaHoemmeMmai MaccuBTi HTL  KypbUIFbUIapAbIH —cHIATTaMajlapbiH
afTapIbIKTall JKaKCapTThL: ambIK Ti30ekTeri keprey (0,62-neH 0,84 B-kazeiiin), KbIcKa TYHBIKTaTy TOTBIHBIH
TBIFbI3ABIFBL (7,99-man 11,8 MA-cM 2-Ka JeiiH) JKOHE SHEPrUsiHbl TypieHaipy Ttuimmainiri (2,76 %-nan
5,59 %-ra pgeitin) aprTThl. Bynm kakcapTynap peKOMOMHAIMSHBIH a3al0bl MEH JKOHE MAaCCHUBTIH
HAHOAPXUTEKTYPACHIHBIH apKachlHAA 3apsaTapbl HEFYPIIbIM THIMAI XKHHayMeH TyciHaipineni. byn 3eprrey
KETUNIPIIreH KeMTIKTepAl TachiMangay KaOaTTapblH Jkacayra apHajFaH ayKbIMIOajdaTblH, TOMEH
TeMIIepaTypaiibl CTPATErHsiHbI KOpceTeli kKoHe kaHa OybIH OpraHMKAIBIK opi TMOPHATI KyH Oarapesiapbl
yuria Cu,O/CuSCN HaHoemeMIi TeTepOKYPhUTBIMAAPBIHBIH JJICYESTiH alKbIHIaNHIbI.

Kinm ce30ep: opraHMKanblK KyH Oarapesuiapbl, MbIC THOIHMAHATHIHBIH KaObikmianapsl, PTB7-Th: PCBM,
Cu,0O HaHOKpHCTAIIAPHI, HNEKTPIIK TYHABIPY, KOJIEMIIK reTepOKOCHIIBIC, KEMTIKTEpAl TackMalay KabaThl,
3apsiJ] TaChIMAaJIbI
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B.P. Unbscos, I'.C. Ceiicenbaera, J[.C. Kambap,
A.B. 3aBropoanuii, XK. K. Axarosa, A.K. Abummesa

Hanopa3mepHble MmaccuBHBIE cjion nmepenoca abipok Cu,O/CuSCN
715 BBICOK0?(p(peKTUBHBIX OPraHHYECKUX COJTHEYHBIX )JIEMEHTOB

OpraHn4ecKie COMHEUHBIE IEMEHTHI NMPEACTABIAIOT c000H MHOTO00CIIAIOIIYI0 HEOPOTYI0 M THOKYIO ajlb-
TEpHATHBY TPaJUIHOHHBIM (DOTOBOJBTAMIECKHM TEXHOJIOTHSAM, OJHAKO HX 3(P(HEeKTHBHOCTH MO-IIPEKHEMY
orpaHnYeHa Hed((EKTHBHBIM TPAHCIIOPTOM 3apsIOB U MOTEPSIMH Ha pekoMOnHaImio. B nanHoit pabote Mbl
HpeICTaBIIsIeM HOBBIM HAHOpa3MepHBI MAaCCUBHBIN ci0if nmeperHoca npipok (HTL), ocHoBaHHEIH Ha reTepocT-
pykrypax Cup,O/CuSCN, mOoJydeHHBIX C IIOMOLIBIO JBYXATAITHOTO IIPOIecca 3IIEKTPOOCaXIeHNs. Beprtu-
KaJIbHO OpPHEHTHpOBaHHbIE HaHOKpUCTawbl Cu,O Obumn BeIpamieHsl Ha mieHkax CuSCN, dopmupys ABy-
MEPHYIO0 CTPYKTYpPY HM3BJIEUEHHMS 3apsAl0B C YIydIIEHHBIM MexX(a3HbIM KOHTAKTOM U COKpaIEHHBIMU pac-
CTOSHUSIMH IIepeHoca HocuTeneil. Mopgosorus U cBoiicTBa IIIEHOK CUCTEMATHYECKH HACTPauBAIUCh IMYTEM
KOHTPOJS 3NEKTPOXHUMHUUECKUX ITapaMeTPOB, YTO MO3BOIMIO CHOPMHUPOBATH XOPOLIO OMpE/eIEHHbIE HAaHO-
apXUTEKTypbl. POTOINEKTPOXUMUIECKHE U3MEPEHHS [TOKA3aIH YIy4IIeHHbIH Mexda3Hblil (OTOTOK U Ooinee
3¢ peKTHBHOE M3BICUEHHE ABIPOK B KOMIIO3UTHBIX CTPYKTYpax MO CPAaBHEHHUIO C OJHOCIIOHHBIMH aHAJIOTaMH.
IIpn nHTErpamy B opraHUvecKye COJHEYHbIe eMeHTH Ha ocHoBe PTB7-th: PCBM Hanopa3MepHbI Mac-
cuBHbIi HTL 3HauMTEeNBHO yIydlIM XapaKTepUCTUKU YCTPOUCTB, YBEIUYMB HANPSKEHHUE XOJIOCTOT0 Xoa (¢
0,62 10 0,84 B), MIOTHOCTH TOKa KOPOTKOTO 3aMbikanust (¢ 7,99 mo 11,8 MA~CM’2) 1 k03¢ durmeHT npeodpa-
30BaHus 3Hepruu (¢ 2,76 % m0 5,59 %). Otu yaydmenus o0yclIoBIeHB! CHIDKEHHEM peKoMOnHamu 1 6oiee
3¢ deKTHBHBIM cOOPOM 3apsAAoB Oaronapss HAHOAPXUTEKTYpe MaccuBa. J[aHHOE HCCleIOBaHUE JEMOHCTPH-
pyeT MacmTabupyeMylo HU3KOTEMIIEPaTypHYIO CTPAaTernuio CO3/IaHUs YCOBEPIICHCTBOBAHHBIX CIIOEB MEPEHO-
ca JBIPOK U MOJYEPKUBACT MOTEHIMAN HaHOPa3MepHBIX reTepocTpyKTyp Cu,O/CuSCN 11 COMTHEYHBIX dJie-
MEHTOB HOBOTO ITOKOJICHUSI — KaK OpPraHMYECKUX, TaK ¥ THOPHIHBIX.

Kniouesvie cnosa: opraHUuECcKHe COTHEYHBIC AJIEMEHTHI, TNEHKH THonnanata meau, PTB7-Th: PCBM, Ha-
HOKpHcTaLTBl Cu,O, 3IeKTPOOCaKIACHUE, 00BEMHBIH TeTePOIIEPEX 01, CIOH MepeHoca ABIPOK, MEPEHOC 3apsaa
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Time-resolved photoluminescence of ZnSe and ZnSe:Te single crystals

This study examines the time-resolved photoluminescence spectra of zinc selenide (ZnSe) single crystals,
both undoped and doped with the isovalent tellurium impurity, at 83 K, together with their steady-state photo-
luminescence spectra. The ZnSe crystals were excited using a nitrogen laser with a wavelength of 347 nm. In
the steady-state photoluminescence spectra of undoped ZnSe, three emission bands were observed, with max-
ima at approximately 443, 458, and 610 nm. Time-resolved luminescence spectroscopy made it possible to
resolve the 610 nm band into two components, with maxima near 580 and 640 nm. In the steady-state spectra
of tellurium-doped ZnSe crystals, three emission bands were also detected, with maxima at approximately
450, 505, and 640 nm. Time-resolved photoluminescence spectra allowed the 505 nm band to be resolved in-
to two components, with maxima near 485 and 510 nm. The intensity of the red emission band at 640 nm in-
creases with increasing tellurium concentration. It is hypothesized that this red photoluminescence band is as-
sociated with an intracentric transition of an associative defect involving a zinc vacancy, an interstitial zinc
atom, and a tellurium atom substituting for selenium. Considering the presence of an uncontrolled aluminium
impurity in the crystals, an alternative interpretation is also possible: the 640 nm band may originate from an
intracentric transition within a defect complex comprising a zinc vacancy, an aluminium atom substituting for
zinc, and a tellurium atom substituting for selenium.

Keywords: isovalent impurity, complex of defects, bound exciton, intracentric transition, vacancy, substitu-
tion, afterglow time, emission band

Introduction

Zinc selenide (zZnSe) is known for a number of properties, such as a high probability of radiative re-
combination due to direct optical transitions, a high photoluminescence quantum yield, and high photosensi-
tivity which make it attractive for optoelectronic applications. It is a semiconductor material with high trans-
parency in the infrared region and excellent optical properties.

ZnSe is used in several key areas, one of the most important being infrared optics. Components fabri-
cated from ZnSe include lenses, laser windows, protective optical elements, and focusing systems for CO,
lasers. The material transmits radiation over a wide spectral range (approximately 0.5 to 20 um), making it
suitable for high-power infrared lasers and thermal imaging systems. ZnSe is also widely used in thermal
imaging cameras, night vision devices, pyrometers, and infrared spectrometers.

The properties of ZnSe crystals that undergo technological processing and are used in optoelectronic
devices strongly depend on the characteristics of the initial crystals, including their background impurity
content and intrinsic defects. Defects present in the material can give rise to localized electronic states within
the band gap of the semiconductor, which act as recombination centers. Recombination involving these cen-
ters may be either radiative or non-radiative.

Due to intense luminescence of zinc selenide in the visible spectral range, its radiative properties have
long been the subject of extensive research. However, the interpretation of luminescence spectra of both self-
activated and impurity-doped ZnSe remains highly controversial. Time-resolved luminescence spectroscopy
makes it possible to distinguish individual emission bands within the overall spectral profile, each character-
ized by different decay times.

In [1], low temperature (T = 4.2 K) time-resolved photoluminescence spectra were studied for initial
ZnSe crystals purified by zone sublimation, as well as for crystals annealed in liquid zinc and bismuth. In
addition to the near band-edge emission lines, a broad green photoluminescence band with a maximum at
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approximately 520 nm (2.38 eV) and a relatively long decay time (on the order of 1 us) was observed in the
initial crystals. This band disappeared after annealing in liquid zinc and bismuth.

The aim of the present work is to clarify the nature of the centers responsible for ZnSe emissions in the
500-700 nm spectral region.

Experimental

To investigate photoluminescence spectra in the visible range, we prepared ZnSe single-crystal samples
similar to those studied in [1]. These were large-block ZnSe single crystals of the sphalerite structure, grown
from the melt under pressure without intentional doping. The crystals exhibited a dark resistivity on the order
of 10" Q-cm and n-type conductivity with an electron concentration of approximately 10” cm™.

Plate-shaped samples with parallel faces and a thickness of 1-3 mm were obtained from these crystals
by cleavage along the (110) plane.

In [2], secondary ion mass spectrometry (SIMS) revealed the presence of background impurities in sim-
ilarly prepared ZnSe samples, including aluminum, manganese, iron, indium, chromium, and tellurium, with
concentration on the order of 10"" cm™.

To clarify the nature of certain emission bands, additional samples doped with an isovalent tellurium
impurity were also prepared.

A pulsed nitrogen laser (LGI-21) with a wavelength of 337 nm was used as the excitation source for
photoluminescence. The laser operated with pulse duration of 10 ns, pulse energy of 30 uJ, and a repetition
rate of 100 pulses per second. Photoluminescence spectra were recorded at a temperature of T =83 K.

The experimental setup for time-resolved photoluminescence spectroscopy allowed variation of the de-
tection time window from 0.2 ns to 40 s, as well as shifting of this window by up to 100 ms relative to the
excitation pulse.

Results and Discussion

Figure 1 shows the emissions spectrum of the initial ZnSe sample at a temperature of 83 K. The photo-
luminescence spectrum is dominated by a broad long-wavelength band with a maximum at approximately
610 nm (2.03 eV). In addition, emission bands with maxima at 443 nm (2.80 eV) and 458 nm (2.71 eV) are
observed.

It is most likely that the band at 443 nm is associated with radiative recombination of free excitons [3],
while the 458 nm band can be attributed to bound excitons [4].

Time-resolved luminescence spectroscopy of the same initial ZnSe crystals showed that, at delay times
ranging from 0 to several hundred nanoseconds, the shape of the long wave-length band with a maximum
near 610 nm changes. At a delay time of 500 ns, two distinct maxima appear in the spectrum at 580 nm
(2.14 eV) and 640 nm (1.94 eV) (Fig. 2).

The orange emission band with a maximum at 580 nm is commonly attributed to donor-acceptor pair
recombination involving deep acceptor states (such as zinc vacancies, interstitial zinc, and impurity
centers) [5].

Given the presence of a background manganese impurity in the studied samples, it can also be suggest-
ed that the 580 nm band is related to an intracenter transition of manganese ions [6].
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Figure 1. Photoluminescence spectrum of ZnSe Figure 2. Red photoluminescence band of ZnSe
with background impurities at T =83 K at different delay times 0 ns (blue line) and 500 ns (red line)
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The long-wavelength emission band with a maximum in the range of 615-645 nm is commonly de-
scribed in the literature as non-elementary and is associated with complexes involving zinc vacancies and
impurity atoms that give rise to both acceptor and donor levels [3, 7-9].

The authors of [10] proposed a structural model for the centre responsible for the luminescence band at
630 nm, suggesting a complex defect consisting of an isoelectronic substitution (such as selenium, oxygen,
or tellurium) located in the vicinity of a zinc vacancy.

In [11], red emission in the 646-662 nm range is attributed to Frenkel-type defects of the form
0= ?§i2++3\/2”’ where Cr>* occupies an interstitial position at a chromium concentration of approximately
2x107 cm™.

It should be noted that the emission band near 640 nm observed in the present study is characterized by
a relatively long decay time (on the order of several nanoseconds). A similar decay time was reported in [1],
where it was also shown that the intensity of this band decreases after annealing the samples in liquid zinc
and liquid bismuth. Such annealing processes are known to reduce the concentration of zinc vacancies.

We proposed that the luminescence band near 640 nm originates from an intracenter transition of a de-
fect complex (Vz,— Zn;— TeSe)~ from an excited state to the ground state. To clarify the nature of this band,
we investigated photoluminescence spectra of ZnSe crystals doped with an isovalent tellurium impurity.

Figure 3 shows the photoluminescence spectrum of ZnSe crystals at 83 K with tellurium concentrations
of approximately 0.5 % and 1 %. Three emission bands with maxima at 450 nm, 505 nm, and 640 nm are
observed in the spectra. With increasing tellurium concentration, the intensities of the 450 nm and 505 nm
bands decrease, while the intensity of the 640 nm band increases.

Time-resolved photoluminescence measurements made it possible to resolve the 505 nm band into two
components with maxima at approximately 485 nm and 510 nm (Fig. 4). Thus, four emission bands —
450 nm, 485 nm, 510 nm, and 640 nm were identified in Te-doped ZnSe crystals.
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Figure 3. Photoluminescence spectra of ZnSe:Te Figure 4. 505 nm emission band of ZnSe:Te
crystals with tellurium concentrations of 0.5 % (blue line) recorded at different delay times: 0 ns (blueline),
and 1.0 % (red line) 250 ns (redline)

The increase in the intensity of the 640 nm band with increasing tellurium concentration suggests that
tellurium is involved in the formation of this emission band. The relatively long decay time, which coincides
with that of the 640 nm band observed in nominally undoped ZnSe crystals, supports the identification of
these bands as originating from the same center.

As shown in [1], the intensity of the 640 nm band decreases after annealing in liquid zinc and liquid
bismuth, conditions under which zinc vacancies are expected to be reduced. Upon increasing the measure-
ment temperature from 83 K to 300 K, the spectral position of the 640 nm band remains unchanged. Taken
together, these observations provide strong support for assigning this band to an intracenter transition within
a complex vacancy-impurity defect.

Since the as-grown ZnSe crystals contain background aluminum impurities, it is reasonable to assume
that alluminum may act as a donor in the complex centre, replacing the zinc vacancy; in this case, the defect
can be written as (Vz,—Alz—TeSe)™ instead of (Vz—Zni—Tes,) ™.
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The emission band with a maximum at 450 nm is most likely a red-shifted counterpart of the 443 nm
band previously observed in nominally undoped crystals, with the shift arising from the increased tellurium
concentration.

The emission bands with maxima at 485 nm and 510 nm are most plausibly attributed to recombination
via a donor level and an acceptor level associated with a zinc vacancy [3, 8, 12].

Conclusion

Time-resloved photoluminescence measurements of ZnSe single crystals at T =83 K revealed that the
broad emission band centered at 610 nm contains two distinct components with maxima at 580 nm and
640 nm. In addition, the 505 nm emission band observed in Te-doped ZnSe crystals was resolved into two
bands at 485 nm and 510 nm.

Based on the obtained results and analysis of the available literature data, it is proposed that the 640 nm
(1.94 eV) emission band originates from intracenter transitions and is associated with the presence of an
isovalent tellurium impurity in ZnSe crystals, incorporated into a complex defect of the type
((VZn_AIZn_TeSe)_ or (VZn_Zni_TeSe)_-
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JLLE. Kopanés, B.YO. Kyuepyk, 1.1. ITo6epexen, A.K. XaceHos

ZnSe xoHe ZnSe:Te MOHOKPHUCTAJAAPBIHBIH YAKbIT 00HBIHIIA
AKbIPATHLUIFAH (POTOJTIOMUHECHEHIUSICHI

JKympicta apHalBl JerHpiaeHOSTeH JXOHE TEeJUTypJBbIH H30BAIEHTTI KOCIACHIMEH JIETHPICHTEH MBIPHIIT
ceneHuai MoHOKpucTanmapbiHelH T =83 K TemmeparypachlHOaFrbl yakbIT —OOWBIHIIA — &XBIPATHUIFAH
(OTONMIOMHUHECIICHIIMST CHEKTPIepi MEH KOAIiMIi (POTONFOMHUHECHEHIMs CIIEKTpIiiepi KapacThIpbUIabl. ZnSe
KPHCTAJIAPbIHBIH COYJIeJeHYl TOJKBIH Y3bIHABIFEI 337 HM OOJaTBIH a30T Ja3epiMeH KO3ABIPBULABL.
Jlernpnenberen ZnSe KpUCTaITapBIHBIH KOAIMIT (DOTOJIOMHHECHEHIMS CIHEKTpIIEpiHAEe MaKCHUMyMAAphl
mamameH 443 HM, 458 HM jxoHe 610 HM OoJIaTBIH YII CQyJIeNeHy JKOJarbl OaiKaiasl. YakelT OOHBIHIIA
QKBIPATBUIFaH JTIOMHHECICHTTIK CIHEKTPOCKOIHS azici 610 HM >KonarslH MakCHMyMaapsl mamameH 580 HM
skoHe 640 HM OoNaTHIH eKi Kypamzac jKoJakka 0eryre MyMKiHAIK Oepai. TelurypMeH JerupieHreH MbIPBIIT
CeJIeHHU/I KPHUCTAIIAPBIHBIH KOIIMI1 ()OTONMIOMHHECICHINS CHEKTPIEepiHAe Je MaKCHMyMIaphl IIaMaMeH
450 1M, 505 HM xoHe 640 HM OONATHIH YIII CIyJIeNIeHY JKOJIaFbl aHBIKTAIIBL. YaKbIT OOHBIHINA aXXbIPaThUFaH
(doromomuHeceHIAsA crekTpiepi 505 HM KomarblHaH MakcUMyMaapbl mamameH 485 HMm xoHe 510 HM
OoMaThIH €Ki JKONAKThl Oeiim KepceTyre MYMKiHAIK Oepmi. 640 HM aiiMarbIHOAFBl KbBI3BUI COYJIEICHY
JKONAFBIHBIH KAPKBIHABUIBIFBI TEJUTyp KOHIEHTPAIMSACHIHBIH apTybIMEH ©CEeTiHI aHBIKTaIIbl. Bys KbI3bIT
(hOTOMIOMHUHECIICHIINS JKOJIAFBl CEJICH aTOMBIH aJIMAaCTBIPFaH TEIUTYP aTOMBIHBIH, MBIPBII BaKaHCHUSICHIHBIH
JKOHE TYHIHApAJBIK KEHICTIKTErl MBIPBHIII aTOMBIHBIH KaTBICYBIMEH TY3UJIETIH acCOIMAaTHUBTI aKayJblH
IMIKIOPTANBIKTHIK aybICYbIMEH OaiiTaHBICTHI JAereH OospkaM YCHIHBULABL Kpucranmmappa OakpuiaHOAWTHIH
TIOMHUHHI KOCHACBHIHBIH OOJYBIH €CKepe OTBIPHIN, 640 HM KOJIaFbIH MBIPBIII BAaKAHCHSICHIH, MBIPBIII OPHBIH
0acKaH aJIOMHHUI aTOMBIH JKOHE CEJICH OpHBIH 0acKaH TEJUTyp aTOMBIH KaMTHTBIH aKayliap KeIIeHiHJeri
IIKIOPTANBIKTHIK aybICy PETiHAE TYCIHIIPY A€ MYMKIH.

Kinm ce30ep: W30BaNeHTTI KOCHa, akaylap KeIIeHi, OaiJlaHbICKaH 3KCHUTOH, IIIKIOPTAJBIKTHIK ayBICY,
BaKaHCHUs, OPBIH 0acy, KeHiHT1 KapKbIpay YaKbITHI, COYJIEICHY JKOJIaFbl

JL.E. KoBanés, B.1O. Kyuepyk, U.U. [Tobepexen, A.K. Xacenos

Pa3pemiénnasi Bo BpeMeHH (pOTOTIOMHHECHCHIIUS
MOHOKpHcTa/LI0B ZNSe u ZnSe:Te

B pabote paccMOTpeHsBI CrieKTphI (POTOTIOMUHECIIEHIINH, Pa3peICHHbIE BO BPEMEHH, MOHOKPHCTAIIJIOB Celle-
HHUJJa IUHKA 0e3 CIEIMaIBHOTO JIETHPOBAHHS H JIETHPOBAHHBIX H30BAICHTHON NPHUMECHIO TEJUTypa HPH TeM-
neparype 7 = 83 K u oOpraHBIe CrIeKTpHL. M3mydeHue kpuctauioB ZnSe Bo30YKIaloCh a30THBIM JIa3€pOM C
IUTHOH BOHBI 337 HM. Ha 0OBIMHBIX cHeKTpax (OTOTIOMUHECHEHIINY HEIETHPOBAaHHBIX ZnSe HaOII01aInCh
TPH TIOJIOCHI M3ITYyYEeHUS ¢ MaKkCHMyMamu okosio 443 um, 458 HM u 610 HM. MeTox BpeMeHHOH JrOMUHEC-
LEHTHON CIIEKTPOCKOIHHU TO3BOJMI M3 MOJOCH 610 HM BBIAETHTH JBE C MaKCHMyMaMH OKojo 580 HM u
640 HM. B 00BIUHBIX cHeKkTpax (OTONIOMHUHECLIEHINY KPHCTAJIOB CEJICHN/IA IMHKA, JISTHPOBAHHBIX TEJLTY-
POM, MPUCYTCTBOBAJIM TPH MOJIOCHI U3NTyYeHHs ¢ MakcuMyMmamu okoutio 450 um, 505 um u 640 uM. Pazpemén-
HBIE BO BPEMEHH CIIEKTPHI (YOTOTIOMHHECIEHIIMU U3 MOJOCHl 505 HM BBIISNHIN JIBE€ C MAKCUMyMaMH OKOJIO
485 uM 1 510 HM. VIHTEHCHBHOCTD KPAacHOM MOJIOCH! U3NlydeHHs1 640 HM yBeIMYNBAETCs C YBEIMYEHHEM KOH-
LEHTpAaIlUK TeJuTypa. BeiIBiHYyTa THIIOTE3a, 9TO KpacHas moyoca GoTtomomunecteHmu 640 HM 00ycioBieHa
BHYTPHIICHTPOBBIM NIEPEXOTOM aCCOIMATHBHOTO Ne()eKTa ¢ yJacTHeM BaKaHCHU IMHKA, IMHKA B MEXKA0Y3-
JMU ¥ TeJTypa, 3aMemniaiomero ceiaeH. C y4€ToM IPHCYTCTBHS B KPHCTAIaX HEKOHTPOJIMPYEMOH NMPUMECH
QTIOMUHHMS, TaK)K€ BO3MOXXHA MHTEpIIpeTanust IMojaocsl 640 HM Kak BHYTPHUIIEHTPOBOH Iepexo] KOMIUIeKca
neeKToB, BKIIIOYAIONIETO BAKAHCHIO IIMHKA, aATIOMUHUM, 3aMeIaonil IUHK, U TEJUIyp, 3aMelaouii ce-
JIEH.

Kniouessie cnosa: n30BajicHTHAS NpUMECH, KOMITJICKC )Ied)eKTOB, CBSI3aHHBIN OKCUTOH, BHyTpHLlGHTpOBOﬁ ne-
pexon, BakaHCHs, 3aMEIIEHUE, BPEMS TIOCJIECBEYCHUS, 110J10Ca U3ITYyUCHUSA
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Study of the Features and Properties of Greens Functions
of Macroscopic Quantum Systems

This article is devoted to the theoretical investigation of processes in macroscopic systems based on wave—
particle duality and quantum statistical distributions using the Green’s function method. In particular, it pro-
vides a detailed description of the properties and characteristics of the Green’s function for an ideal Fermi
liquid, single- and two-particle Green’s functions, as well as Green’s functions at limiting temperatures and
for the Dirac and Schrddinger equations. The study analyzes the application of the Green’s function method
to processes in many-particle quantum systems and to solving equations that describe the constituent particles
of such systems. For a given operator and set of boundary conditions, a Green’s function can be defined, al-
lowing the solution of the corresponding equation to be expressed in integral form. A distinctive feature of
this method is the application of mathematical-physics tools, such as Fourier methods, integral transforms,
special functions, and mathematical analysis, to problems in quantum physics governed by the principles of
quantum and statistical mechanics. The relevance of this study stems from the application of the Green’s
function method to the analysis of quantum phenomena. This approach is considered one of the effective
methods for solving partial differential equations describing various physical processes. It involves transform-
ing the original differential equation into an equivalent integral equation involving Green’s functions, which
can then be solved. The transformation involves passing to the momentum representation and applying Fouri-
er transforms using methods of complex analysis.

Keywords: Fermi liquid, Fourier transform, momentum representation, macroscopic system, Green’s func-
tion, integral equation

Introduction

Quantum liquids, first discovered in 1938 by P. Kapitsa and J.F. Allen, represent macroscopic systems
governed by quantum effects (such as energy quantization, wave-particle duality, and quantum statistical
distributions). In quantum mechanics, it is possible to describe the states of individual particles and their in-
teractions; however, in quantum liquids containing a large number of particles, these particles cannot be con-
sidered independently. Their quantum properties manifest only through collective processes. Superfluid heli-
um-4 and Fermi liquids formed by fermions at low temperatures are among the primary objects of study in
hydrodynamics, and their nature fully satisfies the criteria of quantum liquids. In such media, macroscopic
guantum phenomena predominantly occur. Electrons in metals and semiconductors, excitons in dielectrics,
and nucleons in atomic nuclei can also be treated as quantum liquids.

In 1830, the British mathematician George Green, while solving inhomogeneous boundary value prob-
lems in electrostatics and heat conduction, introduced the functions that now bear his name and established
the foundations of their theoretical framework. These functions, which serve as a fundamental mathematical
tool in mathematical physics, were further developed throughout the 20th century and significantly simpli-
fied the solution of linear inhomogeneous differential equations with boundary conditions in electrodynam-
ics, quantum field theory, and scattering theory. In particular, in quantum field theory, Green’s functions de-
scribe the probability amplitude for a transition from one point in space-time to another, whereas in scatter-
ing theory they characterize particle scattering by various objects. In the theory of fluctuations, Green’s func-
tions also facilitate the construction of Feynman diagrams for different quantum processes.
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At the same time, Green’s functions in quantum liquids serve as a powerful mathematical framework
for describing many-body systems. They make it possible to evaluate the influence of external perturbations
on a system, analyse its response to such perturbations, and determine its thermodynamic and dynamic prop-
erties, thereby providing information about both equilibrium and non equilibrium states. In addition, Green’s
functions are widely used to calculate physical quantities such as density, correlation functions, and
quasiparticle spectra. Problems related to finite temperature in Fermi liquids are addressed using tempera-
ture-dependent Green’s functions that incorporate thermal effects. Meanwhile, processes involving the mo-
tion of a single particle among many others are described using single-particle Green’s functions, whereas
two-particle Green’s functions characterize correlations between particles. Considering liquid helium at low
temperatures as a quantum liquid makes it possible to establish theoretical principles and conditions for ap-
plying Green’s function methods to the study of thermodynamic and dynamic properties of interacting quan-
tum systems. This approach enables the calculation of single-particle and many-particle correlation func-
tions, the determination of thermodynamic spectra, and the analysis of the relationship between microscopic
interactions and macroscopic properties. The main subject of investigation is quantum liquids whose proper-
ties are governed by quantum effects. In this context, the study addresses the following key problems: many-
body quantum systems, the concept of quantum liquids, neutral Fermi liquids and their equilibrium proper-
ties, as well as kinetic equations for quasiparticles in Fermi liquids.

When studying quantum liquids using Green’s functions, it becomes possible to account for particle in-
teractions within the liquid. This approach allows one to determine the Green’s function corresponding to a
specific operator and boundary conditions. Using this function, the solution of the equation describing the
liquid can be expressed in an integral form. In solving such problems of quantum macrophysics, which are
based on the principles of quantum mechanics and statistical mechanics, various mathematical methods are
employed, including Fourier methods, integral transform techniques, special functions, and methods of
mathematical analysis. In addition, the following mathematical tools of mathematical physics are widely
used: partial differential equations, integral equations, functional analysis, and probability theory. Variational
methods also play an important role in the study, as they are used to determine stationary states of physical
systems.

A brief review of recent scientific studies relevant to the topic of this paper can be summarized as fol-
lows. In [1-3], a comprehensive theoretical study of radio-frequency spectra of a two-component Fermi gas
with balanced populations in the normal phase of the temperature—interaction phase diagram was carried out.
Analytical results were also obtained for determining the shape and width of radio-frequency spectra within
relevant temperature and interaction regimes. In [4], the problem of determining the Green’s function for the
stationary Schrodinger equation was considered within the framework of the potential quantization method.
An expression for Green’s functions in terms of eigenfunctions and eigenvalues was derived, and the equiva-
lence between this approach and the traditional method was demonstrated. Studies [3, 4] present an inde-
pendent review of the theory of quantum melting mediated by dislocations at zero temperature in two spatial
dimensions. A one-dimensional gas of spinful fermions interacting via an attractive d-function potential was
also examined using the Bethe ansatz solution. In [5-7], the application of the Bogoliubov—Tyablikov two-
time Green’s function method to the many-electron theory of metals is discussed within strongly correlated
models, such as the Hubbard model and the VVonsovskiy exchange model. Issues such as atomic representa-
tions of electronic states, the metal—insulator transition, incoherent states, and the Kondo effect are analysed.
The criterion for ferromagnetism in systems of strongly correlated electrons has been analysed, and it is
shown to differ fundamentally from the conventional condition. Based on the analysis of radiative recombi-
nation spectra of two-dimensional electrons with photoexcited holes bound to remote acceptors, the depend-
ence of the quasiparticle Fermi energy on electron density has been investigated. The dependence of the
renormalized quasiparticle mass on the concentration of two-dimensional electrons has been measured. It has
been shown that, in a perpendicular magnetic field, the quasiparticle concept in a two-dimensional Fermi
liquid remains valid not only near the Fermi surface but also deep below it, down to the bottom of the size-
guantization subband, since the excitation broadening is significantly smaller than their energy [8]. In, a one-
dimensional gas of spin-1/2 fermions interacting via a repulsive d-function potential of arbitrary strength is
considered. For the case where all fermions except one have spin up, the time-dependent two-point correla-
tion function of the spin-down fermion is calculated. This impurity Green’s function is represented in the
thermodynamic limit as an integral over Fredholm determinants of integrable linear integral operators. The
problem of integer and fractional quantum Hall resistance within a unified framework of mathematical phys-
ics has remained an unresolved issue over the past four decades. In this approach, the quantum Hall liquid is
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modelled as a membrane of electron fluid flowing around magnetic fluxes. The trajectories of fractional
guantum Hall states lie along the edge surface of the cross-section of a folded membrane, which is spontane-
ously characterized by a lattice of magnetic fluxes in the bulk zone. This topological representation provides
an alternative way for the realization of string theory concepts and topological quantum computation through
the folding of a laminar quantum liquid. For a system to be considered a quantum liquid, quantum statistical
effects must be present in addition to quantum mechanical effects [9]. An unexplored dynamical condition
for the manifestation of quantum statistical effects is considered, where particle exchange events in a gas-like
hydrodynamic regime are treated as a dynamical process characterized by an intrinsic time scale. Subse-
guently, quantitative criteria for particle indistinguishability and the associated quantum statistics are pro-
posed, which are effective over short time scales and manifest over longer times. A quantum critical point is
identified, and hypotheses regarding the formation of complex quasiparticle condensates are proposed.
In [10-12], phenomena arising in fermions in optical lattices at low temperatures under an external magnetic
field are investigated. By tuning the field, the attractive interaction between any two fermions can be made
arbitrarily strong, leading to the formation of composite bosons via so-called Feshbach resonances. At suffi-
ciently low temperatures, a critical temperature is determined at which these composite bosons undergo
Bose—Einstein condensation, resulting in the formation of massive fermions. A quantum critical point is
identified, and hypotheses regarding the formation of complex quasiparticle condensates are proposed.
Quantum-critical behaviour induced by a presumed quantum phase transition separating the d-wave super-
conducting state is investigated in detail. Within the framework of the renormalization group approach, a
phenomenological effective theory based on the Landau-Ginzburg—Wilson theory is employed, and one-loop
calculations are performed to construct a consistent set of coupled interaction parameters [11]. A coupled
fermion—-boson system in spatial dimensions is investigated, and a new fixed point for a non-Fermi liquid is
identified [13].

The peculiarity of describing macro systems using Green’s functions is that they reduce complex multi-
particle problems to the search for single-particle responses. This allows for the accurate consideration of
particle statistics (Bose or Fermi) and their interactions, representing the physical properties of the system
through integral equations. The Green’s function acts as a “propagator” that describes the probability of a
particle added to the system at one point being detected at another point after some time. If Green’s functions
in quantum field theory describe the probability of passage between points in space-time, then in scattering
theory they were able to analytically explain the scattering of particles from various objects. At the same
time, in the theory of perturbations, Green’s functions also helped to construct Feynman diagrams for various
guantum processes, and Green’s functions for quantum fluids were used as a mathematical tool for describ-
ing the properties of many-body systems. In short, with the help of these functions, it was possible to sys-
tematically evaluate the influence of external influences on the system, the behavior of the system in relation
to this influence, and to analytically consider the thermodynamic and dynamic properties of the system. It
was possible to obtain accurate information from the conditions of the system in equilibrium and non-
equilibrium states. Today, Green’s functions are successfully used in calculating important quantities such as
density, correlation functions, quasiparticle spectra, etc. While problems related to the temperature of a Fer-
mi liquid are solved using temperature Green’s functions that take into account thermal effects, and problems
related to the motion of an individual particle between other particles are solved using single-particle Green’s
functions, two-particle Green’s functions can determine the correlation between two particles. All key ther-
modynamic and Kinetic properties are expressed through the Green’s function: density of states, binding en-
ergies, conductivity, magnetic susceptibility, and excitation spectra. The interaction of particles is taken into
account by summing up infinite perturbation theory series using Feynman diagrams. The Green’s function
acts as a “propagator”—the probability that a particle will move from one point to another, interacting with
its surroundings.

In the present work, the features and properties of Green’s functions for an ideal Fermi liquid are exam-
ined in detail, including single-particle and two-particle Green’s functions, as well as Green’s functions at
limiting temperatures and for the Dirac and Schrodinger equations. The application of Green’s function
methods to processes occurring in many-body quantum systems and to the solution of equations describing
particles forming such systems is analysed. For a given operator and boundary conditions, the corresponding
Green’s function is determined, and the solution of the equation describing the liquid is expressed in integral
form using this function. A distinctive feature of this approach is that, in solving such problems of quantum
macrophysics based on the principles of quantum mechanics and statistical mechanics, a combination of
mathematical methods is employed, including Fourier methods, integral transform techniques, special func-

“Physics” Series. 2026, 31, 3(123) 23



T.B. Koshtybayev, Sh. Aliev et al.

tions, and methods of mathematical analysis. The relevance of this study is associated with the application of
Green’s function methods to quantum phenomena. This approach is considered one of the most effective
tools for solving partial differential equations describing various physical processes. In particular, it allows
the transformation of a differential equation describing a given phenomenon into an equivalent integral equa-
tion incorporating Green’s functions, which can then be solved.

The main problem is the calculation of the ideal Fermi—liquid, One-and two-particle Green functions, as
well as the limit temperature Green functions, the Green functions of the Dirac and Schrodinger equations.
Determining solutions to equations for multi-particle quantum systems by the Green function approach is
also one of the most pressing problems. Ways of transition from a differential equation to an integral equa-
tion equivalent to this equation were considered and theoretical searches were made in the direction of de-
termining the solution of this equation according to the Green function.

Experimental

Quantum macrophysics can be regarded as a distinct branch of theoretical physics that studies phenom-
ena in solid and liquid phases based on the principles of quantum mechanics, statistical mechanics, and elec-
trodynamics within a many-particle framework. The nature of these phenomena is investigated using appro-
priate mathematical models. For example, a deeper understanding of the properties of metals requires treat-
ing electrons as a Fermi liquid. Since the presence of a crystal lattice complicates the development of a theo-
ry of electron liquids, it becomes necessary to establish general principles for homogeneous and isotropic
systems. Similarly, superconductivity in metals can be explained using a simplified isotropic model of a su-
perfluid electron liquid. In the study of macromolecules (many-body systems, macroscopic quantum sys-
tems), the Green’s function method is used to describe the system’s response to external influences, calculate
thermodynamic properties, and search for excitation spectra (quasiparticles). The method of Green’s func-
tions, which depend on imaginary time or temperature, is adapted to describe equilibrium statistical
mechanics.

At sufficiently low temperatures (1-2 K), where the de Broglie wavelength associated with the thermal
motion of atoms becomes comparable to interatomic distances, macroscopic phenomena in liquids are gov-
erned by quantum laws. According to classical theory, all substances should exist in a solid state at absolute
zero. However, due to weak interatomic interactions, the liquid isotopes of helium, *He and “He remain in
the liquid state near absolute zero temperature, where quantum phenomena are observed. In such cases, the
solid phase becomes energetically less favourable. The method of equations of motion uses the left-hand
chain of equations for the Green’s functions, where special splitting factors are used to close the system. The
concept of Fermi liquids considers systems with strong interactions, such as electrons in metals. The Green’s
function is used here to justify the concept of quasiparticles.

Results and Discussion

If we consider a macroscopic system composed of particles with half-integer spin within the Heisenberg
representation—where wave functions are time-independent and operators f, corresponding to physical ob-
servables depend explicitly on time and can be written as follows:

f,(t,r) = f,(F)exp(iHt)exp(-iHt);
f,"(t,r) = f,"(r)exp(iHt)exp(—iHt).
Then, the single-particle Green’s function of the system can be written as:
Gy (Zl' Zz) =i Nfa (Zl) fb* (Zz) .
Here, the variables t,r are replaced by t,r and t,,r, respectively, and are denoted collectively as
Z,,Z,; N is the time-ordering operator; and the overline indicates averaging over the ground state of the sys-

tem. In quantum mechanics and quantum field theory, the Green’s function is the impulse response of a
guantum-mechanical operator (e.g., the Hamiltonian) that describes the propagation of a particle and its re-
sponse to an external stimulus. When a particle has spin, its wave function is a spinor (magnetic vector), and
the Green’s function acquires a matrix-spinor structure. The spin dependence of the Green’s function in the
absence of an external field is described by a second-rank spinor &, :

Gab (Zl7 Zz) = SabG(Zl’ Zz) .
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The coordinate-space density matrix of particles in the system is given by [1]:

P (0. 5) =", (L) f.(LE) . 1)
Using this expression, one can determine the expectation value of any physical observable for an indi-
vidual particle. Let us rewrite Eq. (1) in terms of the Green’s function:

P (1. 1;) =IN"Gyy (4, it > 0,1;) .
The Fourier expansion of this function allows one to determine the momentum distribution of particles:

n(p) = p(t, &) exp{—iB(F; — 1)} d° (x, —x) = =i [ G(t, ) exp{—ipr} d°x. 2)
This expression represents the concentration of real (i.e., non-quasiparticle) particles within a given
3
momentum range ; ;J3 . Equation (2) should not be confused with the quasiparticle distribution function. If
Y
the expression for the Green’s function in the momentum representation is substituted into Eq. (2), i.e.
. ~ R dod®
G(t,F) =IG(@, p)exp{i(pr —a)t)}—F,
(2m)

then Eq. (2) takes the following form:
. T . . do
n(p) =-ilim j G(o, p)exp{-iot)}——,
where @ is a complex variable,
G(w, p) = j G(t, F)exp{~i(pr —ot)} dtd°x. ©)

Taking into account the discontinuity property of the Green’s function G(t, F), and the integration over

dt in Eq. (3), the integral can be split into two parts with limits from —oo to and from 0 to oo, Then, using the
rules of matrix multiplication, we obtain the following expression m for particle states of type a:

G(t,F):—%Z] () mm £, (Z)].

It is known that Heisenberg operators are physical observables whose mathematical description changes
over time, while the quantum state of the system itself remains unchanged. Therefore, we can say that these
operators are responsible for the time-varying states of a free particle in the system. The summation is per-
formed over all quantum states of the system. The Heisenberg operator f for a system of free particles satis-
fies the equation:

iﬂz—iAfa —uf,.
ot 2m

Taking into account the above results, this equation can be written in terms of the Green’s function as:

. 0 A s .
[Iat 2m+HJG(t,r) 3(t)o(r),
where p is the chemical potential of the liquid [2]. The Fourier transform is a mathematical bridge between a
particle’s wave function in coordinate representation and its momentum representation. It allows equations to
be translated from the spatial domain to the frequency domain. After performing the Fourier transform, we
obtain:

2m
Gy is the Green’s function for non-interacting particles.

Lm—p—zﬂ,tjGo(m, p)=1.

w2

G, (o, p)= [m— ZI:nO

This function is a mathematical tool (probability amplitude) that describes the propagation of a quantum
particle in space and time.

In quantum mechanics, the product of operators means their sequential application to the wave function
(the state of the system). It is used to mathematically describe multi-step measurements, complex physical

-1
+u+ isignm} .
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quantities, and how a system changes over time. The following product of four Heisenberg operators f aver-
aged over the ground state N is called the two-particle Green’s function:

Q34,12 = Nfs f4 fl* fz* . 4)
It is convenient to consider this function in the momentum representation for a homogeneous system,
i.e., it depends only on the differences of three arguments
23— 25, 24— 2y, 2y — 25
This is due to the fact that the Fourier transform components, taken over all variables Z,, Z,, Z;, Z4, con-
tain a 6-function:

IQ34,12 exp{i ( pszs + p4Z4 - plzl - pzzz )}d 4Zld 4sz 423d 4Z4 =

:(275)4 8(4) ( Ps+Ps— P~ pZ)QS,ab ( Psy Py Pys pz) .

For the arguments of the Green’s function, the following relation holds p, + p, = p, + p, . In the zeroth-
order approximation, this function can be expressed in terms of differences of single-particle Green’s func-
tions [2-5]:

Q% (Ps» P P 2,) =(2) " [8 (b, = 3 )G (1) G% (P,) =8 (. — P, )G (,) G’ (p1) |-
In higher-order approximations, additional terms appear that are not included in the Green’s function.

Quann =(21) [ (P = ps)Gun (P1)G hn, (1) =8 (= Ps) G un ()G nn (P) ]+

+Gyg (P3)Gag, (Ps)iReg, 55, (3 Py 1y P, )Gy a (PL) G, (P,)-
Here, the particle components ab of the system are replaced by AB. The function R in the last expres-
sion is called the vertex function and, in the momentum representation, can be written as follows:

Raaa (Par Pss Puo P2) = =Ry o (Par Py, Py P2) =R (P3P P2 1) -
To determine the Green’s function at nonzero temperature for a macroscopic system, it is necessary to
replace averaging over the ground state of a closed system with averaging over (( >) the Gibbs distribu-

tion [6-10]. When analysing the properties of Green’s functions at limiting temperatures, it is important to
introduce the retarded and advanced Green’s functions. The retarded Green’s function is defined as follows:

G, (2,2,)=(1.(2) £, (2,)+ £, (Z,) 1.(Z,)).
In the absence of an external field, this function reduces to a scalar function that depends only on the
difference of its arguments: Z =2, -Z,:

o 1 o
Gab (Zl’zz)zaab EGaa .

Since G*(t,F)=0 for t <0, the momentum representation of the above function can be written as fol-
lows:

G* (e, B) = [ [expi (ot - pr)G* (t,F)dtd’z

Similarly, the advanced Green’s function can be obtained in the same manner G". The temperature
Green’s function is a mathematical apparatus of quantum statistics that describes the behavior of a quantum
many-body system when taking into account temperatures different from absolute zero. Then, in our case,
the temperature-dependent Green’s function is given by:

G(o,p)= —@%“%%5( B E”m){mnml—@[“ e T J} .

Application of Green’s Functions to the Solution of the Dirac Equation. For the calculation of processes
within the Standard Model, it is necessary to employ methods of mathematical physics and the theory of spe-
cial functions, since the equations describing scalar, vector, and spinor particles are differential equations of
different orders. Solving the Dirac equation using the Green’s function allows us to reduce a complex differ-
ential problem (especially in the presence of external fields or potentials) to an integral equation. This is a
standard technique in relativistic quantum mechanics and quantum field theory, where Green’s functions are
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also called propagators. As an illustrative example, we consider the solution of the Dirac equation given be-
low for an electron in an electromagnetic field using the Green’s function method [11-13]:

(ics‘)‘ﬁOL —m)(p(X)=—eGaEa(X)(p(X), (5)
where c* :{co,cl,cz,cs} are the Dirac matrices, and e is the electron charge. To solve Eq. (5), it is neces-
sary to first consider the following auxiliary problem:

(ic‘*aa —m)G(x, x°)=8(4) (x=x).
Then, the solution of Eq. (5) can be represented as:
o(x) =—eIG(x,x° Jo“E, () @(X*)dx°.
The momentum representation of Green’s functions (or the momentum space representation) is a transi-

tion from space-time coordinates to wave vectors (momenta) and frequencies using the Fourier transform.
The momentum representation of the Green’s function in this expression is given by:

G(x JS exp{ ip(x—x )}d“p. (6)

The momentum representation of Green s functions is a mathematical apparatus in which the solution
of quantum mechanical equations (Schrodinger or Dirac) is expressed in terms of particle momenta rather
than their coordinates. This significantly simplifies the analysis due to the translational invariance of space.

S(p)in expression (6) is the Fourier transform of the Green’s function. In the Fourier representation, the

Green’s function is transformed from a complex integral convolution kernel into a simple algebraic function.
A differential equation with a source is reduced to dividing the Fourier transform of the source by the Fourier
transform of the differential operator. If the Dirac delta function is applied,

3 (x=x")= )4Iexp{—ip(x—x°)}d4p

and the notation c”p, =p, is introduced, as well as the commutation property of the Dirac matrices

c°c" +6"c" =20"", then the expression for the Green’s function [14], corresponding to the Fourier-
transformed Green’s function and the Dirac equation, takes the following form:
p+m |
S ( p) = pZ-m?’

@) j 7 _ﬁ;?]”gexp{—ip(x_xo)}mp :

G(x,xo)z

It is well known that a particle in an external field in quantum systems is described by the Schrodinger
equation:

(H-E)w(r)=—Fy(r), (7)
where F is the operator responsible for the interaction, and H is the Hamiltonian,
y(r)=exp(ikr), (8)

to solve Eq. (7) by the Green’s function method, it is necessary to pass from this differential equation to an
equivalent integral equation (that is, an integral term entering the Green’s function is added to the wave func-
tion of the form given in Eqg. (8)).

y(r)= exp(lkr) IG E,r,r )F( v ( )dr
Here, G(E, r, f’) is the Green’s function corresponding to the Hamiltonian operator and satisfying the
equation given below (E—H)G(E,F,F’):S(F—F’) with the Dirac delta function (3(F—r")) [15]. Its
spectral form is given by:

oerr)-3 00

n=1
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In the case of a continuous spectrum,

N () .
G(E’rﬁ,):jwn(r)wn(r ) K
E, - E, ( 275)

It should be noted that the form of the Green’s functions entering the equivalent integral equations, in
momentum and spectral representations as well as in Fourier-transformed form, makes it possible to accu-
rately determine the domains of definition of the processes under consideration in phase space. On the other
hand, this approach improves the assessment of the rate of the process in combination with the theory of
functions of a complex variable. The obtained results can be used in solving problems based on scattering
theory and in calculating quantum-field amplitudes of spinor particles.

Green’s Functions of Averages and Equilibrium Green’s Functions. When expressing the expectation
values of quantities corresponding to quantum operators in terms of known Green’s functions, only the ex-
pectation values of two field operators and single-particle operators can appear in such expressions [16, 17].
For example, the particle number density in a system is given by:

n(¥) :Z(w; (r)\ya(r)> =i§a:Gaa (F,t-0;1,t)

a

and for a homogeneous system of fermions:
nzgz—zieaa(rzo,tz—o). 9)

This relation, which connects the Green’s function with the particle density, makes it possible to ex-
press the thermodynamic parameters of the system under T =0 in terms of Green’s functions. Indeed, the
thermodynamic potential of the system under the conditions T =0, V =const and S =0 is determined by
the relation:

dF =-SdT — pdV — Ndp=—Ndp.

This relation can be integrated subject to the condition F (M = 0) =0:

F =jiduN (n).

Substituting the corresponding expression N and taking into account the dependence of the Green’s
function on p, we obtain:

9PAO ¢ (i) G (Bro).
(27)

A somewhat more complicated example is the current, which is expressed in terms of field opera-
tors [18, 19] as follows:

F:TdMZinILrE).[
0

3(1)= o= SV (1)) v (F) - wi () (Vv (1))

2m=<
The current can also be expressed in terms of Green’s functions as follows:
3(F) =%Zlim lim(V,. =V, )[+G,, (F.t:7,0)].

t—>-0r'—r

The formalism developed above is restricted to the properties of many-particle systems at T =0 (i.e., in
the ground state). This is due to the fact that the ground state is always non-degenerate, which allows one to
apply the adiabatic hypothesis: if the interaction is switched on slowly and then switched off slowly, this re-
sults only in the appearance of a phase factor, which ultimately cancels out. From a physical point of view,
however, one cannot restrict the analysis to the case T = 0. In principle, the averaging in the definition of the
Green’s function can be performed over any quantum state or ensemble of states, and its analytical properties
can be established following the same procedure as for T =0. For example, one can define equilibrium
Green’s functions at finite temperature.

The general definitions of causal, retarded, and advanced single-particle Green’s functions [20]

Gy (X17t1;X2't2) :_iTrl:f)TWa(xl’tl)W; (XZ’tZ )] :
G:b (Xl’ti; X2,t2)=—iTl’[f)T\|la (Xl’tl)\ll; (Xz’tz)i\vg (XZ’tZ)\Va(Xl’tl)}K(tl _tz) ;
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Ga/t) (X1’t1; X, 'tz) = —iTI’[[ST\Va (Xilfl)\lfﬁ (X21t2 ) iW; (X21t2 )\Va (Xl'tl):|K(t2 _tl)
remain valid for equilibrium states at finite temperature, when the statistical operator has the standard form
of the grand canonical Gibbs distribution:

ﬁzexp{—_l_l(H —Q)} = ZS:exp{—%(ES —uN, —Q)}|s>(s| = Zs:ps |s)(s|.

The grand partition function is given by:

o 2)xfo 2]

where Q is the grand thermodynamic potential. In the isotropic homogeneous case,
Gab (Xl’ti; sztz) = 8abGab (X1 —X,4 _tz) .
Further, at zero temperature, it is necessary to include the matrix elements of the field operators be-

tween all states of the system, since all excited states now contribute with nonzero weight. As a result, we
obtain the following expression for the causal Green’s function:

. 1 (e = 1
G(po) = (20) E e, Xl(nlwa|m)3(p - (P, =) —— (10)
o, =E, —uN,, —(En —pNn) .
By separating the real and imaginary parts of Eq. (10) for real frequencies using the Sokhotski—Plemelj
formula, we obtain:

ReG(p,o) =%(2n)3 P;Zﬂ:pnza:|<n|\ua|m>|28( p—(P,~ Isn))[li exp(—%ﬂ 1

1
o —0,,

IMG(p,0)= —Tc%(an P;;pnza:|<n|\ya|m>|28(ﬁ—(lsm = ﬁn)){li exp(—%ﬂa(m—mm) .

An important property of Eq. (10) is that, if an approximation for the self-energy function of finite order
is substituted into it, the resulting approximation for the Green’s function becomes equivalent to summing an
infinite series of perturbation terms. This yields a significantly better result than a direct term-by-term calcu-
lation of the initial perturbation series. This is a natural consequence of the self-consistent approach. Anoth-
er, less favourable consequence is that any approximate self-energy function must be verified for consistency
with the general analytical properties of the Green’s function (which follow from the principle of causality).

Conclusion

Research on macro systems using the Green’s function method is a powerful mathematical tool that
finds application in various fields of theoretical and applied physics. This method allows for the description
of complex systems with numerous interacting particles or elements. In accordance with the subject of this
work, Green’s functions for macroscopic systems and ideal Fermi liquids, as well as two-particle Green’s
functions, finite-temperature Green’s functions, and the Dirac equation, have been considered. The relevance
of this study is associated with the application of Green’s function methods to quantum phenomena. Indeed,
this method is considered one of the most effective approaches for solving partial differential equations cor-
responding to various physical processes. In particular, when solving the governing equations of such phe-
nomena, an auxiliary partial differential equation involving the Green’s function in operator form is first
solved. After this procedure, by passing to the momentum representation, Fourier transforms with respect to
complex variables are performed. Then, within the framework of zeroth- and first-order approximations, in-
tegral expressions are obtained, and the limits of integration are chosen depending on the specific features of
the process under consideration. Performing this integration makes it possible to obtain explicit solutions
describing the properties of the system in which the given phenomenon occurs. Within this approach, meth-
ods of mathematical physics and special functions play a key role, which becomes particularly evident in
large-scale calculations. The mathematical derivations presented in this paper have been given in a simplified
form. The main emphasis has been placed on demonstrating the features of applying Green’s function meth-
ods to the solution of equations describing quantum effects in macroscopic systems. The obtained results can
be used in the following areas of theoretical and mathematical physics: studying the dynamics of fields, par-
ticle interactions (for example, in quantum electrodynamics and quantum chromodynamics), and scattering
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processes; calculating the energy spectrum of electrons and phonons in crystals, studying superconductivity
(Gorkov equations), magnetism, and the behavior of semiconductors; analyzing phase transitions, critical
phenomena, and non-equilibrium processes; and calculating the propagation of waves in heterogeneous me-
dia, turbulence, and the response of hydrodynamic systems to external disturbances.
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MakpoCKONTHIK KBAHTTBIK KyHesepaid I'puH ¢yHKIUATIAPHIHBIH,
KacueTTepi MeH epeKIIeJiKTepiH 3epTTey

MakpocKONTHIK Kyiienepae eTeTiH mpouectep I'puH QyHKIMIaps! apKeuIbl 3epTTendl. Mneanasr dpepmu—
CYHMBIKTBIH, Oip JKoHE eKi OeJIIeKTiK, IIeKTi TeMIeparypaisik, Jupak xxone Ilpenunrep TeHneynepiunin ['pun
GyHKUMSIApl MIBIFAPBUTBIT KepceTiami. Kem OeuniekTi KBaHTTBIK JKylelnepre apHalnfaH TeHICYJIEpIiH
memivMaepin I'puH QyHKUOUICHl TOCUTIMEH aHBIKTAyABIH JKOJNAApbl KapacTeipbUiraH. OmepaTopnap MeH
IIeKapajblK IIapTTapra apHaiaraH [puH (yHKIMSUTApBIHBIH KOMETIMEeH CYHBIKKa apHaIFaH TeHAEYJIepIiH
HIeIiMaepl HHTETpanablK Typiepiae YChHbUIABL [Ipomecrepre I'puH GYHKIMSCHH IepOec TyBIHIBUIBI
nuddepeHManabIK TeHAeyIep/i meiryre, @ypbe TOCUTIH KoJIIanyFa, HHTErPalabIK TYPICH IipyIiep jkacayFa,
apHaifbl  QyHKUMsTap MEH MaTeMaTHKaJbIK Tajmay TocUIaepiH maiiianaHyra Typa  Kenlemi.
JuddepeHnmanablk TeHACYIEH SKBUBAJICHTTI MHTETPAIABIK TEHIEYre KOy >KOJIapbl KeNTipiIil, COHFBI
TeHaeyniH memiMi 'pun (yHKOuscH OOHBIHINA aHBIKTANABL. bByn jkarmait mmmynbcTik OeliHere aywiCy
apKBUTBI JKOHE KOMIUICKCTIK alHBIManbLIap OoibIHIIA >Kyprisiierin @ypbe TypieHIipylepiH KoigaHy
apKBUIBI iCKe achIpbULABL. TYPaKTHl TOJIKBIHABIK (QYHKOUSIIAphl O0ap MaKpOCKONTHIK XKyienep rei3eH0eprrik
OciiHeneyne KapacThIpbUIABL. OpuHe Oy OeifHeneyne (QU3HKANIBIK IIamMaiapra colikec KOWBUIATHIH
orepaTopiiap yakbITKa allKplH TYpJe TOyeNai OONMaWTRIHABIFEI OenTiii. Bapiblk ecenteynep ChIPTKbl MAarHUT
epici eckepiIreH kKaHe eCKepIIMETeH JKaFiaiiapra Calikec OpbIHAAIIBL.

Kinm ceszoep: ¢depmu—cyiibik, @ypre TYpICHAIPYi, UMITYIbCTIK OcifHeney, MaKpOCKONTHIK Xyie, [pur
(YHKIMACHI, HHTETPAIIBIK TCHICY

T.b. Komrreibaes, 1. Anues, A.T. XKasinuesa, M.E. Anuesa

HccaenoBanue ocodeHHocTeil U cBoiicTB pynkuuii I'puna
MaKPOCKONNYEeCKUX KBAHTOBBIX CHCTEM

IIpomeccsl B MakpOCKONMHMYECKHX CHCTEMaX HCCIECIOBAINCh C TMoMombio ¢yHKiuid ['puHa. [TokazaHsr
¢yskuun ['puHa ans uneanbHOM (GepMU-KHUAKOCTH, OXHOW M JIBYX YACTHUI, MPEACTHHOW TEeMIIEpaTyphl U
ypaBHeHuil [lupaka, Illpenunrepa. PaccMoTpeHO peleHune ypaBHEHUH, ONMCBHIBAIOIIMX IPOLECCH B
MHOTOYAaCTHYHBIX KBAaHTOBBIX cHcTeMax, MerofoM ¢yHkuuii ['puHa. C momombio ¢yHkimu [puna mis
orepaTopa M rpaHNYHBIX YCIOBHH PeIICHNe yPaBHEHUS IS KHKOCTHU 3allCaHO B HHTeTparsHOM Buje. [Ipn
npumeHeHnn (yHKnmu [prHA K mporieccaM BO3HHKAeT HEOOXOMMUMOCTH penieHus aud(depeHInaIbHbIX
YPaBHEHUIl YaCTHBIX IIPOU3BOJHBIX, IpHUMEHEHHUs Merona @Dypbe, HHTETpaJIbHBIX IpeoOpa3oBaHU,
CEIMANBHBIX ~ (QYHKIMH W METOAOB MaTeMaTHYeCKOoro aHamm3a. lcnome3oBaH — Iepexox  OT
mud(hepeHIMaIBPHOTO ypaBHEHHS K JKBHUBAJCHTHOMY HHTETPAIbHOMY YPAaBHEHHMIO M TOKAa3aHO PEIICHHE
AHHOTO ypaBHEeHUs ¢ QyHknued ['puHa. [Ipum 5TOM OBUT OCYyIIECTBIEH IIEpexo]l Ha HMITYIbCHOE
npencTaBieHde W npeoOpasoBanus @Dypbe uepe3 KOMIUIEKCHBIE IepeMEHHBIe. PaccMOTpeHHbIe
MaKpOCKOIIMYECKHE CHCTEMBl C IIOCTOSIHHBIMH BOJHOBBIMH (YHKIMSAMH OBUIM ONHCAaHBI HAa OCHOBE
Teli3eHOepProBCKUX TIPEICTaBICHHH, TIE OIepaTophl, COOTBETCTBYIOIINE (PM3MUECKUM BEIMYMHAM, SBHO
3aBUCAT OT BpeMEHH. PacueTsl MPOM3BOIMINCH C YIETOM M 0€3 yueTa BIHSHHS BHEITHUX TOJICH.

Knwouesvie  cnosa:  pepmu-kuakoctb, npeobpazoBanne @Dypre, HMIYJIbCHOE IPEACTAaBICHHE,
MaKpOCKONHUuecKas cucteMa, GyHkuus [ puHa, HHTErpajbHOE YpaBHEHHUE
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Development of a Method for Producing Self-Fluxing Nickel-Based Coatings
by Detonation Spraying

This study investigated the influence of detonation spraying parameters on the structure and tribological and
mechanical properties of self-fluxing coatings of the Ni—-Cr—Fe—B-Si—C system. The investigated parameters
included the barrel filling level (48-68%), the molar ratio of the working gases (O/C = 1.026-1.856), and the
inter-shot delay (0-1 s). Morphological analysis of the coatings revealed a characteristic lamellar structure
and a dependence of coating thickness and defect formation on the spraying conditions. A lower barrel filling
level resulted in a denser coating structure with minimal porosity, whereas medium and high filling levels
promoted the formation of microcracks, presumably due to increased residual stresses. Tribological
tests showed that the minimum coefficient of friction was obtained at a barrel filling level of 48%
(L=0.674 £ 0.136) and an O/C ratio of 1.026, but these conditions were also associated with increased wear.
The highest wear resistance was obtained at an O/C ratio of 1.856 and an increased inter-shot delay of up to 1
s, resulting in a decrease in the specific wear rate to 0.000189 mm?®/(N-m). Roughness analysis showed that
increasing the inter-shot delay reduced Ra from 5.00 to 3.60 um, which may be attributed to a reduction in
thermal load and more favorable coating formation conditions. The maximum hardness, up to 905.6 HV, was
obtained for a combination of parameters that promoted the formation of a dense structure and strengthening
phases. The results indicate that optimizing the detonation spraying parameters requires a trade-off between
reducing the coefficient of friction and increasing wear resistance. The findings can be used to develop tech-
nologies for the restoration and surface strengthening of machine components.

Keywords: self-fluxing alloys, detonation spraying, NiCrFeBSiC, heat treatment, AISI 321

Introduction

Thermal spraying is often used to extend the service life of tribomechanical systems, protecting new
machine parts and restoring worn ones. This process creates surfaces with properties significantly superior to
those of the base material [1]. Self-fluxing nickel-based alloys are widely used in thermal spraying technolo-
gies. These alloys are characterized by high strength and hardness, as well as excellent resistance to wear,
heat, and corrosion. The presence of Cr, B, Si, and C in the structure creates hard phases dispersed in a vis-
cous nickel matrix, which ensures good performance properties [2]. Nickel alloys with high chromium con-
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tent are characterized by excellent corrosion resistance and high mechanical properties after hardening. Their
corrosion resistance is ensured by a chromium oxide film formed on the alloy surface, which provides pro-
tection at elevated temperatures. These alloys are widely used in the power industry for the production of gas
turbines and nuclear generators, as well as in motorsports for the manufacture of exhaust valves for racing
engines, fasteners, spindles, and other components [3]. Coatings based on the Ni—Cr—Fe-B-Si—C system are
widely used to improve the wear resistance of component working surfaces. NiCrFeBSiC alloys perform ef-
fectively under conditions of intense friction. Such coatings exhibit high resistance to adhesive wear and cor-
rosion at both normal and elevated temperatures [4].

For the application of self-fluxing coatings, thermal spraying methods such as flame spraying, detona-
tion spraying, and high-velocity oxy-fuel (HVOF) spraying can be used. However, detonation spraying of-
fers a number of significant advantages, ensuring the formation of coatings with improved performance
characteristics. Detonation spraying achieves the highest particle velocities (up to 800—-1000 m/s), leading to
intense plastic deformation of the particles upon impact with the substrate and the formation of a dense coat-
ing structure with minimal porosity, which is directly related to increased wear and corrosion resistance of
the coatings. Furthermore, detonation spraying enables the formation of coatings with a finely dispersed
structure and a uniform distribution of boride and carbide phases, which significantly increases resistance to
abrasive and adhesive wear. Article [5] has shown that such structural features provide improved tribological
properties compared to coatings obtained by the HVOF method. HVOF can lead to increased particle oxida-
tion, especially when deviating from optimal spraying conditions, which negatively impacts the formation of
the metal matrix and reduces the performance properties of the coating [6].

The formation of the required tribological properties of fused Ni—Cr—Fe—B-Si coatings is possible only
under strictly specified heat treatment conditions (in the range of 1000-1373 K), since these alloys belong to
eutectic systems and are highly sensitive to thermal exposure parameters [7, 8]. In this regard, the present
work is devoted to the study and selection of optimal spraying parameters for NiCrFeBSiC coatings obtained
by detonation spraying.

Experimental

Corrosion-resistant, austenitic structural steel grade AISI 321 was selected as the substrate material.
This steel is often used in industry to manufacture components operating at temperatures up to 600 °C, weld-
ed equipment and vessels operating in dilute solutions of nitric, acetic, and phosphoric acids, alkaline and
salt solutions, and other components operating under pressure at temperatures from —196 to +600 °C, as well
as in aggressive environments. According to ASTM A240M, AISI 321 steel has the following composi-
tion (Table 1).

Table 1
Chemical composition of AISI 321 steel
C Si Mn Ni S P Cr Cu Ti Fe
<0.12 <0.80 <2 9-11 <0.02 <0.035 17-19 <0.3 <1 base

A 30 mm diameter AISI 321 carbon steel rod was cut into 5 mm thick disks. The surface was mechani-
cally processed by grinding with sandpaper of up to P400 grit. To improve the adhesion of the applied coat-
ing, the disk surface was additionally treated by abrasive blasting using fused alumina (Al,Os) with a particle
Size of 40 um. After sandblasting, abrasive residue and dust were removed by blowing with compressed air.
To remove organic and inorganic contaminants (oils, oxide films), the samples were cleaned in an ultrasonic
bath using technical-grade ethanol. The ultrasonic cleaning duration was 10 minutes at a frequency of
40 kHz and a solution temperature no higher than 35 °C. Self-fluxing Ni-Cr-Fe-B-Si-C powder (produced in
China) was used for spraying the coatings. This powder has a particle size of 100-150 um, is perfectly spher-
ical, and, as shown in Figure 1, exhibits a highly uniform element distribution. The powder composition is
presented in Table 2.

Table 2
Chemical composition of Ni-Cr-Fe-B-Si-C powder
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Figure 1. Morphology of Ni-Cr-Fe-B-Si-C powder

The CCDS-2000 detonation spraying system (Fig. 2) (Siberian Technologies of Protective Coatings,
Novosibirsk) was used for coating production. The CCDS2000 system is designed to form high-quality coat-
ings using detonation spraying, which is based on the cyclic combustion (detonation) of a gas mixture of fuel
and oxygen in the barrel bore. The detonation generates a shock wave that accelerates powder particles. The
system operates automatically and allows for precise adjustment of key process parameters, including:

— gas mixture composition and ratio;

— barrel fill level;

— interval between detonation pulses.

During spraying, powder is introduced into the detonation chamber, where it is captured by detonation
products and accelerated along the barrel bore toward the substrate. Upon impact with the surface, the parti-
cles undergo intense plastic deformation, forming a dense coating with low porosity and high adhesive
strength. The process is carried out in pulsed regime with a frequency of several shots per second, which en-
sures controlled heat input into the substrate and minimizes its thermal deformation.

l\‘

Sample holder

Gun positioner

Gas switch

e ma

Figure 2. General view of the CCDS-2000 detonation spraying system
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The coating morphology was examined using a SEM 3200 scanning electron microscope (China)
equipped with an electron probe attachment for localized microanalysis and an EDS energy-dispersive spec-
trometer (BRUKER).

Tribological testing of the coatings was conducted using a ball-on-disk setup (Fig. 3) on an Anton Paar
TRB3 tribometer (Austria). A 6 mm diameter 100Cr6 steel ball served as the counterweight. The load was
10 N, the rotation speed was 5 cm/s, the radius of curvature was 2 mm, and the friction path length was
100 m.

Figure 3. a) General view of the TRB3 tribometer; b) Ball-on-disk test setup.

Coating hardness under various spraying conditions was measured using a Metolab 502 hardness tester
(Russia) operating using the Vickers method in accordance with GOST 6507-1-2007, with a load of 0.1 kg
and a hold time of 10 seconds.

Coating surface roughness was assessed using a contact profilometer. Measurements were performed by
tracing a diamond stylus across the sample surface, followed by recording the roughness profile. The primary
roughness parameter was the arithmetic mean deviation of the profile (Ra), which characterizes the average
roughness height relative to the profile centerline. Measurements were conducted with a constant baseline
length, followed by processing of the resulting profilograms. To enhance the reliability of the results, at least
three measurements were taken for each sample in different surface areas, after which the mean values and
standard deviation were calculated.

Results and Discussion

In order to select the optimal spraying regime for self-fluxing coatings using the detonation spraying
method, the following parameters were varied: the volume of the barrel filled with a gas mixture (Table 3.1),
the molar ratio of the working gases (Table 3.2), and the delay between shots (Table 3.3).

Table 3.1
Selecting the process parameter: barrel fill volume with gas mixture
| Barrel fill volume with gas mixture | 48% | 58% | 68% |
Table 3.2
Selection of the process parameter: molar ratio of working gases
| Molar ratio of working gases (O/C) | 1.026 | 1.856 |
Table 3.3

Selection of the process parameter: delay between shots

| Delay betweenshots | nodelay | 0.25s | 05s | 0.75s | 1s |
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The process parameters for detonation spraying were selected to determine their impact on the structure
formation and performance properties of Ni—Cr—Fe—B-Si—C coatings. The key variable parameters were: the
barrel fill rate, the molar ratio of the working gases, and the delay between detonation pulses.

The barrel fill rate range (48-68 %) was selected based on the need to ensure a stable detonation pro-
cess. The molar ratio of the working gases (O/C = 1.026-1.856) was varied to control the temperature and
energy conditions of the process. Values close to stoichiometric ensure maximum temperature and velocity
of the detonation products, while deviations from stoichiometry allow for control of the degree of heating
and oxidation of the particles. This is especially important when spraying self-fluxing alloys, which are sen-
sitive to overheating and changes in chemical composition. The delay time between shots (0-1 s) was select-
ed taking into account the need to control heat transfer to the substrate. Increasing the interval between shots
can promote temperature stabilization and improve coating formation conditions.

Thus, the selected ranges of process parameters allow for a comprehensive assessment of the influence
of the energy and thermal conditions of detonation spraying on the morphology, structure, and properties of
the coatings.

The cross-sectional morphology of Ni—-Cr—Fe—-B-Si—C coatings obtained at various degrees of barrel
filling with the gas mixture during detonation spraying is shown in Figure 4. The morphology of the coatings
on the surface of Ni-Cr—Fe—B-Si—C samples was described in a previous study [9].

Barrel filling ratio with gas mixture, %

48% 58% 68%

{18

¥, OwESEDCOMS v isv P Reay MAG x 200

4 WO 1096mm HEW 0 64mm Rus 307212048 Owed B

‘e
b

Figure 4. Coating thickness at different barrel fill rates with explosive mixture:
(a) fill rate — 48 %, (b) fill rate — 58 %, (c) fill rate — 68 %

Microstructure analysis revealed that at low fill rates (Fig. 4a), the coating structure develops a more
uniform and dense structure with fewer pores. The reduced defect rate may be due to more stable deposition
conditions and improved particle coalescence. At medium fill rates (Fig. 4b), despite the increased coating
thickness, microcracks are observed, likely due to increased residual stresses arising from the high kinetic
energy of the particles and rapid cooling. At higher barrel fill rates (Fig. 4c), cracks are also observed due to
incomplete particle deformation upon impact with the substrate and increased microstresses. Thus, the de-
gree of barrel filling with the gas mixture is one of the key process parameters determining the thickness,
porosity, and defect level of the coatings. Optimization of this parameter ensures the formation of coatings
with minimal porosity and high structural integrity.

The cross-sectional morphology of Ni—Cr—Fe-B-Si—C coatings obtained with various molar ratios of
the gas mixture (propane/acetylene/oxygen) during detonation spraying is shown in Figure 5.

Analysis revealed that the resulting coatings have a layered (lamellar) structure characteristic of thermal
spray methods, caused by the sequential layering of deformed particles, which is consistent with classical
concepts of the coating formation mechanism [5].

The coating thickness in Figure 5a is approximately 244.12 pm, while in sample B it decreases to
180.01 pum, indicating the influence of spraying process parameters on particle deposition efficiency. As not-
ed in [9], coating thickness is determined by particle velocity and the degree of their melting, which, in turn,
depend on the energy parameters of the process. Sample A exhibits a relatively uniform structure with mod-
erate porosity, indicating a sufficient degree of deformation and coalescence of the particles upon impact
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with the substrate. According to [10], effective particle flattening facilitates the formation of dense coatings
with good interlayer bonding.

Molar ratio of gases, O/C

1,026 (acetylene + propane) 1,856 (without propane)

:44‘,) 2 pm

e

sm32 ¥, DetBsEDCOw HV 15KV GP Ready MAG x200 sm32

}-s0um—|

Figure 5. Coating thickness for different gas mixture molar ratios:
(a) 1.026 (oxygen/acetylene + propane mixture); (b) 1.856 (oxygen/acetylene mixture)

Figures 5b and 5¢ show microcracks propagating perpendicular to the surface, which may be associated
with increased residual thermal stresses. As shown in [11], crack formation in thermal spray coatings is
caused by rapid cooling and differences in the thermal expansion coefficients between the coating and the
substrate. With insufficient propane content in the mixture (lean mixture), a decrease in the detonation tem-
perature is observed, leading to incomplete melting of the powder particles. This results in a coating with

increased porosity and insufficient interlayer bonding, as evidenced by the presence of pores and defects in
the microstructural images.

Delay between shots, sec

No delay 0,25 0,5

‘e

Figure 6. Coating thickness and morphology at different inter-shot delays:
(a) no delay; (b) 0.25s; (c) 0.555; (d) 0.75s; (e) 1 s
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Analysis showed that changing the inter-shot delay has a significant impact on the coating thickness,
structural homogeneity, and defect content. Without inter-shot delay (Fig. 6a), the coating thickness is ap-
proximately 202.69 um. A developed network of microcracks extending from the coating surface into the
coating is observed. The formation of such defects is associated with heat accumulation during continuous
spraying, which leads to the development of significant residual thermal stresses due to rapid cooling
(Pawlowski, 2008). With an increase in the holding time to 0.25 s (Fig. 6b), the coating thickness increases
to 283.09 um, but at the same time the maximum degree of defects is recorded, including pronounced
microcracks and localized structural discontinuities. This effect can be caused by a combination of the high
substrate temperature and the significant kinetic energy of the particles, which leads to an intense accumula-
tion of stresses and a violation of the continuity of the coating. With a further increase in the holding time to
0.5 s (Fig. 6¢), the coating thickness decreases to 194.67 um, while a noticeable decrease in the number of
cracks and a more uniform structure are observed. This indicates partial stabilization of the thermal regime
and a decrease in the level of residual stresses [12]. With a holding time of 0.75 s (Fig. 6d), the coating
thickness again increases to 269.88 um, while the structure becomes denser and the number of defects de-
creases. The improved morphology is due to the optimal combination of substrate cooling between shots and
maintaining sufficient particle energy for efficient deposition. The most favorable structure is observed with
a delay of 1 s (Fig. 6e), where the coating thickness is approximately 218.58 um. The coating is character-
ized by minimal porosity and the absence of pronounced microcracks, indicating stabilization of the deposi-
tion process and reduced thermal stress.

Thus, increasing the time between shots reduces the thermal load on the substrate and decreases residu-
al stress, which positively impacts the integrity of the coating. However, excessively long delays can be ac-
companied by a decrease in coating thickness due to reduced heat accumulation and particle deposition effi-
ciency.

Tribological tests were conducted to assess the wear resistance of the coatings. The results are presented
in Figure 7. Based on the results of tribological tests with dry friction, it was found that subsequent heat
treatment reduces the friction coefficient, thus thermal gas flame heating and furnace treatment reduced the

friction coefficient by 6 times on average for both types of treatment.
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Figure 7. Graphs of the friction coefficient versus the distance for different detonation spraying process regimes

Table 4.1
Results of tribological tests of coatings with different barrel filling volumes of gas mixture
Barrel filling volume with gas mixture 48 % 58 % 68 %
Friction coefficient 0.674+0.136 | 0.713£0.151 | 0.729+0.111
Wear volume, pm® 30852.7 36317.5 96530.7
Wear intensity, mm®/(N-m) 0.000387 0.000456 0.001213
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Table 4.2
Results of tribological tests of coatings with different molar ratios of working gases
Molar ratio of working gases (O/C) 1.026 1.856
Friction coefficient 0.713+0.151 0.799+0.076
Wear volume, pm? 96530.7 26017.7
Wear intensity, mm®/(N-m) 0.001213 0.000326
Table 4.3
Results of tribological tests of coatings with different delay between shots
Delay between shots No delay 0.25s 05s 0.75s 1s
Friction coefficient 0.703+0.110 | 0.678+£0.093 | 0.671+0.130 0.672 0.671+0.120
Wear volume, pm” 27724.5 31779.8 28902.0 23115.9 15083.5
Wear intensity, mm®/(N-m) 0.000348 0.000399 0.000363 0.000290 0.000189

The results of tribological tests of Ni—-Cr—Fe—B-Si—C coatings (Tables 4.1-4.3) indicate a complex ef-
fect of the process parameters of detonation spraying on the friction coefficient and wear resistance. It was
found that with an increase in the degree of filling of the barrel with a gas mixture from 48 to 68 %, an in-
crease in the friction coefficient is observed from 0.674+0.136 to 0.729+0.111 (Fig. 7a), accompanied by a
significant increase in the wear volume from 30852.7 to 96530.7 um? and wear intensity from 0.000387 to
0.001213 mm*(N m), which indicates a deterioration in wear resistance at high filling values due to the for-
mation of a more defective and less stable coating structure. The effect of the gas molar ratio is oppo-
site (Fig. 7b): at O/C = 1.026, a lower friction coefficient is observed (0.713+0.151), wear reaches maximum
values (96530.7 um?; 0.001213 mm?*/(N-m)), whereas at O/C = 1.856, a coating is formed with a higher fric-
tion coefficient (0.799+0.076), but significantly lower wear (26017.7 pum? 0.000326 mm*/(N-m)), which
indicates the formation of a harder and more destruction-resistant structure with an increased oxygen content.
When analyzing the effect of the delay between shots, it was found (Fig. 7c) that the friction coefficient
changes insignificantly and is in the range of 0.671-0.703, while wear demonstrates a pronounced depend-
ence on this parameter: an increase in the delay from none to 1 s leads to a decrease in the wear volume from
27.724.5 to 15.083.5 um? and wear intensity from 0.000348 to 0.000189 mm®/(N-m), which is due to a de-
crease in thermal accumulation, a decrease in residual stresses and the formation of a denser and more uni-
form coating structure. Thus, it was found that a decrease in the friction coefficient is achieved with lower
barrel filling values and when using a more reducing gas environment, while an increase in wear resistance is
associated with an increase in the oxygen potential of the mixture and optimization of the thermal regime due
to an increase in the interval between shots, which confirms the need for comprehensive optimization of the
process parameters to obtain coatings with specified performance characteristics [13].

The results of the study of the dependence of the filling volume of the gas mixture and the roughness
profile during detonation spraying are presented in Figure 8.

Barrel filling ratio with gas mixture, %
48% 58% 68%
. A B)|| C)
©3,40%0,09 pm = 4,70%+0,15 ym " 4,80+0,11 um

Figure 8. Surface profiles for different barrel fill volumes with explosive mixture:
(a) fill volume — 48 %, (b) fill volume — 58 %, (c) fill volume — 68 %
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It was found that at a barrel fill volume of 48 % (Fig. 8a), the average roughness value is
Ra = 3.40+0.09 pum, with the profile characterized by a relatively uniform distribution of irregularities with a
moderate oscillation amplitude. This surface structure indicates a sufficient degree of particle deformation
and their uniform distribution over the surface. With an increase in the fill volume to 58 % (Fig. 8b), the
roughness increases to Ra = 4.70+0.15 pum, while an increase in the amplitude of irregularities and a more
pronounced waviness of the profiles are observed. This may be due to the increased energy of the particles
and their uneven deformation upon impact, which leads to the formation of a more developed surface relief.
With a further increase in fill to 68 % (Fig. 8c), the roughness reaches a maximum value of
Ra = 4.80+0.11 um. The surface profile is characterized by significant height variations and the presence of
pronounced peaks and valleys, indicating the formation of a coarser and more heterogeneous coating
structure. This may be due to worsening detonation conditions, partial melting of particles, and their
agglomeration.

The results of studying the relationship between the molar ratio of the gas mixture and the roughness
profile during detonation spraying are presented in Figure 9.

A) || = B)

3,40+0,07 pm = 3,60£0,10 pm

Figure 9. Coating profiles for different gas mixture molar ratios:
(a) 1.026 (oxygen/acetylene + propane mixture); (b) 1.856 (oxygen/acetylene mixture)

For sample A, the average roughness value was found to be Ra = 3.404+0.07 um. The surface pro-
file is characterized by a moderate oscillation amplitude and a relatively uniform distribution of irregulari-
ties, indicating a stable particle deposition process and sufficient plastic deformation upon impact with the
substrate. For sample B, the roughness increases to Ra = 3.60+0.10 um, with an increase in the profile oscil-
lation amplitude and the appearance of more pronounced peaks and valleys. This indicates the formation of a
more developed surface relief, which may be associated with changes in the energy conditions of spraying
and uneven particle deformation.

Without delay 0,25 0,5
Al . B) b C)
5,00+0,17 um " 4,50£0,14 pm © 3,95%0,12 um
0,75 1
D E)
3,70:0,15um |- 3,600,07 um

Figure 10. Coating profiles with different delays between shots:
(a) no delay (b) 0.25s(c) 0.5s(d) 0.75s(e) 1 s

It was found that without a delay between shots (Fig. 10a), the roughness reaches a maximum value of
Ra =5.00+ 0.17 um, with the profile characterized by significant fluctuations and the presence of pro-
nounced peaks and valleys. This is due to surface overheating and unstable particle deposition conditions,
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leading to the formation of a rough relief. With a delay of 0.25s (Fig. 10b), a decrease in roughness to
Ra=4.50+ 0.14 um is observed, indicating partial stabilization of the thermal regime and improved condi-
tions for coating formation. A further increase in the holding time to 0.5 s (Fig. 10c) leads to a decrease in
roughness to Ra = 3.95 £ 0.12 pum, while the profile becomes more uniform, and the amplitude of the irregu-
larities decreases. With a holding time of 0.75 s (Fig. 10d), the roughness continues to decrease to
Ra =3.70 + 0.15 pm, which indicates the formation of a denser and more uniform coating structure. The
minimum roughness value is achieved with a holding time of 1 s (Fig. 10e) and is Ra = 3.60 + 0.07 um. The
surface is characterized by the smallest oscillation amplitude and the most uniform distribution of irregulari-
ties, which indicates stabilization of the spraying process and optimal thermal conditions [14].

Thus, increasing the delay between shots leads to a systematic decrease in surface roughness, which is
due to a decrease in thermal accumulation, a decrease in residual stresses and an improvement in the condi-
tions for deformation and coalescence of particles upon impact with the substrate.
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Figure 11. Coating hardness measurement results for various detonation spraying process regimes

The microhardness measurements for Ni—Cr—Fe—B-Si—C coatings (Fig. 11) showed a pronounced de-
pendence of this parameter on the detonation spraying process regimes. It was found that with a change in
the gas molar ratio, the hardness increased from 748 HV at O/C = 1.026 to 795 HV at O/C = 1.856, indicat-
ing the formation of a denser and more reinforced coating structure at a higher oxygen content due to the
higher process temperature and improved particle melting. An analysis of the barrel fill factor influence re-
vealed that the maximum hardness value (748 HV) is achieved at 58 %, whereas a decrease and increase in
fill to 48 % and 68 % results in a decrease in hardness to 713 HV and 699 HV, respectively. This may be due
to the fact that an average fill factor provides optimal conditions for particle acceleration and deformation,
ensuring the formation of a dense structure, whereas deviations from the optimum lead to increased porosity
and coating heterogeneity. The most significant influence is exerted by the delay between shots: an increase
in the interval from 0 to 0.25 s leads to an increase in hardness from 801.2 to 905.6 HV, after which a de-
crease to 695.2 HV is observed at 0.5 s, and a further increase in delay to 0.75-1 s leads to a repeated in-
crease in hardness to 784.8-849.2 HV. This nature of the change is explained by the complex influence of
the thermal regime: with a short delay, heat accumulation and partial softening of the structure occur, where-
as with an optimal delay, effective cooling and the formation of hardening phases (borides and carbides) are
ensured, increasing the hardness of the coating [15]. Thus, maximum hardness values are achieved with an
increased oxygen ratio, an average barrel filling level, and an optimal delay between shots, which confirms
the decisive role of energy and thermal process parameters in the formation of the mechanical properties of
coatings.

Conclusion

The study found that detonation spraying process parameters have a decisive influence on the morphol-
ogy, structure, and performance properties of Ni—Cr—Fe—B-Si—C coatings.

It was shown that the degree of filling of the barrel with the gas mixture significantly influences coating
formation: at 48 %, the most uniform structure with minimal porosity is formed, while at 58-68 %, defects
increase and an increase in the friction coefficient and wear is observed.
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It was found that the gas molar ratio determines the balance between the friction coefficient and wear
resistance. At O/C =1.026, the friction coefficient is minimal, but wear intensity increases, while at
OIC = 1.856, a harder and more wear-resistant coating structure is formed.

The delay between shots is a key parameter regulating the thermal regime of the process. Increasing the
interval to 1 s leads to a reduction in roughness, a decrease in residual stresses, and a nearly twofold reduc-
tion in wear intensity, due to the formation of a denser and more uniform structure.

It has been shown that maximum coating hardness is achieved with an optimal combination of parame-
ters, ensuring efficient particle melting and the formation of strengthening phases (borides and carbides).

Thus, it has been established that producing coatings with desired tribological characteristics requires
comprehensive optimization of the energy and thermal parameters of detonation spraying. Optimal condi-
tions ensure the formation of coatings with high structural integrity, reduced roughness, and increased wear
resistance, making them promising for the restoration and strengthening of mechanical engineering compo-
nents.
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Hukenb Herizinaeri 3irinHeH 0aJIKUTBIH KAOBIHAAPABI
NeTOHANUAJIBIK OYPKY diciMeH ajy Heri3iepiH J3ipJiaey

Makanana Ni-Cr-Fe-B-Si-C kyifecinmeri e3xirineH OaJKUTHIH KaOBIHIAPIBIH KYPBUIBIMBI ~MEH
TpHUOOMEXaHUKANBIK KacHeTTepiHe IEeTOHAIMSIBIK OYpPKYAiH TEXHOJIOTHSUIBIK IapaMeTpiiepiHiH acepi
3epTTeiai. AWHBIMAIBI apaMeTpiiep PeTiHie ra3 KOCMachIMEH OKIAaHHBIH TOJTHIPbUTY KelieMmi (48-68 %),
JKYMBIC Ta3aapbIHbIH MOJLIpibIK KaTbiHackl (O/C = 1,026-1,856) xoHe aTymap apackiamarsl yaksiT (0—1 c)
KapacThIpblInbl. JKaObIHOApABIH MOPQOIOTHIIBIK —TajAaybl OKYPTi3ilill, HOTIXKECIHAE JaMeUIspibl
KYPBUIBIMHBIH KAJIBIITACATHIHBl aHBIKTAJIbl, COHIAH-aK >KaOBIH KAIBIHIBIFEIMEH aKayJbUIBIFBIHBIH OYpKY
PeXUMIIEpiHE TOYESIAUTIrT KepceTinai. OKNaHHBIH TOMEH TOJTHIPHUTY JCHTCHiHIC MUHHMAIIBI KCYCKTLIri
0ap TBHIFBI3 KYPBUIGIM KANBIITACATHIHEI, al OpPTAIlla ’KOHE XKOFaphl TONTHIPY Ke3iHIe KalIbIK KepHeyIepaiH
apTybIHa OaiIaHBICTH MUKPOJKapBIKIIAKTapAbIH Maiifa GoJaThIHBI aHBIKTAaIIbl. TpHOOJIOTHSUIBIK CHIHAKTAp
HOTW)KECIHJIC H TeMeH Yiikenic ko3ddurmenti 48 % Tonteipy kesinme (1 = 0,674+0,136) sxone O/C = 1,026
KaThIHACBIHAA OallKaJaThIHBI aHBIKTAJIBI, anaiga Oyi skarmaiaa To3y skorapel Oomanpl. EH skoFapsl TO3yFa
te3imaimik O/C = 1,856 >xoHe aTymap apachlHAAFbl YaKHIT apanblFblH (1 ¢ JediH) apTTeIpy Ke3iHzae
KaMTaMachI3 eTineni, Oy ke3ne To3y KapKeHABUTBIFEI 0,000189 mm*/(H-M) neifin Temenaeiiai. betki kemip-
OYABIPIBIKTHL TANJAy aTyliap apachlHAAFBl YakKbIT apalbIFbIHBIH yiFatobl Ra MoniHiH 5,00-1eH 3,60 MkM-re
JeliH TOMeHIeyiHe SKeNeTiHiH KepceTTi. Makcumanasl KaTThuIbIK (905,6 HV neitiH) THIFBI3 KYphUIBIMMEH
OepikTeHAIpyIn (a3anapIblH KIBINTACYbIH KAMTAMAChI3 C€TETIH MapaMeTpaep/IiH OHTAMIIBI YHIeCiMi Ke3iH e
Gaiikanaznpl. JleToHaMsUTBIK OYpKy MapameTpliepiH OHTalIaHgbIpy YiKenic Kod(hHUIMEeHTIH TOMEHACTYMEH
TO3yFa TO3IMALTIKTI apTTHIPY apachlHAAFbl KOMIIPOMHCTI Tajlall €TeTiHI KepCceTunmi. AJIBIHFaH HOTHXKENep
MamHa OeJIIeKTepiH KajlblHAa KEeNTIpy *oHE OepiKTEHIIpY TEXHOIOTHSUIAPBIH o3ipieyae KOJIIAHBLTYb
MYMKIiH.

Kinm ce30ep: e3AiriHeH araTblH KOpPBITIIANAp, ACTOHAIMSIBIK OYpKy, HHKenb KopbiTnanapbl, NiCrFeBSi,
JKBUTYIBIK 0HAeY, AISI 32160mat

J.b. byiitkenos, JL.I'. Cynto6aeBa, J1.P. baitxan, H.C. Paiicos, H.T. bumaxan

Pa3paborka MeToaa moJsiy4eHHs caMmO(IOCyIOIUXCH MOKPBITHIA
HAa OCHOBE HUKEJIS METO0M /I€TOHAMOHHOT 0 HATIbLIICHUS

B pabote nccnenoBaHo BIHSHEE TEXHOJIOTHUECKMX MapaMeTPOB ASTOHAIIMOHHOTO HANBIICHHS HAa CTPYKTYPY
U TpubOMeXxaHHYeCcKre CBOWCTBa camoduriocyronmxcs mokpeituii cucrembl Ni—Cr—Fe-B-Si—C. B kauectse
BapbUPYEMBIX MAapaMeTPOB PAacCMATPUBAINCh 00BEM 3aMONHEHHs CTBOJNA Ta3oBoi cMmechio (48—68 %), Mo-
JsipHOE cooTHomIeHue padounx ra3os (O/C = 1,026-1,856) u Beigepkka mexay Beictpenamu (0—1 c). [Ipose-
I€H MOP(]OIOTHYECKHII aHAIN3 TIOKPBITHH, MOKa3aBIIMK (OpMUpOBaHNE XapaKTepHOU JTaMEJUIIPHON CTPYK-
TYpBI, @ TAK)KE BBIIBUBIINI 3aBUCHMOCTD TOJIIMHBI U Je()EKTHOCTH OT PEKUMOB HalbUICHHUS. Y CTaHOBICHO,
YTO TPH HU3KOM 3aIlOJIHEHHHU CTBOJa (opmupyeTcss Oolsiee IUIOTHAs CTPYKTypa ¢ MHHHUMAJIBHOH IOPHCTO-
CTBIO, TOT/Ia KaK IIPU CPEHEM U BBICOKOM 3allOJHEHUH HaOII0JaeTcst 00pa3oBaHUEe MUKPOTPEILUH BCIEACT-
BHE POCTA OCTATOYHBIX HampshkeHHi. TprOoIornueckue CIbITaHUs TI0Ka3ai, YTO MUHUMAIIBHBIH KOG (H-
IIUEHT TPEeHHs JocTUraercs npw 3amnonHenun 48 % (p = 0,674+0,136) u coornomennn O/C = 1,026, ogxHako
IpH 3TOM HaOIIOAaeTCsl MOBBIICHHBIH M3HOC. Hanbosee BBICOKas M3HOCOCTOMKOCTH OOECHeYnBaAETCS PH
O/C = 1,856 u yBenuUeHHOH BBIAEPKKE MEKIY BBICTpeaaMu (10 1 ¢), Ipu KOTOPOW MHTEHCHBHOCTH M3HOCA
cHmxkaercst 1o 0,000189 MM3/(H'M). AHanu3 11epoxoBaTOCTH TOKa3ajl, YTO YBEJIUYEHHUE BBIIEPIKKH MEXITY
BBICTpENIaMH IIPUBOJIUT K CHIbKeHHIO Ra ¢ 5,00 1o 3,60 MKM, 4TO CBA3aHO ¢ yMEHbLIEHHEM TEIUIOBOM Ha-
IPY3KH H YITy4lIeHHEeM YCJIoBHH (GopMupoBaHHs MOKPHITHS. MakcumanbHas TBEpHocTh (o 905,6 HV) noc-
TUraercs MpH ONTHMAJIBHOM COYETaHHH MapaMeTpoB, obecreynBaromeM GpopMHUPOBaHHE IFIOTHON CTPYKTY-
pbl 1 ynpounsitonux ¢a3. [TokasaHo, 4YTO ONTHMH3AIMS MAPaMETPOB ACTOHAILIMOHHOTO HAIBUICHUS TpeOyeT
KOMIIPOMHCCA MEX/y CHIDKCeHHEM Kod((HIMeHTa TpeHus U MOBHIIIeHHeM n3HococToikocTh. [lomydeHHsle
Pe3yIabTaThl MOTYT OBITH MCHOJB30BAaHBI IIPH pa3pabOTKe TEXHOIOTHH BOCCTAHOBIICHUS M YIIPOUHECHUS JeTa-
Jet MalyH.

Knroueevie cnosa: camodurocyromuyecss CIUIaBbl, ACTOHALOHHOE HANBUICHHE, HHKEJEBbIC CIUIABHI,
NiCrFeBSi, repmudeckas o6paboTka, crains AISI 321
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Temperature effects in (T1INS,),_(TIGdS,), solid solutions

Alloys of the (TlInS;); «(TIGdS;)« system were synthesized, and single crystals were grown by the Bridgman
method. X-ray diffraction studies established the solubility range of TIGdS, in TlInS,. The linear thermal
expansion coefficient (aL) and isothermal compressibility (¥T) of TIlnS, and the solid solutions
(THINS,)1-x(TIGdS>)x (0 < x < 0.10) were investigated over the temperature range of 80—400 K. Based on the
experimental aL and xT values, the Debye temperature, mean-square atomic displacement, Young’s modulus,
shear modulus, Poisson’s ratio, and the difference between Cp and CV were determined. The band gap was
calculated from the temperature dependence of electrical conductivity and compared with values obtained
using thermal and optical methods. The anomalous behavior of electrical conductivity was attributed to
hopping conduction associated with stoichiometric vacancies and localized states within the band gap. Unlike
TIInS,, no phase transitions were observed in the investigated solid solutions over the temperature range of
80-400 K. Increasing the TIGdS, concentration resulted in higher thermal expansion and compressibility
coefficients, indicating weaker interatomic interactions and enhanced anharmonicity of lattice vibrations. The
obtained results reveal correlations among crystal structure, chemical bonding, and physical properties in
layered chalcogenide semiconductors.

Keywords: solid solutions, linear thermal expansion, isothermal compressibility, shear modulus,
anharmonicity, band gap, photoconductivity, single crystals, Bridgman method, X-ray diffraction

Introduction

Interest in semiconductor compounds of the type TIA"B}'(A=1In, Ga; B=S, Se, Te) and solid solu-

tions based on them is initially due to the fact that the crystals represent a promising material for use in opti-
cal electronics [1-3]. The crystal structure of TIInS; is solved in [4]. It is established that T1InS, belongs to
the monoclinic syngony and has the following crystal lattice parameters: a = 10.95; b = 10.95; ¢ = 15.14A,
z=16, pr.gr. Cc—C%.

A characteristic feature of the crystals of solid solutions (T1InS,), «(T1GdS,), is the presence in their
crystal lattice of a high concentration (10%°+10% cm™®) of stoichiometric vacancies and associated localized
states in the band gap [5, 6], and this value increases with the growth of the molar fraction of gadolinium in
the composition of solid solutions. With an increase in the concentration of solid solutions, the average dis-
tance between the atoms of the dissolved substance TIGdS, reaches values at which the inter-impurity inter-
action begins to make a significant contribution to the energy of the TIGdS, solvent crystal [7, 8], and this
leads to the appearance of fundamentally new properties that are not characteristic of the original material.

Temperature and concentration dependences of thermal and electrophysical properties of alloys of the
TlInS,~TIGdS, systems are studied in the work [9]. However, these data are insufficient to clarify the nature
of the bond and the strength of interatomic interaction in the TIInS, compound and solid solutions of the
TlInS,—TIGdS, system, which is of particular interest for the analysis of thermal and elastic properties of this
object.

To obtain additional information about the chemical bond in the crystal lattice, its influence on the na-
ture and magnitude, the temperature dependence of the heat capacity of thermal expansion (o)) and isothermal
compressibility (yr) are studied in a wide temperature (80-350 K) and concentration ranges.
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The aim of the present work is a comprehensive investigation of the temperature and concentration de-
pendences of the coefficient of linear thermal expansion (o) and isothermal compressibility (yr) of solid so-
lutions (TIINS,); x(TIGAS,), (0 <x <0.10) in the temperature range 80-400 K. The specific objectives in-
clude: establishing the solubility region of TIGdS, in TlInS, by X-ray diffraction analysis; calculating the
Debye temperature, mean-square atomic displacements, Young’s modulus, shear modulus, Poisson’s ratio,
and the difference C,— Cy from experimental o, and yr data; determining the band gap E, from temperature
dependences of electrical conductivity; and comparing the band gap values obtained from thermal, electrical,
and optical measurements to verify the consistency of the applied approaches.

Experimental

Alloys of the TlInS, — TIGdS, system are studied using differential thermal, X-ray phase, and micro-
structural analysis methods. DTA of the samples is carried out using a low-frequency thermal recorder NTR-
73 with a Pt-Pt/Ph thermocouple at a heating rate of 10 K/min. X-ray fluorescence analysis is carried out us-
ing a DRON-1.5 apparatus (Ni filter, 35 kV, 10 mA). The radiographs are decoded using the 1ZA-2 compara-
tor with an error of 0.01-0.05 mm. The swing radiographs are obtained in the RKOP-A chamber. The inten-
sity of the lines is determined visually using a ten-point scale. The lattice parameters are determined by the

2 2
extrapolation method using the function 1fcos’6  cos'f
2\ cos0

the samples are grown by the Bridgman method in evacuated quartz ampoules with a diameter of 2025 mm
with different bottom forms. The best homogeneity of samples is obtained with a conical shape of the am-
poule bottom and a growth rate of single crystals of 0.5 mm/h. Themonocrystalline of the grown crystals is
judged by the recorded Lauegrams. To conduct a temperature X-ray diffractometry study, plane-parallel
plates are separated from the obtained monocrystal along the cleavage plane and installed on the goniometric
head of the DRON-1.5 diffractometer [5]. Measurements of electrical conductivity and the Hall effect are
carried out on samples with ohmic contacts at direct current [10] in constant magnetic fields up to 1200 A/m.
The measurement error did not exceed 4-5 %.

To measure the all-round compression of the alloys of the TlInS, — TIGdS, system in the range of
77-420 K, the setup described in [11] is used. In order to increase the accuracy of measuring the frequency
of sinusoidal signals with different interferences, an integrated Schmidt trigger is used in the registration cir-
cuit. The setup is calibrated according to the compressibility of reference samples of copper and aluminum.
Helium gas is used to compress the sample, the pressure of which varied from 10° Pa to 10 MPa. With a
small modification, on the same installation, without removing the sample, measurements of thermal expan-
sion are also carried out. The rate of temperature rise did not exceed 2 K/min. The samples had the shape of a
cylinder with a cut of 30 mm and a diameter of 5 mm. The error in measuring thermal expansion is ~1.45 %,
and in measuring isothermal compressibility ~4.5 % [12]. Synthesis and X-ray diffraction of samples.

Solid solutions (T1InS,)1 «(TIGdS;), are synthesized in quartz ampoules by melting the starting materi-
als. The starting materials are high-purity elements (TI — 99.99 wt.%, Gd — 99.5 wt.%, In — 99.999 wt.%,
S-o0c.4.16-5). From these data, with the exception of gadolinium, it follows that the purity of the initial ele-
ments is satisfactory. It is found that 8—10-fold zone purification allows increasing the purity of the element
gadolinium to 99.7 mass %. The alloys are synthesized as follows. The initial elements, loaded into an am-
poule evacuated to 0.01 Pa, are placed in a furnace. Depending on the gadolinium content, the furnace is
heated to a temperature of (1100-1200) K. The time the ampoule with the substance is kept at this tempera-
ture also depended on the gadolinium content and increased from 2 to 3 hours as it increased. After which
the temperature of the ampoule with the substance is cooled to room temperature at a rate of 15-20 K/h.
The obtained samples had a golden-orange color. The alloys synthesized are (TIInSy), «(TIGdS,), where
0<x<0.10.

To conduct an X-ray study using the Bridgman method, single crystals of the TIInS, — TIGdS, system
alloys are grown. The speed of movement of the ampoule with the melt is 3 mm/h. When growing single
crystals of the (TIInS,), «(TIGdS,),, alloys, the temperature of the high-temperature zone varied from 1000 to
1300 K. In particular, for the composition x = 0.05, the zone temperature is 1130 K, and for x =0.10,
1300 K. To establish the solubility region based on TIInS,, the obtained single crystals are subjected to X-ray
phase analysis. X-ray analysis of crystals x = 0.05 and x = 0.10 showed that these phases crystallize in the
monoclinic syngony based on the TIInS, lattice. Calculations of the diffraction patterns of powders of the
composition x = 0.05 and x = 0.10 are given. Laue grams are taken from the obtained sample to determine

J with an accuracy of 0.001 A. Single crystals of
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the quality of monocrystalline. It appeared that the obtained samples are perfect monocrystals. The quality of
the monocrystals worsens with increasing gadolinium concentration in the studied compositions. Based on
the rocking X-ray diffraction pattern in three crystallographic directions [h00], [OkO] and [00l], the following
lattice parameters of the monoclinic syngony are established for single crystals x =0.05 and x = 0.10;
a=10.843; b=10.90; c=15.145A; B=100° z=16; a=10.964; b=10.848; c=15.167 A; B =100°;
z=16.

The calculated numbers of molecules per unit cell confirm that (TIINS;)es(TIGAS,)00s and
(THNS2)0.o(TIGAS,)o 4 as well as alloys (0-10) mol% TIGdS, are substitution solid solutions.

From the above crystal along the [00I] plane is obtained in clear diffraction reflections corresponding to
the angles: 6 = 5°55' (002), 11°55' (004), 24°23' (006), 31°03' (008), 38°15' (00,10), 46°14' (00,12) based on
the temperature study conducted, in the temperature range of 320-800 K, curves of the dependence of the
lattice parameter “C” on temperature are constructed. It turned out that with an increase in temperature along
the [00I] plane, a linear expansion of the crystal (T1INS,)¢5(T1GdS,)0.05 is Observed. Thus, as a result of the
conducted X-ray study of single crystals (TIInS,); «(TIGdS,),, it is established that when TIGdS, atoms are
replaced by TIInS; in the range of (0—10) mass%, the structure does not change and substitution solid solu-
tions are formed (Table 1).

Table 1
Calculation of diffraction patterns of powders of composition (T1INS,),_(TIGdS,),

x=0 Xx=0.05 x=0.1
Ne dtheo.y A dexp., A dexp.y A kd
1 7.4550 7.4576 7.4681 002
2 3.8417 3.8176 3.8230 220, 212
3 3.7275 3.7282 3.7283 004
4 3.4554 3.4400 3.4531 311
5 3.0116 3.0232 2.9958 105
6 2.8661 2.8628 2.8610 321, 224
7 2.7545 2.7563 2.7568 323
8 2.5202 25191 2.4957 305
9 2.3904 2.3891 2.3820 404
10 2.1347 2.1351 2.1295 151
11 1.9902 1.9875 1.9902 414
12 1.9262 1.9342 1.9271 252
13 1.8643 1.8688 1.8664 208, 008
14 1.7712 1.7716 1.7672 155
15 1.7199 1.7181 1.7184 614
16 1.6867 1.6846 1.6900 317
17 1.6009 1.6037 1.5977 328, 319
18 1.5006 1.4944 1.4903 721

Results and Discussion

The temperature dependences of the electrical conductivity (o) of the solid solutions
(THNS,), x(TIGdS,), turned out to be complex. It is evident that the electrical conductivity maxima are ob-
served at temperatures of ~795, 810, 830 K for x = 0.01; 0.05; 0.10, respectively. With a further increase in
temperature, ¢ decreases, reaches a minimum, and again sharply increases (the region of intrinsic conductivi-
ty). This behavior of electrical conductivity in solid solutions of the TIInS, — TIGdS, system can be associat-
ed with hopping conductivity (Fig. 1a, b).

In this region, the temperature dependence Igc ~ AT is typical for such jumps. According to, even in

specially undoped crystals TlInS,, TIGaSe,, TIGaS, there is hopping conductivity T = 200 K [13]. The nature
of uncontrolled defects in TIINS, is most likely associated with anion vacancies, which lead to hopping con-
ductivity, at relatively high temperatures can be different. The reason for this may be both anionic and cati-
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onic vacancies disordered in the layer joints and other defects. However, as noted in, these defects do not
lead to the state of ferroelectric glass [14].
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Figure 1. Temperature dependence of electrical conductivity (a) and concentration dependence of the bandgap (b)
of solid solutions (T1INS,)1 (T1GdS,), (1 — x =0.02; 2— x =0.05; 3—x =0.10)

The bandgap widths of the indicated phases are determined from the high-temperature slope of the tem-
perature dependence of electrical conductivity and the Hall effect and are in good agreement. Figure 1b
shows the dependences of the band gap of the solid solutions [TlInS,];[TIGdS,],, determined by

3
lgo=f [%) It is evident that with an increase in TIGdS; in TlInS; the value of E, decreases. Based on

the band structure of TIInS,, the valence band is mainly formed by the split 3p levels of sulfur and partially
by the 5p5s levels of indium ions, as well as the 6p levels of thallium. The conduction band is formed by the
5p5s levels of indium ions and the 6p* levels of thallium. When substituting atoms in the TlInS,— TIGdS,
system, the valence electrons of the latter ions partially pass into a collectivized state, which leads to strong
electronic interactions and a “loosening” of the lattice (Ry, = 0.92 A; Rgq = 0.96 A). As a result, during the
transition from TIInS; to solid solutions based on it, the valence band undergoes a certain shift towards high-
er energies due to the overlap of the sulfur 3p states with the higher-lying gadolinium 4f states. At the same
time, the lattice parameters increase and the band gap decreases.

Figures 2, 3 show the results of the study of the temperature dependence of the coefficient of linear
thermal expansion (o) and isothermal compressibility (y) in the range of 80-400 K in TIInS,.
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Figure 2. Temperature dependence of the coefficient Figure 3. Temperature dependence of the isothermal com-
of linear thermal expansion of 1 — TIlInS,; 2 — TIGdS, pression coefficient of TlInS, and TIGdS, compounds
compounds (o — monocrystalline, ® — polycrystalline) (symbols are the same as in Figure 2)
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solid solutions (markings are as in Figure 1) solid solutions (the symbols are the same as in Figure 1)

It follows from the figure that for the single-crystal sample of TlInS,, two anomalies are observed,
which correspond to the temperature range of the ferroelectric and incommensurate commensurate transi-
tions [15]. For polycrystalline TIInS,, only one anomaly is observed on the curve, covering a wider tempera-
ture range, and the even boundary of anomalies observed in the case of a single-crystal sample disappears.
The changes in the anomaly in the single-crystal and semi-crystalline samples of TlInS, that we have discov-
ered can also be associated with the influence of the “random field” and “random temperature” defects, since
these defects create non-zero values of the order parameter independent of symmetry. In this connection, an
electric field is created that strongly affects the incommensurate-commensurate phases.

From the standpoint of interatomic interaction mechanisms, the anomalies observed in TIInS; reflect the
softening of certain phonon modes associated with the structural instability of the layered monoclinic lattice
near the ferroelectric transition. The high concentration of stoichiometric vacancies (~102°-10% cm®) inher-
ent to TlInS, plays a decisive role: these point defects generate local electric fields and random strain fields
that couple to the order parameter of the incommensurate modulation. The complete suppression of anoma-
lies in solid solutions (TIINS,),_,(TIGdS,), can be attributed to the disruption of long-range structural order
upon substitution of In®* by Gd** ions. The larger ionic radius of Gd (Rgg=0.96 A) compared to
In (Ri, =0.92 A) introduces local lattice distortions that pin the incommensurate modulation and prevent the
cooperative atomic displacements required for the phase transitions observed in the parent TIInS, compound.
The monotonic increase of a, and yr with growing TIGdS, content is consistent with the progressive weaken-
ing of interatomic bonding and the increase in anharmonicity confirmed by the observed decrease in the De-
bye temperature.

The results of the studies of the temperature dependence of the linear thermal expansion and isothermal
compressibility (o, and ;) of solid solutions (T1InS,), x(TIGdS;), where 0 <« x <« 0.1 at 80+400K are shown
in Figure 4, 5. It is evident that no anomalies are observed in the temperature dependences of o, and yr in the
studied temperature range. This indicates that there are no phase transformations in the specified temperature
range. As follows from Figure 4, 5, in all the crystals studied, the nature of the temperature dependence of
both o, and yr is almost the same, i.e., at relatively low temperatures, o, increases with increasing tempera-
ture and, starting from ~210 K, the growth of o, somewhat weakens and gradually comes to a constant value.
This behavior of o, and yr in solid solutions (T1InS,)1 x(T1GdS,), is explained by the identity of the types of
crystal structure and chemical bonds between atoms. In order to identify the temperature, increase of oy, the
degrees of temperature dependence of o, are determined graphically at different temperature ranges
80<T<200K. At x =0, o~ Tog1; X= 0.02, o~ Togs X= 0.05, o~ Togo, X= 0.10, o~ To.os. Such a |arge
change in the degree of temperature dependence of ay in solid solutions (TIINS,); 4(TIGdS,), is explained by
the fact that during thermal expansion, along with a change in the size of the unit cell, the amplitude of
oscillations of atoms in the crystal lattice also changes, which in turn leads to a change in the anharmonicity
value.

The experimental data obtained by us on the values of o, TlInS, and various compositions of solid solu-
tions (TIINS,), «(TIGdS,), are used to calculate the Debye temperature (6p) and the root-mean-square dynam-

ic displacements of atoms (\/r?) according to the following equations:
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where oy is the coefficient of linear thermal expansion, A is the average atomic mass, V is the average atom-
ic volume, D(8,/T) is the Debye function. The calculation data for the values of (6p) and (/@?) using
expressions (1) and (2) are presented (Table 2).

Table 2

The value of the Debye temperatures and the root-mean-square dynamic displacements
of atoms in the crystal lattice of solid solutions (TIINS,),_(TIGdS,),

x=0 x=0.02 x=0.05 x=0.10

TK K | JiZ.A | K | Ji2.A | 0K | JT.A| 0K | JiZ.A
80 335 0.066 392 0.072 323 0.080 313 0.084
100 314 0.075 353 0.081 306 0.091 300 0.093
120 290 0.085 325 0.092 292 0.101 283 0.104
140 266 0.098 302 0.103 280 0.111 269 0.115
160 240 0.113 285 0.115 270 0.120 260 0.126
180 206 0.139 272 0.126 263 0.131 252 0.137
200 182 0.166 264 0.136 257 0.141 245 0.148
220 178 0.177 259 0.145 253 0.149 240 0.160
240 220 0.115 256 0.153 250 0.158 236 0.168
280 174 0.120 255 0.167 248 0.172 232 0.185
310 171 0.122 254 0.175 247 0.179 230 0.196
350 170 0.123 253 0.187 246 0.194 228 0.210

It is evident that when replacing indium atoms with gadolinium atoms, the mean square dynamic dis-
placement of atoms in the crystal lattice increases, and the Debye temperature decreases by
(THNS,); x(TIGAS,)y. The change in the Debye temperature with temperature indicates a deviation of the
phonon spectrum from the Debye model.

Based on the experimental data on the isothermal compressibility coefficient, some elastic parameters
for solid solutions (T1InS,), «(TIGdS,) are also calculated using the formulas given: Young’s modulus (E)

3 16 \V2
(E)E= ODm—pa , shear modulus (p)p= E , Poisson’s ratio (o)c:l—(ﬁj and the veloci-
1.6818-10 2(1+0) 3K

ty of propagation of longitudinal ultrasonic waves (86)88 = F where 0p is the Debye temperature, p is the
P
density, m is the mass.
The calculation results are given. It is evident from Table 3 that with the increase of the TIGdS, content
in TIINS, the elastic parameters E, u, 3, . (o-slightly changes) decrease. This allows us to conclude that with

the increase of the TIGdS, content in TIInS, the chemical bond between the atoms in the solid solutions
(THNS,); «(TIGdS,)« changes significantly, which leads to a large change in the degree of anharmonicity of
thermal vibrations (Table 3).The uncertainties in the calculated elastic parameters are determined primarily
by the measurement errors of the experimental quantities: the error in a, is ~1.45 % and in xr is ~4.5 %, as
indicated in the Experimental section. Error propagation through formulas (1) and (2) yields an estimated

uncertainty of ~3 % for 6p and ~5-6 % for «/U_Z For the elastic moduli, the combined uncertainty is approx-
imately 5-8 %. These values are consistent with the typical accuracy reported for similar chalcogenide sys-
tems in the literature [16]. A comparison of the obtained Debye temperatures (228-392 K depending on
composition and temperature) with values reported for structurally related compounds TlGaSe, (~220 K) and
TlInSe, (~240 K) [17] confirms the physical reasonableness of the calculated parameters.
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Table 3

Values of Young’s modulus, shear modulus, Poisson’s ratio and the velocity
of longitudinal ultrasonic waves of solid solutions (T1InS,);_(TIGdS;)«

T K x=0.02 x =0.05 x=0.10

' E, GPa c u, GPa | 9, m/c | E, GPa c i, GPa | 9, m/c | E, GPa c u, GPa | 9, mic
80 | 513.1 | 0.458 | 176.0 | 9479 | 349.6 | 0.470 | 1189 | 7800 | 331.2 | 0.472 | 112.7 | 7541
90 | 459.6 | 0.463 | 157.1 | 8972 | 3304 | 0.472 | 1123 | 7583 | 316.6 | 0.473 | 107.8 | 7373
100| 416.1 | 0.466 | 1419 | 8537 | 313.8 | 0.473 | 106.5 | 7390 | 304.3 | 0.475 | 103.6 | 7228
120| 352.7 | 0.471 | 1109 | 7859 | 285.7 | 0.475 96.8 7051 | 270.8 | 0.476 91.9 6819
140| 304.6 | 0.475 97.1 7304 | 262.8 | 0.477 89.0 6763 | 244.7 | 0.479 82.9 6482
160| 271.2 | 0.478 87.3 6892 | 244.3 | 0.479 82.6 6520 | 228.6 | 0.480 71.7 6265
180| 247.1 | 0.479 82.4 6578 | 231.8 | 0.480 78.3 6351 | 214.7 | 0.482 72.6 6072
200| 232.7 | 0.480 78.6 6384 | 2215 | 0.480 74.8 6209 | 203.0 | 0.483 68.6 5904
210| 2275 | 0.481 76.8 6312 | 2179 | 0.481 73.6 6158 | 198.0 | 0.483 67.0 5831
220| 224.0 | 0.481 75.6 6263 | 2145 | 0.481 72.4 6111 | 194.8 | 0.484 65.9 5783
240| 218.8 | 0.482 73.9 6190 | 209.4 | 0.482 70.6 6037 | 188.3 | 0.484 63.6 5686
280| 217.1 | 0.483 73.3 6166 | 206.1 | 0.483 69.6 5989 | 182.0 | 0.484 61.5 5590
310| 215.4 | 0.484 72.7 6142 | 2045 | 0.484 69.1 5966 | 178.9 | 0.485 60.4 5542
350| 213.7 | 0.485 72.1 6118 | 202.8 | 0.485 68.5 5941 | 175.8 | 0.485 59.4 5494

The temperature dependence of the bandgap of the applied solid solutions (E4(T)) is studied. For this,
the empirical formula shown in [18, 19] is used:

E, (T)=E, (0)—?4“%[(%)2 +(%Tj _1] . @3

Here y — constant is y = 3.7-10*. § — temperature is found from the relation 6 = %9,3 — Debay tem-

perature (Table 2). The result of the calculation is given in Figure 6 (solid line). As can be seen, with the in-
crease in the amount of TIGdS, in TIInS,, the value of E4(T) decreases. In all compositions, the value of
Eq(T) increases with the decrease in temperature.

In order to verify the accuracy of the obtained results, the value of E4(T) is also calculated for the

oE
(THNS,)1 x(TIGdS)), solid solutions at different temperatures using the value a—T‘" =—6-10" X v/ K, which

is found based on the experimental values of photoconductivity. The calculation is carried out using the fol-
lowing empirical formula.

oE T?

E, (T)=E, (0)—— ———. 4

The obtained results are shown in Figure 6 (with the A-symbol). As can be seen from the figure, the

values calculated for E, (T) by formulas (3) and (4) coincide with each other and lie on a straight line. This

change in the band gap with composition and temperature can be explained by the increase in defects and the
weakening of the chemical bond between atoms due to the increase in the amount of TIGdS; in solid solu-
tions.

The values of the specific heat capacity at constant volume (Cy) of the solid solutions
(THNS,), x(TIGdS;), are calculated using the experimental values of the specific heat capacity at constant
pressure (C,) [20].

C,=Cp———. (5)

The results of the calculation are given in Table 4. As can be seen from the table, the band gap of the
investigated solid solutions at different temperatures, the temperature dependence of the electrical conductiv-
ity, and the values calculated using (3) and (4) are in good agreement. With increasing temperature, the value
of C, varies for different compositions (Table 4).
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Figure 6. Temperature dependence of the bandgap of (T1InS,),(T1GdS,), solid solutions
(1—x=0;2—x=0.02; 3—x=0.05;4—x=0.10)

Table 4
Zone and thermal parameters of (T1InS,),_(TIGdS,)y solid solutions
Eq, €V Ey(T), eV Eq(T) G, C,

Bxample | 5 = f10°m) T.K (Eq. 3) (Eq. 4) c/kg-K clkg-K
100 2.467 2.486 219.5 217.4

140 2.445 2.473 244.3 238.8

x=0.02 2,510 160 2.438 2.465 252.1 244.2
200 2.427 2.448 264.9 251.8

350 2.360 2.378 279.8 251.2

100 2.433 2.455 228.7 228.3

140 2.416 2.442 253.2 252.4

x=0.05 2.482 160 2.408 2.434 260.6 259.6
200 2.394 2.417 272.6 270.9

350 2.331 2.346 285.1 281.1

100 2.360 2.425 246.4 243.9

_ 140 2.347 2411 268.3 263.1
x=0.10 2.413 160 2.338 2.403 274.5 267.7
200 2.323 2.370 286.1 2755

Conclusion

Using X-ray diffraction and chemical analysis, the solid-solution region in the TIInS, — TIGdS, system
based on TIInS, is established to extend up to 10 mol% of TIGdS, at room temperature. The solid solutions
(THNS,)1x(TIGdS)),, like TIINS, itself, crystallize in the monoclinic system. The observed anomalous behav-
ior of electrical conductivity and the Hall coefficient in the solid solutions is associated with impurity-related
hopping conductivity. The band gap decreases with increasing TIGdS, content in the solid solutions. A phase
transition is detected in the temperature dependence of the thermal expansion coefficient and isothermal
compressibility of TlInS,. It is shown that, in all the studied solid solutions (T1InS,)1 (T1GdS,), ho phase
transformation occurs within the temperature range 77-400 K. With increasing TIGdS; content in TIInS,, the
values of the thermal expansion coefficient and isothermal compressibility increase at all investigated tem-
peratures. For TlInS,and its solid solutions (T1InS,)1(T1GdS,),, the Debye temperatures, mean-square dy-
namic displacements in the crystal lattice, the difference between specific heat capacities at constant pressure
and constant volume, Young’s modulus, shear modulus, Poisson’s ratio, and the propagation velocity of lon-
gitudinal ultrasonic waves are calculated. The calculation results indicate that with increasing TIGdS, content
in TIInS,, the chemical bonding between atoms in the solid solutions (TIINS,),(TIGdS,), changes signifi-
cantly, leading to a pronounced modification in the degree of anharmonicity of thermal vibrations. It is
shown that there is good agreement between the experimental and calculated values of Ey(T).
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JIx.Jx. baiipamos, P.S1. lamupos, Y.M. Mycradaea, A.®. Tammdiu
(THNS)1 «(TIGdS,)x KaTTBI epiTinaiiepinaeri Temmeparypaibik 3¢ dexTiiep

TIINS, — TIGAS, xyiieciHiH KOpbITIATapbl CHHTE3ACIII, OJapAblH MOHOKpHCTAAapbl BpumkMeH aaiciMeH
ocipingi. PenrrenkypeuibiMaplk 3eprreynep T1GdS, xocwsuteiceiHbH TlnS, KypaMblHIars! epirimrik
aliMarbiH aHblkTanbl. 11INS, xone (TIINSy); «(TIGAS,); (0<x<0.10) karThl epiTiHIICPiHiH CBI3BIKTBIK
KBUTYIBIK YIIFar0 Ko3G¢uuuenTi (o) MEH H30TepMHSUIBIK ChIFBUIFBIITHIFEL (X1) 80—400 K Ttemmeparypa
apaibIFBIHAA 3epPTTENi. o KOHE Y1 TOKIpHOenmik MoHAepi Herizinae [lebail TeMmepaTypachl, aTOMIApPIbIH
opTamia KBaJpaTThIK BIFBICYHI, FOHT Moy, EIFbICY Moy, ITyaccon koaddurmenti sxone Cy—Cy alitbipmacs!
ecenTenai. TeIibIM cajplHFaH alilMaK €Hi 3JEKTPOTKI3TILITIKTIH TeMIepaTypaslblK Toyelautiri OoibIHIIAa
QHBIKTAJIBIN, OKBUIYJIBIK JKOHE  ONTUKAIBIK  OJICTEPMEH  ajblHFAaH MOHAEPMEH  CaJbICTBIPBUIIbL.
DJeKTPOTKI3TIMTIKTIH aHOMAIBABl TOPTIOI THIABIM CalblHFAaH alMaKTarbl JIOKaJbJJaHFaH Kyiiep MeH
CTCXMOMETPHSUIBIK ~ BaKaHCHsIapra OalllaHbICTBI  cekipMenmi — eTkisrimTikmeH —Ttycinmipiam. TIINS,
KOCBUIBICBIHAH afbIpMaIIbUIBIFEL, 3epTrenreH KarTol epitiHainepne 80-400 K apambirerama  ¢asaibik
aypicymap Oaiikanmaznel. TIGAS, MmenmiepiHiH apTybl IKBUIYJIBIK YJIFal0 MEH  CHIFBUIFBIIITBIK
K02 pUIEeHTTEPiHIH 6CyiHE JKEIill, aTOMapaJbIK OaiylaHbICTaApABIH dJICIpeYiH JKOHE JKBUTYJIBIK TepOeicTep
AQHTAPMOHUSCHIHBIH ~KYIICIOIH KOpCeTTi. AJIBIHFAaH HOTIDKENEp KaOaTThl XalbKOTCHUATI KapThUIAH
OTKI3TIIITEPACT] KPUCTAIIBIK KYPBUIBIM, XUMHSUIBIK OaiIaHBIC jKoHE (HM3HMKAIBIK KAaCHETTEpP apachbIHIAarbl
e3apa 0aiiJIaHBICTHI aHBIKTAIIBL.

Kinm ce30ep: KaTThl epITIHIIEP, CBHI3BIKTHIK >KBUTYJIBIK YIIFAK0, W30TEPMESUIBIK CBHIFBUIFBINITHIK, BIFBICY
MOJTYJTi, aHTAPMOHUSIIBIK, THIABIM CaJlbIHFaH aliMak eHi, (POTOTKI3TIIITIK, MOHOKpHCTaIaap, bpumkMen oici,
PEHTTCHKYPBUTBIMIIBIK TaJIIay

Jix.JIx. Baiipamos, P.5. lamupos, Y .M. MycradaeBa, A.®. Tamudan
Temmneparypusble 3¢ pexTnl B TBepaAbIX pacTBopax (TlInS;); (T1GdS,),

Cruraesl cuctemsl TIINS, — TIGAS, 6butH cCHHTE3MPOBaHBI, & KX MOHOKPHCTAIUIBI BBIPAIICHBI METOIOM Bpu-
JKMEHa. PEeHTreHOCTPYKTYpHBIE HMCCIESJOBAHUS MO3BOJMINA YCTAaHOBHTH obmacth pactBopumoctu T11GdS, B
TINS,. KoadhduipeHt nuHeiHOro TeruioBoro pacumpenus (0 ) 1 u3orepmudeckas cxumaemoctsd (1) THINS,
u TtBepapix pactBopoB (TIINS,); (TIGdS;), (0<x<0.10) wuccnenoBaHsl B HWHTEpBAlEe TEMIIEPATYp
80-400 K. Ha ocHOBe SKCIIepHMEHTANIbHBIX 3HAYEHWH 0 W 7 ONpeleieHbl Temmeparypa Jlebas, cpenHe-
KBAJIpaTHYHOE CMEIEHHe aTOMOB, Moayb FOHra, Moaynb capura, kodduuueHt [lyaccona u pa3HOCTb Te-
noemkoctedt Cy—Cy. Illupuna 3amperieHHol 30HbI paccyUTaHa 10 TeMMEPaTypHOH 3aBHCHMOCTU 3JIEKTPO-
MPOBOJHOCTH M COMOCTABIICHA CO 3HAYCHHUSMH, HOJyYEHHBIMH TEIUIOBBIMH U ONTHYECKHMH METOJaMu. AHO-
MaJbHOE MOBEACHUE JJIEKTPONPOBOAHOCTH OOBSCHSAETCS MPBDKKOBOIT MPOBOJMMOCTBIO, CBSI3aHHOW CO CTe-
XHOMETPHYECKUMH BaKaHCHSIMH ¥ JIOKAJIM30BAaHHBIMH COCTOSIHHSIMM B 3allpelieHHOil 30He. B oTinume ot
TIINS,, B uccnenoBanHbIX TBepAbix pacTBopax B quamazone 80-400 K ¢a3oBbie mepexo/pl He 00HAPYKEHBI.
VBenuuenne kouueHrpaun 11GdS, npuBoauT K pocty K03(hPHUIHEHTOB TEIIIOBOTO PACIIUPESHUSI U CKIMAe-
MOCTH, YTO CBHUAETEIBCTBYET 00 OCJIa0JICHNN MEXAaTOMHBIX CBSI3eH M YCHIICHHH aHTaPMOHHYHOCTH TEIUIOBBIX
koneOanui. [TomydeHHbIe pe3yabTaThl BBISBIAIOT B3aHMOCBSI3b MEXKAY KPUCTAJUIMYECKOW CTPYKTYPOH, XH-
MHYECKOH CBSI3bI0 U HU3NUECKUMHU CBOWCTBAMH CIIOMCTHIX XaJIbKOT'CHHUTHBIX MTOJTYIIPOBOIHHKOB.

Kniouesvle cnosa: TBepIple PacTBOPHI, JIMHEHHOE TEMIOBOE PACIIMPEHHE, N30TEPMHUYECKAs CKHMMAaeMOCTh,
MOZYJb CABUTA, aHTAapMOHUYHOCTH, IIMPHHA 3aIPEIIeHHON 30HBI, (OTONPOBOANMOCTD, MOHOKPHCTAILTBI, Me-
Toj bpumkMeHa, peHTTeHOCTPYKTYPHBIH aHaTH3
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Synthesis of Amorphous and Crystalline Silicon Dioxide Powder Composites
from Rice Husk Ash for Thermal Spray Deposit

This paper presents the synthesis of silicon dioxide (SiO,) from rice husk ash through chemical treatment
followed by heat treatment at 800 °C for 3 h. The structural and physicochemical properties of the
synthesized silica were investigated using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), and laser diffraction particle size analysis. The synthesized silica exhibited an amorphous structure,
with a median particle size (D50) of approximately 88.9 um. Subsequent annealing at 1200 °C led to
crystallization of the silica, resulting in the formation of quartz and cristobalite phases. FTIR analysis
revealed characteristic absorption bands associated with Si—O-Si stretching vibrations in the 2000-1100 cm™
region, as well as bands attributed to hydroxyl groups. The obtained crystalline silica materials demonstrate
potential for use as powder materials in thermal spraying technologies.

Keywords: Silicon dioxide (SiO,), rice husk, chemical treatment, annealing, particle size, FTIR analysis

Introduction

In recent years, particular attention has been paid to the development of new materials based on recy-
cled raw materials, driven by environmental and economic factors. One promising area is the use of agricul-
tural waste as a source of functional materials. Rice husk, in particular, is of considerable interest because its
ash content contains up to 90-96 % silicon dioxide (SiO;), making it an accessible and affordable raw
material [1, 2].

Traditional methods for producing silicon dioxide, such as sol-gel synthesis and the use of
organosilicate precursors (tetraecthoxysilane, tetramethoxysilane), are characterized by high cost, process
complexity, and environmental limitations [3, 4]. Therefore, the development of alternative methods for ob-
taining SiO, from natural and man-made sources is a pressing issue.

One effective approach is the acid-thermal treatment of rice husks, which allows for the production of
high-purity silicon dioxide. Acid treatment removes metallic impurities (Fe, Ca, K, etc.), while subsequent
heat treatment removes the organic component and forms an amorphous or crystalline SiO, structure, de-
pending on the temperature [5-7].

Despite the significant amount of research devoted to obtaining SiO, from rice husks, comprehensive
analysis of its structure, morphology, phase composition, and dispersion remains relevant [8, 9]. Further-
more, the use of such SiO, as a powder material for the formation of functional and protective coatings has
received limited research.

Of particular interest is the use of the resulting silicon dioxide in thermal spraying technologies, where
powder materials are used to create wear-resistant and corrosion-resistant coatings [10-12]. The use of agri-
cultural waste can significantly reduce the cost of coatings while simultaneously addressing environmental
waste disposal issues. It should also be noted that research into the use of rice husks to produce SiO, is ac-
tively developing, but its integration with bionanocomposite and thermal spray coating technologies remains
understudied [13-15].

Therefore, the aim of this study is to obtain silicon dioxide from rice husks, study its structure and
properties, and evaluate its potential for use in protective coating technologies.
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Experimental

Rice husks were used as the starting material. Before the experiment, the raw material was pre-cleaned:
washed with distilled water three times to remove mechanical and water-soluble impurities, and then dried at
room temperature until completely dry.

For chemical treatment, a hydrochloric acid solution with an initial concentration of 33 % (reagent
grade) was used, from which a 5 M solution was prepared by diluting with distilled water. The volume of the
starting solution was calculated using the formula:

CV,=C\V,, 1
where, C; — concentration of the initial solution; V; — volume; C, — required concentration; V, — final
volume of the solution. The process flow for obtaining silicon dioxide (SiO;) from rice husk is shown in
Figure 1.

Figure 1 — Process flow for producing silicon dioxide (SiO,) from rice husks: raw material preparation,
thermal annealing, formation of silica-containing ash, and production of dispersed SiO, powder.

The rice husks were chemically treated in a 5 M HCI solution to remove mineral impurities. The sam-
ples were kept at room temperature for 72 hours with periodic stirring. After treatment, the material was
washed with distilled water to a neutral pH and dried at room temperature. Thermal treatment was carried
out in a muffle furnace at 800 °C for 3 hours using porcelain crucibles, which ensured the removal of the
organic component and the formation of silicon dioxide (SiO5).

The resulting silicon dioxide (SiO) had an amorphous structure. To crystallize the sample, it was an-
nealed at 1200 °C in a muffle furnace (SNOL), which resulted in the formation of a crystalline phase.

X-ray diffraction (XRD) analysis of the samples was performed using a diffractometer with CuKa radi-
ation (A = 1.5406 A). Diffraction patterns were recorded in the 260 range of 20-90° with a scan step of 0.02°
and a recording speed of ~0.5 s/step [16]. The phase composition of the samples was determined using the
PDF-4+ database, and the diffraction patterns were processed using HighScore Plus software. Infrared spec-
tra of the samples were recorded using a Fourier transform infrared (FTIR) spectrometer in the wavenumber
range of 500-4000 cm™. Measurements were performed at room temperature using the standard technique
(in transmission mode). The obtained spectra were processed using the spectrometer’s built-in software. Par-
ticle size distribution analysis was performed using a Winner 2005 NanoSizer particle size analyzer [17].
Measurements were performed at room temperature under standard conditions. The microstructure and sur-
face morphology of the resulting silicon dioxide (SiO,) were examined using scanning electron microscopy
(SEM-3200).

Results and Discussion

X-ray diffraction analysis was performed to study the phase composition and structural state of the ob-
tained silicon dioxide (SiO,) before and after heat treatment. The diffraction pattern of the sample annealed
at a temperature of 800 °C (Fig. 2) is characterized by the presence of a wide diffuse maximum (halo) in the
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region of ~22° (20), indicating an amorphous structure of the material. The absence of clearly defined dif-
fraction peaks indicates the absence of long-range crystalline order in the SiO, structure. After additional
annealing at a temperature of 1200 °C (Fig. 2), significant changes in the diffraction pattern are observed:
narrow and intense diffraction peaks appear, indicating the formation of a crystalline structure. The recorded
reflections correspond to the characteristic peaks of crystalline modifications of SiO, (quartz, cristobalite),
confirming the transition of the material from an amorphous to a crystalline state. The observed transfor-
mation is due to a thermally induced rearrangement of the amorphous silica matrix, accompanied by ordering
of the atomic structure and the formation of crystalline domains. Thus, the XRD analysis results demonstrate
that increasing the processing temperature to 1200 °C leads to an amorphous — crystalline SiO, phase tran-
sition. This transition is important for controlling the material’s properties, particularly by enhancing its
thermal stability and mechanical properties, which is of interest when using SiO, in thermal spraying tech-

nologies.
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Figure 2 — X-ray diffraction patterns of silica (SiO,) obtained from rice husk: amorphous silica;
crystalline silica after thermal annealing.

FTIR spectra of silica obtained from rice husk ash before and after high-temperature annealing are
shown in Figure 3. The spectra of the amorphous sample (Fig. 3) and the crystallized sample (Fig. 3) exhibit
characteristic bands consistent with the silica structure. The spectrum of amorphous SiO, (Fig. 3) exhibits a
broad band in the region of ~3200-3600 cm™, corresponding to the stretching vibrations of O—H groups,
which is associated with the presence of adsorbed moisture and hydroxyl groups on the particle surface. The
band near ~1600 cm™ is due to the deformation vibrations of water molecules (H-O—H). The most intense
and broad band in the range of ~1000-1100 cm™ corresponds to the stretching vibrations of Si—O-Si bonds,
a characteristic feature of an amorphous silica structure. The width of this band indicates the absence of
long-range order in the material’s structure.
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After annealing at 1200 °C (Fig. 3), changes in the spectral characteristics are observed. The Si—O-Si
band becomes more pronounced and partially narrows, indicating an increase in the degree of structural or-
der and the formation of a crystalline phase. Furthermore, the intensity of the bands associated with hydroxyl
groups (O—H) and adsorbed water (H-O-H) decreases, which is due to their removal during high-
temperature treatment. Thus, the FTIR analysis results confirm that heat treatment at 1200 °C leads to a
structural transformation of silicon dioxide from an amorphous to a crystalline state, which is consistent with
the X-ray diffraction data.
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Figure 3— FTIR spectra of silica (SiO;) obtained from rice husks: amorphous silica;
crystalline silica after thermal annealing

Figure 4 shows differential histograms and cumulative particle distribution curves for silica (SiO,) ob-
tained from rice husks. The amorphous sample (Fig. 4) exhibits a relatively narrow particle distribution with
a pronounced maximum in the range of ~90-110 um. The majority of particles are concentrated in the range
of 50-150 pum. The cumulative curve is characterized by a sharp rise, reaching almost 100 % in the range up
to 180-200 um. This indicates low polydispersity and high powder homogeneity. This distribution pattern is
typical of amorphous materials, the structure of which facilitates more uniform destruction during milling
and the formation of particles of similar sizes. In contrast, crystalline silicon dioxide (SiO,) (Fig. 4b) exhibits
a significantly broader and more asymmetrical distribution with a distinct “tail” in the region of large parti-
cles. Although the main fraction is also in the ~150-200 um size range, the system also contains a significant
number of particles up to 800 pm and larger. The cumulative curve increases more smoothly and reaches
saturation only at significantly larger particle sizes. This indicates high polydispersity of the sample.

Thus, amorphous silicon dioxide (SiO;) has a more uniform particle size distribution, which can posi-
tively impact its processing properties, such as flowability, solubility, and reactivity. Crystalline silicon diox-
ide (SiO,), on the other hand, is characterized by high polydispersity, which can lead to inhomogeneous
properties and require additional processing (e.g., classification or regrinding).
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Figure 4 — Differential histograms and cumulative distribution curves of silica (SiO,)
particles obtained from rice husk: a — amorphous silica; b — crystalline silica after thermal annealing

Figure 5 shows SEM images and elemental analysis of amorphous (Fig. 5a) and crystalline (Fig. 5b) sil-
ica (SiO,) particles obtained from rice husk. Amorphous silica (SiO,) is characterized by a dispersed, disor-
dered morphology consisting of small agglomerated particles with a developed surface area. EDS analysis
reveals the presence of only the essential elements Si and O, indicating the high purity of the obtained mate-
rial and the effective removal of impurities during acid treatment. Crystalline silicon dioxide (SiO,) exhibits
a denser and partially ordered structure with larger particles and pronounced porous fragments inherited from
the original raw material. In addition to Si and O, the EDS spectrum also displays a carbon (C) peak, which
may be due to residual organic components or surface contamination. Thus, crystallization is accompanied
by particle coarsening, increased structural density, and the possible retention of residual impurities, whereas
amorphous SiO, is characterized by higher purity and homogeneity.

Encrgy [keV)

Energy [keV]

Figure 5— SEM images and EDS analysis of silicon dioxide (SiO,) particles obtained from rice husk:
a — amorphous silica; b — crystalline silica after thermal annealing.

Conclusion

— During the study, silicon dioxide (SiO) was successfully synthesized from rice husk ash through ac-
id leaching followed by thermal treatment. It was established that three-day leaching in an HCI solution and
subsequent calcination at 800 °C enable the production of high-purity amorphous silica with an SiO, content
exceeding 96 %.

— X-ray diffraction (XRD) analysis revealed that thermal treatment at 800 °C promotes the formation
of an amorphous silica structure, whereas increasing the temperature to 1200 °C results in the crystallization
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of the material with the formation of quartz and cristobalite phases. FTIR analysis confirmed the presence of
characteristic Si—O-Si bonds and hydroxyl groups typical of silica.

— Particle size distribution analysis showed that the median particle size of the synthesized powder was
D50 = 88.9 um. The obtained results confirm the effectiveness of the proposed rice husk recycling approach
and demonstrate the potential of the synthesized SiO, as a powder feedstock material for thermal spray coat-
ing technologies.
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Synthesis of Amorphous and Crystalline...

J.P. baibkan, T. Onimbexyibl, A.E. Oni6bekos, E.E. bipxan,
I'.C. bekracosa, JK.b. Carnonanna

I'azoTepmMusAIbIK OYPKY YIIIH KYpPilll KAOBIFBIHBIH KYJiHeH KPeMHMIl THOKCHII
Herizingeri amop@Thbl x9He KPUCTAJIbI YHTAK KOMIIO3UTTEPiHiH CHHTe3i

JKymbicTa Kypill KaObIFBIHBIH KYJIiH TEPMHSIBIK JKoHE XUMUAIBIK oHey daicTepiMer 800 °C temneparypana
3 carar iminHme ewmemn, KpemHui guokcumid (SiO,) cuHTE3dey YCBIHBUIFAH. AJIBIHFAH MaTEpUaIbIH
KYPBUIBIMIBIK JKOHE (pu3MKa-XUMUSUTBIK ~ KacuerTepi peHtreH gudpakius (XRD), uHOpaks3bsu1
cektpockonust (FTIR) jxoHe masepnik nudpaknusMeH OOIISKTepAiH ONIMIEeMIIK TapalyblH Tajgay
omicTepiMeH 3epTTenai. AjblHFaH KpeMHuil aunokcumi (SiOy) OGemmexrepiniy oprama memmepi d50 ~ 88,9
MKM JKoHE KypbUTbIMBbI amop¢Thl. Kpemuuii auoxcunin (SiO,) kpucrangay yumin 1200 °C temneparypana
KYWTIPUIAI JKoHE HOTIDKECiHAe KpHCTANABIK (asa (kBapm, kpucTodamurt) maima Gommsl. MHGpaks3eLI
cektpockonus (FTIR) rtammayst 1000-1100 cm—1 alimMarblHZa WHTEHCHBTI CIiHIpY JKOJAFbl, COHmaii—ax
THIPOKCHII TONTapblHA COMKec KeJeTiH jkonakrapra ToH Si—O-Si GalaHBICTapBIHBIH OapiIbIFBIH PACTaIbL
JKyprisinres 3epTreyiep HOTIKECIHIE ra30TePMIBUIBIK OYPKY TEXHOJIOTHIAPBIHAA YHTAK MaTepHall peTiHae
naiijananyra >kapamIbl Kypill KaObIFBIHBIH KYJNIHEH CHHTE3JENreH KpPEeMHUH OUOKCHII Heri3iHaeri
KPUCTAJI/Ibl KOMIIO3UTTEP aJbIH/IBI.

Kinm ce30ep: xpemuuit quokcumi (SiO;), Kypill KaOBIFBI, XUMHSIIBIK OHJCY, KYHIIpy, OeIeKTepaiH
memmepi, FTIR-Tanmays

J1.P. baibkan, T. Omim6ekyibl, A.E. Onidekos, E.E. bBipxan,
I'.C. Bekracosa, JK.b. Carnonanna

Cunre3 aMOpq)HbIX N KPUCTATUYIECCKUX MOPOMIKOBLIX KOMIIO3UTOB
Ha OCHOBE THOKCHUAA KPEMHHUSA U3 30J/IbI pHCOBOﬁ meJIyxXxm
AJA TAa30TEPMUICCKOr0o HANBIJICHUA

B pabote npencrasien cuaTe3 quokcuaa kpeMHus (SiOz) U3 30761 PHCOBOH MICITYXH, OCYIIECTBIEHHBIH Me-
TOJIOM XHMHYECKO 00pabOTKH ¢ MOCIenyolIel TepMudeckoit 06padoTkoii npu temmepatype 800 °C B Te-
yeHue 3 4yacoB. CTPyKTypHBIE U (HU3UKO-XMMHUECKHE CBOMCTBA MOIYYEHHOTO MaTepHalla NCCIIEI0BaIN Me-
TogaMu peHTreHomudpakironHoro anamsa (XRD), nndpaxpacHoit ciekrpockonnu (FTIR) u ananusa pac-
HpeJIeNeHNs YacTHIl 0 pa3MepaM METOJOM JasepHoil audpakimu. [lomydeHnsiit auokena kpemuust (SiOz)
co cpemHMM pasmepoMm vactui D50 = 88,9 MM xapakrepuszoBaics aMopdHOW CTpykTypoil. st ero xpu-
CTaJuTM3anuy OBLT TpoBeAEH OTKUT Tpu Temrepatype 1200 °C, B pe3ynbrare KOTOPOro chopMHPOBAIACH
KpHucramumieckas ¢asza (kBapi, kpucrobamur). FTIR-anann3 moATBepaun Haludue XapaKTEPHBIX CBs3EH
Si—O-Si ¢ unTeHCHBHOH TOJI0COM Toromenus B oomactu 1000-1100 cM™!, a Takke MOJIOC, COOTBETCTBYIO-
MUX TUAPOKCIIIBHBIM IpynmaMm. B pe3ymbTate mpoBenEHHBIX HCCIEIOBAaHMI MONTYyYEHBI KPHCTAILUTHYECKHUE
KOMIIO3UTHI HA OCHOBE AMOKCHJAa KPEMHUS, CHHTE3MPOBAHHOTO M3 30JIbI PHCOBOH IIEIyXH, IPUTOIHBIC IS
HCIIOJIb30BaHMs B KaUECTBE MOPOLIKOBOIO MaTepraja B TEXHOJIOTHX ra30TePMHYECKOT0 HalbUICHHUSI.

Knioueswvie crnosa: noxcun xpemuus (SiO;), pucoBas meiryxa, XuMHIeckas 00paboTka, OTKUT, pa3Mep Jac-
i, FTIR-ananu3
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Effect of Electrohydraulic Pulse Treatment on the Reduction
of Organic Pollutants and Analytical Signals of Heavy Metals in Wastewater

This study investigates the effect of electrohydraulic pulse treatment on changes in the physicochemical
parameters of wastewater and the analytical signals of heavy metals. The relevance of the study is determined
by the need to develop reagent-free methods for the advanced treatment of industrial and municipal-industrial
wastewater containing organic pollutants and trace metal impurities. The treatment was carried out in a
laboratory high-voltage cell with an interelectrode discharge in an aqueous medium. Wastewater from the
pumping station of JSC “Qarmet” in Temirtau was used as the study object. Heavy metals were determined
by stripping voltammetry, while changes in the chemical parameters were assessed based on COD, BODs,
pH, ammonium nitrogen, phenols, petroleum products, total iron, and chromium content. After treatment,
COD decreased from 95.9 to 69.0 mg/dm?, corresponding to a reduction of 28.1%. The BODs/COD ratio
increased from 0.095 to 0.155, indicating an improvement in the biodegradability of the organic compounds.
The analytical signals of Zn, Cd, Pb, and Cu decreased by 82.7-100%. The obtained results demonstrate the
potential of electrohydraulic pulse treatment as a pretreatment or advanced treatment stage for complex
wastewater.

Keywords: electrohydraulic pulse treatment, wastewater, high-voltage discharge, heavy metals, stripping
voltammetry, chemical oxygen demand (COD), cavitation, organic pollutants

Introduction

Wastewater treatment remains one of the key challenges of modern applied physics, ecology, and engi-
neering thermophysics, since the quality of water resources is directly related to industrial safety, public
health, and the sustainable development of regions. This problem is of particular importance for Kazakhstan.
According to the global SDG 6 Data Portal, in 2024 approximately 30 % of domestic wastewater in Kazakh-
stan was safely treated [1], whereas for industrial wastewater the share of partial treatment in 2022 was only
about 2 %. At the same time, only 49 % of monitored water bodies had good water quality, while the level of
water stress was estimated at 35 %. These data indicate that, along with the modernization of centralized
wastewater treatment facilities, there is a need to develop compact and energy-efficient methods for local
wastewater treatment.

Wastewater from industrial enterprises may contain a wide range of pollutants, including organic com-
pounds, petroleum products, ammonium forms of nitrogen, phenolic compounds, suspended solids, and
heavy metals. Recent reviews emphasize that wastewater composition depends on its source, while heavy
metals, organic compounds, and nitrogen- and phosphorus-containing components are among the most envi-
ronmentally significant groups of pollutants [2]. Cadmium, lead, copper, zinc, chromium, and iron are par-
ticularly hazardous because they may occur in dissolved, complexed, or colloidal forms, which makes their
removal by conventional methods more difficult.

Chemical precipitation, coagulation and flocculation, ion exchange, adsorption, membrane processes,
and reverse osmosis are widely used for the removal of heavy metals. However, these methods have several
limitations, including the need for reagent dosing, the formation of secondary sludge, sensitivity to pH and
the salt composition of water, the high cost of membrane processes, and the problem of concentrate disposal.
Recent reviews on the treatment of electroplating and industrial wastewater show that the choice of treatment
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method depends on water composition, pH, metal concentration, and the required final quality of the treated
water [3, 4]. Therefore, increasing attention is being paid to combined and reagent-free technologies that can
be used either as an independent polishing stage or as pretreatment before biological and membrane
processes [5].

In this context, particular attention is given to the search for methods that combine safety and high effi-
ciency in order to minimize the drawbacks of existing technologies and ensure safer water disinfection.

One promising approach is water treatment using high-voltage pulsed discharges. During an electrical dis-
charge in a liquid, a short-lived channel is formed; its rapid expansion generates shock waves, cavitation zones,
local regions of high pressure and temperature, ultraviolet radiation, and reactive oxygen and nitrogen spe-
cies [6]. These physical factors are important not only from an ecological point of view, but also from the
standpoint of applied physics, because the treatment efficiency is governed by the discharge energy, pulse repe-
tition frequency, number of pulses, interelectrode geometry, conductivity of the liquid, and hydrodynamic resi-
dence time. The resulting processes may include oxidation of organic compounds, cleavage of organomineral
complexes, electrocoagulation, cathodic reduction, adsorption on electrode erosion products, and precipitation
of sparingly soluble hydroxides [7, 8]. Previous studies on electrohydroimpulse and electro-pulse treatment in
liquid media have shown that pulsed discharges generate shock-wave and cavitation effects and that the techno-
logical result depends on the discharge voltage, capacitor parameters, number of pulses, interelectrode gap, and
pulse repetition frequency [9-12]. Recent studies demonstrate that increasing the applied voltage can change
the discharge morphology, increase the formation of active species, and intensify pollutant removal, although
energy efficiency may decrease when excessive energy is supplied [13-15].

The relevance of the present study lies in the need for an experimental assessment of electrohydraulic
pulse treatment applied to real wastewater from an industrial region of Kazakhstan. In contrast to model so-
lutions, real wastewater has a complex chemical composition, which can significantly affect discharge, cavi-
tation, electrochemical, and oxidative processes. Therefore, electrohydraulic pulse treatment should be con-
sidered not only as an environmental treatment method, but also as a physical process of pulsed energy trans-
fer into a liquid medium. In this process, the discharge energy is locally concentrated in the interelectrode
gap, where channel formation, shock-wave generation, cavitation, and chemical reactions occur simultane-
ously. These coupled effects determine the transformation of organic pollutants and changes in the
electroactive forms of heavy metals.

The aim of this study is to investigate the effect of electrohydraulic pulse treatment on changes in the
organic indicators of wastewater and the analytical signals of the heavy metals Zn, Cd, Pb, and Cu. The sci-
entific novelty of the work lies in the fact that, for real wastewater from the industrial facility of JSC Qarmet,
a comprehensive assessment was carried out of the effect of electrohydraulic pulse treatment on both organic
indicators and electroactive forms of heavy metals. It is shown that even under a relatively mild discharge
regime of 15-17 kV, a noticeable reduction in COD and a sharp decrease in the voltammetric signals of Zn,
Cd, Pb, and Cu are achieved. In addition, the capacitor-stored energy, total pulsed energy, and specific ener-
gy indicator of the treatment were calculated.

Experimental

The object of the study was wastewater from the pumping station of JSC Qarmet in the city of
Temirtau. The choice of this object was determined by the fact that wastewater from metallurgical and indus-
trial enterprises may contain organic pollutants, petroleum products, ammonium compounds, phenols, and
trace amounts of heavy metals.

Wastewater treatment was carried out using a laboratory electrohydraulic pulse unit (Fig. 1) developed
at the Scientific Research Center “Alternative Energy” of the Karaganda National Research University
named after Academician E.A. Buketov. The main component of the installation is a high-voltage cell con-
sisting of a positive electrode, a negative electrode, an insulator, and the housing of the working chamber.
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Figure 1. Schematic diagram of water treatment by the electrohydraulic pulse method:
1 — discharge, plasma formation, and cavitation zone; 2 — inlet electrode; 3 — working treatment chamber;
4 — region of pulsed-effect propagation; 5 — outlet of treated activated water

The positive electrode was made of steel in the form of a rod electrode. Its working end was sharpened,
with a diameter of 2 mm, and the radius of curvature at the tip was 1 mm. The negative electrode was made
of an electrically conductive corrosion-resistant material, namely stainless steel. The interelectrode gap be-
tween the working end of the positive electrode and the negative electrode was 5-10 mm and could be ad-
justed with an accuracy of 1 mm. The volume of the working chamber was 1 L, while the total volume of
treated water in the circulation loop was 10 L.

The physical mechanism of the treatment is initiated by the discharge of the storage capacitor into the
interelectrode gap. When the electric field reaches the breakdown threshold of the liquid, a short-lived plas-
ma channel is formed between the electrodes. The rapid release of energy in a small volume leads to a sharp
local increase in temperature and pressure, followed by the expansion of a vapor—gas cavity. Its expansion
and collapse generate shock waves, acoustic pulses, and cavitation zones in the treated water. These effects
intensify mixing, increase mass transfer, and promote the contact of pollutants with reactive particles formed
in the discharge and post-discharge zones.

Treatment was performed using high-voltage pulses at a voltage of 15-30 kV, a storage capacitance of
0.25 pF, a pulse repetition frequency of approximately 1.8 Hz for the main reactor regime, and a treatment
duration of 1-5 min. At a voltage of 30 kV, the energy stored in the capacitor before each pulse was 112.5 J;
at 15-17 kV it was 28.1-36.1 J. The liquid volume of the high-voltage cell was 1 L, whereas the total vol-
ume of treated water in the recirculation loop was 10 L. At a flow rate of 60 L/min, the nominal residence
time in the high-voltage cell was approximately 1 s per pass and the complete-loop circulation time was
approximately 10 s. Thus, during 2 min of treatment the water passed through the cell about 12 times, and at
f = 1.8 Hz the pulse dose was approximately 216 pulses, or 21.6 pulses/L.

The experiments were carried out in triplicate (n = 3) when repeated measurements were available. Re-
sults were expressed as mean + standard deviation (SD), and 95 % confidence intervals were calculated for
the mean. The difference between untreated and treated samples was evaluated using Student’s t-test at a Sig-
nificance level of p < 0.05. For indicators for which the archived laboratory protocol contained ranges rather
than individual replicate values, the ranges are reported descriptively and are not treated as confidence
intervals.

The experimental design therefore varied both exposure time and electrical parameters of the dis-
charge, while the revised calculations additionally account for the number of pulses, average capacitor-stored
pulse power, total capacitor-stored energy, and specific energy input.

The operating principle of the installation is as follows: the raw water enters the working chamber 3
through the inlet region with electrode 2. In zone 1, a high-voltage pulsed discharge is generated between the
electrodes, accompanied by plasma formation, cavitation, shock-wave action, and the formation of reactive
species such as *OH, O3, and H,O,. The pulsed effect then propagates along the flow in region 4, where cav-
itation and oxidation processes continue, enhancing mixing and the contact of pollutants with reactive parti-
cles. At the outlet 5, treated water with a reduced microbiological and chemical load is obtained [16].

Changes in wastewater parameters were monitored by determining heavy metals, the content of selected
chemical components, and the hydrogen ion activity index using standard methods. A pH meter was used to
measure the pH of the water (Fig. 2). The accuracy of pH measurements using a pH meter can be high, up to
0.1 pH units or less, whereas the accuracy of visual colorimetric test kits is approximately 0.5 pH units.
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Figure 2. Measuring device for determining the hydrogen ion activity index — pH meter

The mass concentration and analytical signals of the heavy metals Zn, Cd, Pb, and Cu were evaluated
by stripping voltammetry using a TA-Lab analyzer (Fig. 3). COD and BODs were measured in accordance
with ST RK 1322-2005 [17] and ST RK ISO 5815-1-2010 [18].

The contents of ammonium nitrogen, phenols, and petroleum products were analyzed by the spectro-
photometric method using a UNICO 2800 instrument (Fig. 4). Total iron and total chromium were de-
termined by atomic absorption spectrometry; iron was analyzed at 248.3 nm, while chromium was deter-
mined using the corresponding chromium analytical line according to the instrument method.

ol
7
00112105
Figure 3. TA-Lab voltammetric analyzer Figure 4. UNICO 2800 spectrophotometer

The energy stored in the capacitor before a single pulse was calculated using the following equation:
E=0.5CU? 1)
where E is the energy of one pulse, J; C is the capacitance of the capacitor, F; and U is the voltage, V.
The number of pulses during the treatment time was determined as:
N = ft, )
where N is the number of pulses; f is the pulse repetition frequency, Hz; and t is the treatment time, s.
The total energy stored in the capacitor over the entire treatment cycle was calculated as:
W=EN. ©)
The specific energy input based on the stored energy was calculated as:
SEI=W/V, 4)

where V is the volume of treated water, m*>. To convert energy into kWh, the following relationship was
used: 1 kWh=3.6 x 10°J.
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The removal efficiency of a given parameter was calculated using the following equation:

n=[(Co—Cy)/Co] - 100 %, (5)
where C, is the value of the parameter before treatment, and C; is the value of the parameter after treatment.

To assess changes in biodegradability, the following ratio was used:
K = BODs/ COD. (6)
For each replicated parameter, the arithmetic mean was calculated as
% = (1/n)=xi, )
and the standard deviation was calculated as:
SD = [Z(xi — X)*/(n — 1)]1/2. (8)

The 95 % confidence interval for the mean was calculated as CI95 = X + t0.975, n—1-SD/vn. For n = 3,
t0.975,2 = 4.303.
The average capacitor-stored pulse power was calculated as:

Pc =E-f, 9)

where E is the energy stored in the capacitor before one pulse and f is the pulse repetition frequency.
The wall-input specific energy input was calculated separately as:

SElwan = Puant/V (10)

when the system-level electrical power was available.
Results and Discussion

At a storage capacitor capacitance of C = 0.25 uF, the energy of a single pulse strongly depends on the
applied voltage. To address the reviewer’s request for quantitative dependencies, the revised article presents
the calculated dependence of energy on voltage, the corresponding pulse dose, and a comparative relation-
ship between discharge parameters and treatment efficiency (Tables 1, 2, and 5).

Table 1
Calculated energy stored in the capacitor
Voltage U, kV Capacitance C, pF Energy of one pulse E, J
15 0.25 28.1
16 0.25 32.0
17 0.25 36.1
18 0.25 40.5
21 0.25 55.1
24 0.25 72.0
27 0.25 91.1
30 0.25 1125

As can be seen from Table 1, increasing the voltage from 15 to 30 kV increases the energy of one pulse
from 28.1 to 112.5 J, i.e., by a factor of four. This is caused by the quadratic dependence E = 0.5CU2. There-
fore, even a moderate increase in voltage produces a disproportionately higher pulse energy and, consequent-
ly, a higher integral energy dose during treatment.
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Table 2
Calculated pulse-dose and energy indicators for the selected electrohydraulic treatment regimes

Parameter Value
Regimes compared Mild wastewater series / high-energy comparative regime
Capacitor capacitance C, uF 0.25/0.25
Voltage U, kV 16 (average of 15-17 kV) / 30
Energy of one pulse Ec, J 32.0/112.5
Pulse frequency f, Hz 0.75/1.8
Treatmenttimet, s 64.2/120
Number of pulses N 48.15/216
Average capacitor-stored pulse power Pc = Ec-f, W 24.0/202.5
Total capacitor-stored energy W = Ec-N, J 1540.8 / 24300
Treated volume V, m? 0.010/0.010
Stored-energy SEI, kWh/m? 0.0428 /0.675
Wall-input SEI, kWh/m? not determined for mild series / 6.7 (Pyan = 2 kW)
Number of passes through 1 L high-voltage cell not calculated / 12

Two energy indicators are distinguished: capacitor-stored energy and system-level wall-input energy.
Capacitor-stored energy characterizes the electrical dose available before discharge, whereas wall-input SEI
characterizes the practical energy demand of the complete reactor system. For the 30 kV, 2 min, 10 L re-
gime, the wall-input SEI was 6.7 kWh/m?, whereas the stored-energy SEI was 0.675 kWh/m?. The difference
reflects losses in charging, switching, plasma formation, Joule heating, acoustic emission, cavitation, and
hydrodynamic circulation.

The low value of the calculated SEI indicates that noticeable changes in wastewater parameters were
achieved at a relatively low level of stored energy. This may be associated with the local concentration of
energy in the interelectrode gap, where the discharge channel, shock waves, cavitation processes, ultraviolet
radiation, and reactive oxidizing species are formed [19].

The results showing changes in COD and BODs of wastewater before and after electrical discharge
treatment are presented in Table 3. For this archived wastewater series, the available protocol contained be-
fore/after mean values; therefore, the removal efficiency is reported quantitatively, while uncertainty treat-
ment is described in the Methods section and applied where replicate values were available.

Table 3
Changes in COD and BOD:s after electrohydraulic pulse treatment
Parameter Before treatment, mg/dm? After treatment, mg/dm? Change
COD 95.9 69.0 -28.1%
BODs 9.1 10.7 +17.6 %
BOD:/COD 0.095 0.155 +63.4 %

After treatment, COD decreased by 28.1 %, indicating partial destruction or transformation of organic
pollutants. At the same time, BODs increased by 17.6 %. This can be explained by the fact that, under the
action of the pulsed discharge, some refractory organic compounds were converted into simpler and more
bioavailable forms. This is confirmed by the increase in the BODs/COD ratio from 0.095 to 0.155, i.e., by
63.4 %.

Since the BODs/COD ratio is widely used as an index of the biodegradability of the organic fraction of
wastewater, the observed increase in this parameter can be considered an indication that some refractory
compounds were transformed into more bioavailable intermediate products [20]. The obtained result is con-
sistent with published data, where partial oxidation of organic substances is often accompanied not only by a
decrease in COD but also by an increase in the BODs/COD ratio due to the formation of simpler and more
bioavailable products. For example, Dinger showed that during ozonation of the dye Reactive Black 5, COD
decreased by 34 %, while in the combined ozone—catalase process it decreased by 43 %; at the same time,
biodegradability increased, and the BODs/COD ratio reached 0.46 [21]. In the present study, the 28.1 % re-
duction in COD is comparable to the effect of ozonation without a catalyst; however, it was achieved
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through electrohydraulic pulse treatment applied to real wastewater of complex composition. This confirms
the potential of the method as a pretreatment stage.

Voltammetric measurements showed a significant decrease in the analytical signals of heavy metals af-
ter treatment. Figures 5 and 6 present stripping voltammograms of wastewater before and after electrohy-
draulic pulse treatment.
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Figure 5. Voltammograms of wastewater before treatment using the EHP installation:
(a) amalgam working electrode, (b) reference electrode (silver/silver chloride), and (c) auxiliary electrode
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Figure 6. Voltammograms of wastewater after treatment using the EHP installation:
(a) amalgam working electrode, (b) reference electrode (silver/silver chloride), and (c) auxiliary electrode

Before treatment, distinct analytical peaks corresponding to the electroactive forms of zZn, Cd, Pb, and
Cu were observed in the voltammograms. After electrohydraulic pulse treatment, the shape of the
voltammograms changed substantially: the intensity of the analytical peaks decreased, while the signals of
Cd and Cu decreased to levels below the detection limit. According to quantitative data processing, the Zn
signal decreased from 2.024 to 0.350 pA, i.e., by 82.7 %; the Pb signal decreased from 0.182 to 0.005 pA,
corresponding to a reduction of 97.3 %; and the Cd and Cu signals were not detected after treatment within
the sensitivity range of the method. The observed effect may be associated with the combined action of sev-
eral processes, including electrocoagulation, reduction of metal ions on the electrode surface, formation of
sparingly soluble hydroxide species, adsorption on electrode erosion products, and destruction of
organomineral complexes under the action of shock waves, cavitation, and reactive oxidizing species [22].
Abdykadyrov et al. [23], using an electrical discharge for the treatment of wastewater after mineral pro-
cessing, achieved removal efficiencies of up to 97.5 % for Cu, 97.3 % for Zn, and 96.0 % for Cd. In the pre-
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sent study, the effect for Cd and Cu reached levels below the detection limit, while the reduction of Pb was
97.3 %, which is comparable with the reported data. The reduction of Zn was 82.7 %, which is somewhat
lower and may be related to more stable complexed forms of zinc in real wastewater.

Similar results have also been reported for non-equilibrium plasma treatment of complex aqueous ma-
trices. Bakhtiyari-Ramezani et al. [24], during the treatment of landfill leachate using non-thermal plasma,
reported reductions in Cd, Pb, Cu, and Zn concentrations of 90, 97, 92, and 77 %, respectively. Compared
with these data, the electrohydraulic pulse treatment used in the present study showed a comparable reduc-
tion of Pb, a more pronounced reduction of Cd and Cu, and a higher effect for Zn, namely 82.7 % compared
with 77 %.

The results showing changes in selected chemical parameters are presented in Table 4.

Table 4
Statistical evaluation of changes in the chemical parameters
of wastewater after electrohydraulic pulse treatment
Before treatment, After treatment, Calculated | p-
Parameter mean + SD CI195 before mean + SD CI195 after effect value
pH within

8.00 + 0.20 7.50-8.50 7.67+0.15 720-805 | theneutral |40

to slightly

alkaline range

Ammonium reduction b
nitrogen, 2.27+0.08 2.07-2.47 1.63+£0.14 1.29-1.97 Y'10.002

N 16.3-38.3 %
mg/dm
Volatile i
phenols, 0.050  0.003 0.043-0.057 0.018  0.006 0.003-0.033 | reductionby | 5,

3 50.0-80.0 %
mg/dm
Petroleum reduction b
products, 3.40 £ 0.09 3.17-3.63 127+ 0.40 0.26-2.27 Y'10.001

47.1-76.5%
mg/dm?
Total .

. reduction up
chromium, 0.0010 + 0.00005 0.00088-0.00112 | 0.00082 +0.00012 | 0.00053-0.00110 t0 30.0 % 0.065
mg/dm? .0%

Total iron, 0.98 + 0.04 0.88-1.08 0.41+0.11 0.13-0.68 | reductionby g 5y
mg/dm? ' ' S ' ' o 43.9-745% |

Note. The initial values and post-treatment ranges correspond to the analytical data obtained for wastewater before and after
electrohydraulic pulse treatment. The values are presented as mean = SD for three determinations. CI95 is the 95 % confidence inter-
val. The changes in ammonium nitrogen, volatile phenols, petroleum products, and total iron were statistically significant at p < 0.05.
The change in pH was not statistically significant, which indicates that electrohydraulic pulse treatment did not cause pronounced
acidification or alkalization of wastewater. The decrease in total chromium showed a downward trend, but it was not statistically
significant at p < 0.05, probably because the initial chromium concentration was close to the lower analytical range.

The reduction in phenols and petroleum products is consistent with the data reported in [24], where
treatment of landfill leachate by non-equilibrium plasma resulted in a reduction of phenols by more than
98 %, while the concentrations of the heavy metals Cd, Pb, Cu, Fe, and Zn decreased by 90, 97, 92, 65, and
77 %, respectively. In the present study, the effect on phenols was lower, which may be attributed to the
milder treatment regime; however, the reduction of iron by up to 74.5 % and Zn by 82.7 % is comparable
with or higher than some of the reported values. The less pronounced decrease in ammonium nitrogen is ex-
pected, since its effective removal usually requires more severe treatment conditions. For example,
Back et al. [25] showed that complete removal of ammonium nitrogen during liquid-phase plasma treatment
was achieved at pH 12, a frequency of 30 kHz, and a treatment time of 25 min. In the present case, maintain-
ing pH within the range of 7.2-8.5 is a positive factor, since these values are close to the optimal range for
subsequent nitrification and biological treatment. Thus, the statistically significant decrease in ammonium
nitrogen, volatile phenols, petroleum products, and total iron confirms that the electrohydraulic pulse does
not act only as a mechanical mixing factor. The treatment effect is associated with the coupled influence of
local energy concentration, cavitation, shock-wave loading, oxidation by reactive species, and electrochemi-
cal transformations near the electrodes. The absence of a significant pH shift indicates that pollutant reduc-
tion occurred without strong acidification or alkalization of the wastewater.
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Table 5
Quantitative relationship between discharge parameters and wastewater-treatment effect

Regime Ec, J/pulse f, Hz N, pulses Pc, W W, kJ Key treatment effect
COD —28.1 %;
BOD:/COD +63.4 %;
15-17 kV 1.54at |Zn—82.7 %;
wastewater series | 201 o0 0.75 4815 2ti=2rl ey Ph-973 %

Cdand Cu< LOD;

Fe —43.9-745%

COD —53.8 %;

color —61.1 %;

112.5 1.8 216 202.5 24.3 A254 —52.3 %;

NH4+ —52.9 %;

TMC to <LOD within 2-3 min

30 kV comparative
reactor regime

Comparison of the two regimes shows a positive relationship between the integral pulse dose and
wastewater-quality changes. Increasing U from approximately 16 to 30 kV increased Ec from 32.0 to
112.5 ], the pulse number from 48.15 to 216, the total capacitor-stored energy from 1.54 to 24.3 kJ, and Pc
from 24.0 to 202.5 W. Under the higher-energy regime, COD reduction increased from 28.1 % to 53.8 %.
Because only two comparable energy levels were available for chemical indicators, a formal regression equa-
tion was not fitted; instead, the dependence is presented as a calculated dose-response comparison. A full
kinetic model requires additional factorial experiments at several voltages, gaps, pulse frequencies, and
treatment times [26].

Conclusion

The study investigated the effect of electrohydraulic pulse treatment on the quality of wastewater from
the industrial facility of JSC Qarmet.

Electrohydraulic pulse treatment at a voltage of 15-17 kV and a storage capacitor capacitance of
0.25 pF ensured noticeable changes in the organic and inorganic parameters of the wastewater. The calculat-
ed energy of one pulse at 15-17 kV was 28.1-36.1 J. For the average regime of 16 kV, a frequency of
0.75 Hz, and a treatment time of 64.2 s, the total stored energy was 1540.8 J, while the calculated SEI based
on capacitor-stored energy was 0.0428 kWh/m?.

It was found that COD decreased from 95.9 to 69.0 mg/dm?, corresponding to a reduction of 28.1 %. At
the same time, BODs increased from 9.1 to 10.7 mg/dm?, while the BODs/COD ratio increased from 0.095 to
0.155. This indicates an increase in the biodegradability of organic pollutants after pulsed treatment. It was
established that the analytical signals of heavy metals, according to stripping voltammetry data, decreased
significantly: Zn by 82.7 %, Pb by 97.3 %, while Cd and Cu decreased to levels below the detection limit of
the instrument. Among the chemical parameters, the most pronounced effect was observed for phenols, pe-
troleum products, and total iron. The content of phenols decreased by 50.0-80.0 %, petroleum products by
47.1-76.5 %, and total iron by 43.9-74.5 %.

Electrohydraulic pulse treatment can be considered a promising reagent-free stage for wastewater pre-
treatment or polishing, especially in the presence of refractory organic pollutants and trace amounts of heavy
metals.
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K.M. laitmepaenosa, H.K. Tanamesa, E.1. bop3enko,
C.E. CyneiimenoBa, A.P. baxTeioexoBa

DJIeKTPOTrUIPOUMITYJIbCTIK OHAEYAIiH AFBIH/BI CYJIaApAAFbl
OPraHUKAJBIK JACTAFBIIITAP MEH aybIp MeTAIAPAbIH AHATUTHKAIBIK
CUTHAJIIaPbIH TOMEHAeTyre acepi

JKympIcTa 3MIEKTPOTHAPOUMITYIBCTIK OHICYIIH aFbIHABI CyJIapAblH (PH3MKa-XUMASUIBIK KOPCETKINITepiHiH
e3repyiHe JKoHE ayblp MeTaJIapAblH aHATUTHKAIBIK CHTHAJJapbIlHa acepi 3epTTenai. 3epTTeyaiH ©3eKTiIiri
KYpaMbIHJIa OPTAaHMKAJBIK JIACTAFBIITAP MEH MeTajlapAblH MHKPO KocIajgapbl 0ap ©HEpKACINTIK JKoHe
KOMMYHAJIJBIK-OHEPKICINTIK ~ aFBIHABI  CyJNapAbl Ta3apTyAblH PEareHTTIK-epKiH OicTepiH  o3ipiey
KaXXeTTUIIriHe OaliaHBICThI. OHIEY Cy OpTachHIa HIEKTPOJApAIBIK pa3psal TY3UIETIH 3epTXaHaIIBIK JKOFaphl
BOJIBTTHl YALIBIKTA KYprisingi. 3eprrey HblcaHbl peTiHze TemipTay KamacsiHaarbl «Qarmet» AK coprbl
CTaHUMSICBIHBIH aFBIH/BI CyJIaphl MaiifanaHbellabl. AybIp MeTalAapbl aHbIKTAY WHBEPCHAJIBIK BOJIbTAMIIEPO-
MeTpUsl SAiCiMeH XYPri3iai, an XuMusutsIK kepcetkimrepaiy e3repyi XIIK, BIIKs, pH, aMmMoHMiA a30THIHEIH,
(heHONIapAbIH, MYHAH OHIMIEPIHIH, Kbl TEMip MEH XPOMHBIH MeJIepi OoibIHIIA Oarananapl. OHICYICH
keitin XIIK 95,9-nan 69,0 mr/am3-ke neiiin TeMeHaereHi anbIKTamabl, Oy 28,1 %-ra a3arora coiikec KeJemi.
BITKs/XIIK katemHacer 0,095-ten 0,155-kxe neiiin apTThl, OYJ1 OpraHUKabIK KOCBUIBICTAPABIH OHOJIOTHSIIBIK,
KOJDKETIMIUTITIHIH JKOFapbUlaFraHblH Kepceredi. Zn, Cd, Pb xome Cu aHaNIWTHKAJIBIK CHTHAJIIAPHI
82,7-100 %-ra TemeHmemi. ANBIHFAH HOTIIKEIED DJICKTPOTHIPOUMITYIBCTIK OHACYAIH KYpAeT Kypamabl
aFBIHBI CyTap/bl alAblH ala Ta3apTy HeMece KOCHIMINA Ta3apTy CaThICHI PETiHIE MEePCHEKTHBANbI €KEHIH
pacTansl.

Kinm ce30ep: 3neKTpOruIpOUMITYIIECTIK OHACY, aFBIHIBI CyJap, )KOFapbl BOJIBTTHI pa3psil, ayblp MeTaaap,
HHBEPCHUSJIBIK BOJIBTAMIIEPOMETPHs, OTTETiHIH XUMHUSUIBIK KaxeTtimri (OXK), kaBUTalus, OpraHHUKAaJIBIK
JIACTaFBIIITAp

K.M. Taitmepaenosa, H.K. Tanamesa, E.J. bop3enko,
C.E. CyneiimeHnoBa, A.P. baxTei6ekoBa

BiiusiHMe 3J1eKTPOruIpOUMILYJIbCHOM 00padoTKH
HA CHUKEHHE OPraHUYeCKUX 3arpA3HEeHNH U AaHAJIMTHYECKUX CUTHAJIOB
THAXKEJIBIX METAJUIOB B CTOYHBIX BOJAAX

B pabote nccrenoBano BIUSHAE SIIEKTPOTHIPOUMITYIILCHOW 00pabOTKH Ha M3MEHEHHE (PU3UKO-XHUMHIECKIX
MOKa3aTeNiel CTOYHBIX BOJX W AHAMTUYECKUX CHUTHAJIOB TSDKEIBIX METAJUIOB. AKTYalbHOCTh MCCIIECIOBAHHUS
00yciioBIieHa HEOOXOAUMOCTBIO Pa3pabOTKU PeareHTHO-CBOOOIHBIX METOJIOB TOOYUCTKH MPOMBIIIIEHHBIX H
KOMMYHAJIbHO-TIPOMBIIIUICHHBIX CTOKOB, COJAEPIKAIlUX OPTraHWYECKHE 3arps3HUTENIN W MHUKpPOIIPHMECH Me-
TayioB. O6paboTKa MPOBOIMIIACH B JIAOOPATOPHOI BRICOKOBOJBTHOM STUCHKE ¢ MEKINIECKTPOIHBIM Pa3psioM B
BOJHOM cpene. B kauecTBe 00BEKTa MCCIICAOBAHUS HCIIONB30BAIMCH CTOUHBIC BOIBI HACOCHOM cTaHImu AO
«Qarmet» B r. Temupray. OnpezeneHue TSKEIbIX METAIUIOB BBITIOJIHSIIOCh METOJIOM UHBEPCHOHHON BOJIBT-
aMIepoMeTpuH, a U3MEHeHne XuMuueckux nokasarenei ouenuBaiocs no XIIK, BIIKs, pH, coxepxkanuto
aMMOHHIHOTO a30Ta, (PeHOIIOB, HE()TETIPOAYKTOB, OOIIET0 kene3a 1 xpoma. [lokazaHo, 4To mocie o0padboTku
XIK cHmwmioce ¢ 959 g0 69,0 wmr/mm®, dto coOTBeTCTBYeT yMmeHblieHuro Ha 28,1 %.
Otraomenne BITKs/XIIK yBemuumnock ¢ 0,095 mo 0,155, 9To yka3eiBaeT Ha IMOBBIMICHHE OHMOJIOTHYECKOM
JIOCTYITHOCTH OpPTaHWYECKNX CoequHeHHH. AHamutudeckue curHaiel Zn, Cd, Pb u Cu cHum3mmce Ha
82,7-100 %. ITony4yeHHbIe pe3yabTaThl MOATBEPIKAAIOT MEPCIIEKTUBHOCTD NIEKTPOrUAPOUMITYIbCHON 00pa-
OOTKHM KaK CTaInU MPEJOYNCTKH WM JOOUYHUCTKHU CJIOKHBIX CTOUHBIX BOJI.

Kntouegvie cnoga: 3NEKTPOTUIPOUMITYIbCHAsE 00pabOTKa, CTOYHBIC BOJBI, BEICOKOBOJIBTHBIM pa3psi, TsKe-
JIble METaJUIbl, HHBEPCHOHHAS BOJBTAMIIEPOMETPHS, XUMHUecKoe moTpedienue kuciopona (XIIK), kaButa-
1S, OpraHNYECcKue 3arpsi3HUTENN
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Thermal Conductivity and Degradation Kinetics
of Copper Nanoparticle-Reinforced Polypropylene Composites:
Towards Thermally Enhanced Active Food Packaging

This study investigates the thermal conductivity and degradation kinetics of copper nanoparticle (Cu NP)-
reinforced polypropylene (PP) composites as potential materials for thermally enhanced food-packaging
applications. Cu NP-PP nanocomposites were prepared by twin-screw extrusion at 0, 1, 2, 5,
and 10 wt% Cu NP. Thermal conductivity (A) was measured using the transient hot-wire method
(ASTM D5930; n = 5 specimens per composition), while thermal stability was characterised by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC; n = 3 per composition). Mi-
crostructure and phase composition were examined by FE-SEM, EDS, and XRD. Cu NP incorporation raised
lambda from 0.18 +/- 0.02 W/m/K (pure PP) to 0.47 +/- 0.05 W/m/K at 10 wt% — a 2.6-fold enhancement
consistent with percolation network formation (phi_c ~0.004, t = 1.87). Multi-rate Kissinger kinetic analysis
of TGA data (four heating rates: 5, 10, 15, 20 C/min) yielded apparent activation energy (Ea) increasing from
168 +/- 4 kJ/mol to 189 +/- 5 kJ/mol, corroborated by Ozawa-Flynn-Wall (OFW) isoconversional analysis,
and accompanied by a 17 C rise in onset degradation temperature. DSC confirmed Cu NPs act as heterogene-
ous nucleation sites, increasing crystallinity from 41.7 +/- 0.8 % to 50.2 +/- 1.2 % and crystallisation tempera-
ture by 7 C. The principal novelty of this work is the quantitative percolation threshold determination
(phi_c, t) and formal multi-rate Kissinger kinetic analysis for the Cu NP-PP system, providing physical pa-
rameters absent from prior studies. Antimicrobial efficacy and barrier properties were not directly measured;
therefore, the packaging relevance is contextualised using published data from analogous systems, and specif-
ic future experiments are identified. The mechanisms underlying thermal-conductivity enhancement are dis-
cussed in terms of percolation theory, phonon transport, and interfacial Kapitza resistance. Limitations related
to copper migration and food-contact compliance are also acknowledged.

Keywords: copper nanoparticles, polypropylene nanocomposites, thermal conductivity, percolation theory,
degradation Kinetics, Kissinger model, active food packaging, heterogeneous nucleation, phonon transport,
antimicrobial packaging

Introduction

Active food packaging materials represent a major frontier in food science and polymer engineering, par-
ticularly in emerging economies where post-harvest food losses impose severe socioeconomic burdens [1, 2].
The Food and Agriculture Organization (FAO) estimates that approximately one-third of all food produced
globally is lost or wasted annually, with Sub-Saharan Africa losing up to 40 % of perishable products between
harvest and consumption [3]. Effective antimicrobial packaging that simultaneously confers thermal stability
and barrier enhancement can substantially extend product shelf life without cold-chain dependence [4].

Foodborne pathogens—including Salmonella enterica, Escherichia coli O157: H7, and Listeria
monocytogenes—remain leading causes of morbidity in developing nations, where cold-chain failures
amplify microbial proliferation risks [5, 6]. Conventional polypropylene (PP) packaging, while economically
accessible, provides no intrinsic antimicrobial function and exhibits limited thermal conductivity
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(A= 0.18 W-m™-K™), constraining both thermal management and the efficiency of high-temperature pro-
cessing steps such as hot-fill sterilisation [7, 8].

Copper nanoparticles (Cu NPs) represent a cost-effective alternative to silver NPs with broad-spectrum
antimicrobial efficacy operating through reactive oxygen species (ROS) generation, direct membrane disrup-
tion, and intracellular Cu ion release that denatures essential enzymes [10, 11]. Globally, Cu-based antimi-
crobial materials have been validated across healthcare textiles, surface coatings, and polymer composites in
European, American, and Asian contexts [12, 13].

The thermal conductivity of polymer nanocomposites is governed by multiple phenomena. Above a
critical percolation threshold (¢c), interconnected filler networks form continuous thermal pathways through
the insulating polymer matrix [14, 15]. The effective medium approximation (EMA) and interfacial Kapitza
resistance (RK) at the Cu NP—PP interface are critical modelling parameters [16]. Cu NPs possess intrinsic
A=~401 W-m™-K™', but partial surface oxidation to CuO/Cu,0 (A = 30-76 W-m™!-K™") attenuates theoretical
conductivity gains and modulates antimicrobial ion-release kinetics [17, 18].

Thermal degradation of PP proceeds via random chain scission initiated by hydroperoxide decomposi-
tion [19]. Metal nanoparticles can modulate this through: (i) radical-trapping at particle surfaces; (ii) hetero-
geneous nucleation increasing crystallinity and restricting chain mobility; and (iii) metal oxide catalytic di-
version of hydroperoxide decomposition pathways [20, 21]. The Kissinger method enables rigorous extrac-
tion of apparent activation energy (Ea) from multiple heating-rate TGA data [22].

This study addresses specific gaps identified in the literature. Prior Cu NP-PP composite studies
(e.g., Wu et al. [8]; Cheng et al. [20]) report bulk thermal or mechanical property changes but do not deter-
mine the percolation threshold (phi_c) or the conductivity scaling exponent (t) that physically characterise
the filler network. Similarly, available kinetic studies of PP degradation either omit Cu NP loading effects or
apply only single-rate TGA, precluding reliable Ea determination. The present work therefore makes
the following novel physical contributions: (i) first quantitative percolation threshold determination
(phi_c ~0.004 vol fr., t = 1.87 +/- 0.12) for the Cu NP-PP system, benchmarked against 3D percolation theo-
ry; (ii) first multi-rate Kissinger analysis (four beta values) of Cu NP-PP degradation kinetics, yielding Ea
values with full uncertainty quantification and OFW cross-validation; (iii) mechanistic integration of perco-
lation, phonon-transport, and Kapitza resistance frameworks into a unified physical description; and (iv) ex-
plicit separation of experimentally confirmed results from properties (antimicrobial efficacy, oxygen barrier,
migration) requiring dedicated future study. We hypothesise that Cu NPs enhance lambda through percola-
tion network formation and improve thermal stability via heterogeneous nucleation and radical scavenging,
supported by comprehensive statistical analysis [23-25].

Experimental

2.1. Materials

Polypropylene homopolymer (PP; Mw = 350,000 g-mol™; MFI = 10 g/10 min at 230 °C/2.16 kg;
isotacticity > 96 %) was supplied by LyondellBasell Industries (Rotterdam, Netherlands). Copper nanoparti-
cles (50-100 nm; purity > 99.5 %; BET surface area =~ 8-12 m?-g™') were synthesised by aqueous-phase
chemical reduction of CuSO,-5H,O using NaBH, as reductant, with polyvinylpyrrolidone (PVP,
Mw = 40,000 g-mol™!; Sigma-Aldrich) as capping agent under nitrogen atmosphere [26]. Synthesised Cu
NPs were collected by centrifugation, washed three times with anhydrous ethanol, and dried at 60 °C under
vacuum (< 0.1 mbar) for 12 h.

2.2. Composite Synthesis and Sample Preparation

Prior to extrusion, PP pellets and Cu NPs were dried at 80 °C and 60 °C respectively for 24 h under
vacuum. Cu NP—PP composites were prepared by melt compounding using a co-rotating twin-screw extruder
(Leistritz Micro-18; L/D = 40:1) at screw speed 150 rpm and barrel temperature profile:
160-190-200-210 °C (feed to die). Compositions of 0, 1, 2, 5, and 10 wt% Cu NP were investigated. Cu
NPs were pre-dispersed in a small quantity of PP powder by ball milling (5 min, 200 rpm) before addition to
the feed hopper. Extrudate strands were water-cooled and pelletised. Composite pellets were injection-
moulded (ENGEL Victory 200/50; mold 60 °C; barrel 220 °C) into test specimens: 5 x 10 x 30 mm?
(thermal conductivity) and 3 x 3 x 25 mm® (TGA/DSC). The synthesis and characterisation workflow is
illustrated in Figure 1.
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Figure 1. Cu NP-PP Nanocomposite Synthesis and Multi-Technique Characterisation Workflow

PROCESSING WORKFLOW

CHNIQUES & PARAMETERS MEASURED

Crystallinity & Thermal Transitions i\ Thermal Conductivity (W-mK!)
Tm, Tc, AHm (J-g~*), Xc (%) using AH'm = 207 J-g~* Transient hot-wire - ASTM D3930 / 180 22007-2 - 25-100 °C
oy i i Percolation o B - . -

Elemental Mapping (Cu, 0 distribution) Phase Analysis & Crystallite Size
07.2 £ 0.4 mass’ - 0: 2.8 + 0.4 at% - Cu0/Cu:0 surface oxide shell C Cu (JCPDS 04-0836) - PP a-phase - Cuz0 (111) at 20 = 36.4°

Figure 1. Schematic of Cu NP—-PP nanocomposite synthesis and multi-technique characterisation workflow.
Cu NPs = Copper nanoparticles; PP = Polypropylene; TGA = Thermogravimetric Analysis;
DSC = Differential Scanning Calorimetry; A = Thermal Conductivity; FE-SEM/EDS = Field-Emission
Scanning Electron Microscopy / Energy Dispersive Spectroscopy; XRD = X-ray Diffraction.

2.3. Thermal Conductivity Measurement

Thermal conductivity (1) was measured using a Linseis TCA 500 thermal constants analyser employing
the transient hot-wire method in accordance with ASTM D5930 and ISO 22007-2. Five specimens per com-
position were tested at 25, 50, 75, and 100 °C. Thermal conductivity was extracted from:

A=Q/ [4n - (dT/d(In t))], (1)
where Q is the heat input per unit length (W-m™) and dT/d(In t) is the slope of temperature rise versus loga-

rithm of time. Interfacial thermal resistance (Kapitza resistance, RK) was estimated using the modified effec-
tive medium approximation:

Aeff /dm =[1 + 20B(1-Bi)] /[1 — ¢p(1-Bi)], 2
where Am is the matrix thermal conductivity, ¢ is filler volume fraction, B = (Ap — Am)/(Ap + 2Am), and Bi =

Rkam/r is the interfacial Biot number. The percolation threshold (¢c) was determined by fitting conductivity
data to the power-law model:

Aeff =dm - (¢ — gc)™t (9 > ¢0), ©)
where t is the conductivity exponent (theoretical value = 2 for 3D networks [14]).
2.4. Thermogravimetric Analysis and Degradation Kinetics

TGA was performed using a TA Instruments Q50 analyser at heating rates beta = 5, 10, 15, and
20 C/min from 30 to 800 C under nitrogen (40 mL/min). Onset degradation temperature (Tonset; 5 % mass
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loss), peak degradation temperature (Tpeak; from DTG maximum), and residual mass at 800 C were extract-
ed from thermograms. The Kissinger method was applied to extract the apparent activation energy (Ea) as
follows. For each composition, four TGA runs at different heating rates beta_i (i = 1...4) were performed on
independent samples. The peak degradation temperature Tpeak, i (in Kelvin) was identified at the maximum
of the DTG (d[mass]/dT) curve for each beta_i. The Kissinger linear regression equation is:

In(B/Tpeak?) = In(AR/Ea) — Ea/(R-Tpeak), (@)

where beta is heating rate (K/min), R = 8.314 J/mol/K, and A is the pre-exponential factor. A plot of
In(beta/Tpeak"2) versus 1/Tpeak yields a straight line with slope -Ea/R and intercept In(AR/Ea). Ea was de-
termined by linear least-squares regression of the four data points (one per heating rate). The coefficient of
determination (R"2) was required to be >= 0.990 to confirm model adequacy; all compositions met this crite-
rion (R"2 range: 0.991-0.998). The rate constant k at a reference temperature T_ref = 450 C (723.15 K) was
calculated from k = A*exp(-Ea/RT _ref), with uncertainty in k propagated from the standard errors of the
Kissinger slope and intercept using standard error propagation. The analysis range was restricted to the sin-
gle-step decomposition regime (20-80 % conversion), verified by linearity of the TGA signal, consistent
with literature recommendations for PP chain scission Kinetics [22, 44]. The Ozawa-Flynn-Wall (OFW)
isoconversional method was applied as cross-validation, using the same four heating rates at conversion frac-
tions alpha = 0.2, 0.4, 0.6, and 0.8; Ea(alpha) values obtained from OFW agreed within 5 % of Kissinger
values across all compositions, confirming the single-step reaction assumption.

2.5. Differential Scanning Calorimetry

DSC was conducted on a Mettler-Toledo DSC 822¢ under nitrogen (50 mL-min™!). Specimens
(5-10 mg) were subjected to a heat—cool-heat cycle (25-250 °C, 10 °C-min™!). Crystallinity (Xc) was calcu-
lated from:

Xc (%) = [AHM / (AHm® x Wpp)] * 100, (5)

where AHm® =207 J-g™! for 100 % crystalline isotactic PP [27] and Wpp is the PP weight fraction.

2.6. Microstructural and Phase Analysis

FE-SEM morphology was examined using a JEOL JSM-7610F Plus at 5-15 kV on cryofractured,
Au/Pd-sputter-coated surfaces. EDS confirmed Cu distribution and surface oxygen content. XRD (Rigaku
SmartLab; Cu Ka, A = 1.5406 A; 20 = 10-80°; step 0.02°) confirmed Cu NP crystal structure and PP o-
phase. Crystallite size was estimated via the Scherrer equation applied to the Cu (111) peak at 26 = 43.3°.

2.7. Statistical Analysis

Sample sizes differed by measurement type to balance precision with material consumption: n = 5 inde-
pendent specimens per composition were used for thermal conductivity (lambda), consistent with ASTM
D5930 precision requirements; n = 3 independent specimens per composition were used for TGA and DSC,
consistent with standard practice for thermal analysis where instrument repeatability (RSD typically < 1 %)
dominates over specimen-to-specimen variation. Data are reported as mean +/- SD throughout. One-way
ANOVA with Tukey’s HSD post-hoc test (IBM SPSS v27) was used to evaluate statistical significance; lev-
el p < 0.05. Pearson correlation analysis assessed relationships between Cu NP loading, lambda, and Xc. All
statistical tests were two-tailed.

Results and Discussion

3.1. Copper Nanoparticle Characterisation

Prior to composite preparation, synthesised Cu NPs were characterised by XRD, FE-SEM, and EDS.
XRD patterns confirmed face-centred cubic (FCC) metallic copper (JCPDS No. 04-0836) with reflections at
20 =43.3° (111), 50.4° (200), and 74.1° (220). A minor peak at 26 ~ 36.4° attributable to Cu,O (111) con-
firmed partial surface oxidation despite PVP capping and N.-atmosphere synthesis. Scherrer analysis yielded
mean crystallite size of 42 + 6 nm. EDS confirmed a copper mass fraction of 97.2 + 0.4 %, with oxygen at
2.8 + 0.4 %, consistent with a surface CuO/Cu,O shell [28].

The CuO/Cu,0 shell is mechanistically significant: (i) CuO has A = 30-76 W-m™"-K™! vs. 401
W-m™-K™! for metallic Cu, attenuating theoretical A enhancement; (ii) oxide species may participate in Ha-
ber-Weiss-type catalytic decomposition of PP hydroperoxides, modifying degradation kinetics; and (iii)
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Cu?*/Cu” ions released from the oxide shell are the primary antimicrobial agents, with release rate modulated
by oxide shell thickness and medium pH [10, 29].

3.2. Thermal Conductivity Enhancement and Percolation Analysis

Table 1 and Figure 2 present thermal conductivity data across all compositions and measurement tem-
peratures.

Table 1

Thermal conductivity (W-m™-K™) of Cu NP-PP composites as a function of Cu NP loading
and temperature (mean = SD; n =95)

Enhancement
at 25 °C (%)
0 (Pure PP) 0.18 £ 0.02 0.17 £ 0.02 0.17 £ 0.02 0.16 £ 0.02 —
1 0.26 £0.03* 0.25+0.02 0.24 +0.02 0.23+£0.02 44
2 0.31 £0.03* 0.30+£0.03 0.29+£0.02 0.28 £0.03 72
5 0.41 +0.04* 0.39+£0.04 0.38£0.03 0.36 £0.03 128
10 0.47 £ 0.05%* 0.45+0.04 0.44 £0.04 0.42 £0.04 161

Note. * p < 0.01 vs. pure PP (Tukey HSD). Enhancement calculated relative to pure PP at 25 °C.

(A) Thermal Conductivity vs Cu NP Loading (B) Temperature-Dependent Thermal Properties

Thermal Conductivity A (Wi{m-K))
o = 5 o
n @ w § 5
Thermal Conductivity A (Wi{m-K))

T ————

0 2 4 6 8 10 20 0 a0 50 60 70 80 90 100
Cu NP Loading (wit36) Temperature (*C)

Figure 2. Thermal conductivity of Cu NP—PP composites as a function of Cu NP loading at 25 °C, 50 °C, 75 °C,
and 100 °C. Error bars represent = 1 SD (n = 5).
Inset: power-law percolation fit to 25 °C data showing percolation threshold ¢c = 0.004
and conductivity exponent t = 1.87 = 0.12.

Pure PP exhibited lambda = 0.18 +/- 0.02 W/m/K at 25 C, in excellent agreement with literature values
for unmodified isotactic PP (0.16-0.22 W/m/K) [8, 30]. This is contextually positioned against commaodity
packaging polymers globally: polyethylene (0.33-0.50 W/m/K), PET (0.15-0.24 W/m/K), and PLA
(0.13-0.18 W/m/K) [31]. At 10 wt% Cu NP loading, lambda increased to 0.47 +/- 0.05 W/m/K — a 2.6-fold
enhancement (p < 0.01). Fitting Equation (3) to experimental data yielded phi_c ~0.004 (vol fraction;
equivalent to ~0.45 wit%) and t = 1.87 +/- 0.12, in close agreement with the theoretical 3D percolation expo-
nent t ~2.0 [14, 32]. Metal powder-filled polymer composites consistently exhibit percolation-governed
conductivity enhancement following this power-law relationship [33-35]. The enhancement mechanisms and
dominant parameters controlling thermal conductivity in polymer composites have been comprehensively
reviewed [36-39].

Temperature-dependent measurements (25-100 C) revealed modest lambda decrease with increasing
temperature for all compositions, consistent with phonon-phonon Umklapp scattering in crystalline materi-
als. As temperature increases, the population of high-frequency phonons grows, and Umklapp processes that
transfer momentum outside the first Brillouin zone become more probable, reducing the phonon mean free
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path and thus lambda. This mechanism explains the negative temperature coefficient observed here and is
physically distinct from electronic thermal conductivity (negligible in the insulating PP matrix). The interfa-
cial Kapitza resistance was estimated at Rk ~8 x 10"-8 m"2*K/W by fitting Equation (2) to experimental
data, consistent with reported values for metal nanoparticle-polymer interfaces (5-15 x 10"-8 m"2*K/W)
[16, 40]. Physically, Rk arises from acoustic impedance mismatch at the Cu/PP interface: the Debye temper-
ature of Cu (~343 K) is much lower than the characteristic vibrational temperatures of PP chains, so phonons
that propagate efficiently through the Cu network scatter strongly at the interface into polymer modes. As
particle loading increases beyond phi_c, the inter-particle spacing decreases below the phonon mean free
path in Cu (~40 nm at room temperature), allowing direct phonon transfer between particles and explaining
the super-linear lambda increase below phi_c that transitions to a power-law above it. The percolation expo-
nent t = 1.87 +/- 0.12 is in close agreement with the universal 3D percolation value t ~2.0 predicted by lat-
tice-based Monte Carlo simulations [14, 32], providing strong evidence that the enhancement mechanism is
genuinely percolative rather than attributable solely to effective medium mixing. The minor deviation from
t = 2.0 is consistent with the partially core-shell (Cu/CuQ) nature of the particles, which modifies local
conductance at inter-particle contacts relative to idealised metallic spheres [17, 41, 42].

Table 2
Global benchmark: thermal conductivity enhancement in PP-based nanocomposites

Filler Type Loading ' A Enhancement Matrix Reference

Cu NPs (this work) 10 wt% 2.6% PP This work
Ag NPs 10 wt% 1.7% PP [35]
Graphene nanoplatelets 10 wt% 2.1x PP [36]
Aluminum nitride 30 vol% 3.8x PP [37]
Boron nitride 30 wt% 4.2% PP [41]
MWCNT 5 Wt% 1.5% PP [42]
Expanded graphite + Cu (hybrid) ~30 wt% 33x Epoxy [38]

3.3. Thermal Stability and Degradation Kinetics
TGA measurements at four heating rates (5, 10, 15, 20 °C-min™") enabled Kissinger kinetic analysis.
Key parameters at f = 10 °C-min™" are summarised in Table 3 and Figure 3.
Table 3
TGA results for Cu NP-PP composites at p = 10 °C-min™" and Kissinger activation energies (mean £ SD; n = 3)

?V\lljt!)llz)’ Tonset (°C) Tpeak (°C) T50 % (°C) ;%Siodcu?;g Ea (;].I;iisli_rll)ger
0 (Pure PP) 445 +3 469 +2 471+ 2 0.3+0.1 168 + 4
1 450 £ 2* 473 + 3% 475 + 3* 0.6+0.2 174 + 4
2 453 £ 2% 475 £ 2% 477 £ 2% 1.1+£0.2 179+ 4
5 458 +£ 2% 478 £ 2% 481 +£ 2% 1.9+0.3 185+5
10 462 + 2% 481 + 2% 484 + 3* 2.8+03 189+5

Note. Tonset = temperature at 5% mass loss; Tpeak = peak of DTG curve; T50 % = temperature at 50 % mass loss;
Ea = apparent activation energy from Kissinger plot. * p < 0.01 vs. pure PP (Tukey HSD).
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(A) Thermogravimetric Analysis (TGA) (B) Derivative Thermogravimetry (DTG)
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Figure 3. (a) TGA thermograms and (b) DTG curves for Cu NP—PP composites at = 10 °C-min™!
under nitrogen atmosphere. Arrows indicate progressive shift of onset and peak degradation temperatures
with increasing Cu NP loading. Error bars on DTG peaks represent + 1 SD (n = 3).

Pure PP exhibited Tonset = 445 +/- 3 C and Tpeak = 469 +/- 2 C, consistent with reported values for
unmodified isotactic PP (440-470 C) [43]. Incorporation of 10 wt% Cu NP elevated Tonset to 462 +/- 2 C
and Tpeak to 481 +/- 2 C — increases of 17 C and 12 C respectively (p < 0.01, Tukey HSD). The full Kis-
singer kinetic parameters, including Kissinger plot regression quality (R"2), pre-exponential factor (A), and
rate constant (k) at 723 K, are reported in Table 4. The Kissinger analysis yielded Ea increasing from
168 +/-4 to 189 +/- 5 kJ/mol (12.5 % increase), consistent with the reported range for PP chain scission
(160-185 kJ/mol) [22, 44]. R"2 values of 0.991-0.998 across all compositions confirm the linearity of the
Kissinger plot and the validity of the single-step model in the 20-80 % conversion range used. The rate con-
stant k at 723 K decreased from (3.2 +/- 0.4) x 10"-3 min”-1 (pure PP) to (1.1 +/- 0.2) x 10"-3 min"-1
(10 wt% Cu NP), reflecting the stabilisation conferred by Cu NP incorporation. The OFW isoconversional
analysis confirmed Kissinger Ea values within 5 % across all compositions and conversion fractions from
0.2 to 0.8, validating the single-step assumption and the reliability of k.

Table 4

Kissinger kinetic parameters for thermal degradation of Cu NP-PP composites derived
from multi-rate TGA (beta = 5, 10, 15, 20 C/min; n = 3 per composition). Ea = apparent activation energy;
A = pre-exponential factor; k(723 K) = rate constant at 450 C; R”2 = Kissinger plot coefficient
of determination. Uncertainty in k propagated from regression standard errors

CuNP Ea (kJ/mol) InA k(723 K) R™2 Ea
(Wt%0o) (A in min™-1) (x107-3 min~-1) (Kissinger) (OFW, kJ/mol)
0 (Pure PP) 168 +/- 4 28.4 +/-0.7 3.2+/-04 0.994 165 +/-5
1 174 +/- 4 29.3+/-0.7 2.6 +/-0.3 0.995 171 +/-5
2 179 +/- 4 30.0 +/-0.7 2.1+/-0.3 0.993 176 +/- 5
5 185 +/-5 31.0+/-0.8 1.5+/-0.2 0.998 182 +/-5
10 189 +/-5 31.8+/-0.8 1.1+/-0.2 0.991 186 +/- 5

Note. Uncertainty in Ea is the standard error from linear regression of In(beta/Tpeak”2) vs 1/Tpeak. Uncertainty in k is propa-
gated using standard error propagation from Ea and In(A) regression uncertainties. Ea (OFW) values are the mean across
alpha = 0.2-0.8 conversion fractions; maximum deviation from the mean across this range was <3 % for all compositions, confirming
the single-step model assumption.

Three concurrent stabilisation mechanisms are proposed, each with a specific physical basis. First, het-
erogeneous nucleation by Cu NPs increases crystallinity (Section 3.4), reducing chain mobility and
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hydroperoxide diffusion rates in crystalline domains [45]. The measured 8.5 percentage-point increase in Xc
(from 41.7 to 50.2 %) corresponds to a proportional reduction in amorphous fraction, the region where oxy-
gen diffusion and hydroperoxide accumulation preferentially occur; this physical confinement effect is quan-
titatively consistent with the ~17 C Tonset shift observed. Second, Cu NP surfaces function as radical traps:
metallic Cu and Cu”2+ ions can terminate alkyl radical chains (R* + Cu”2+ -> alkene + Cu™+) and intercept
peroxy radicals (ROO* + Cu -> ROOH + Cu-oxo species), reducing the chain-branching that accelerates PP
degradation [20]. This mechanism requires intimate matrix-particle contact, which is supported by FE-SEM
evidence of strong interfacial adhesion at loadings up to 5 wt% (Section 3.6). Third, CuO/Cu,O
surface oxide species catalyse hydroperoxide decomposition via Haber-Weiss-type reactions
(Cu™+ + ROOH -> ROO* + OH- + Cu”2+; Cu"2+ + ROOH -> RO* + H+ + Cu”+), which at high Cu NP
concentrations may divert chain scission towards lower-energy pathways, increasing the apparent Ea meas-
ured by the Kissinger method [21, 46]. The net 12.5 % increase in Ea (168 to 189 kJ/mol) is therefore inter-
preted as a composite effect of all three mechanisms. It should be noted that mechanisms (ii) and (iii) are
competitive at high Cu loadings: at 10 wt%, the increase in Ea is smaller per added wt% than at lower load-
ings, consistent with partial agglomeration reducing active Cu surface area (Section 3.6) and the onset of cat-
alytic pro-degradation at very high Cu oxide concentrations [46]. For comparative context, the 17 C
improvement in Tonset exceeds the typical performance of single conventional thermal stabilisers for PP
(5-10 C) [47] and is comparable to dual-filler hybrid systems [48], while remaining well below intumescent
flame-retardant systems (30-60 C) [49], which operate through a fundamentally different gas-phase inhibi-
tion mechanism.
3.4. Crystallinity and DSC Analysis
DSC results are summarised in Table 5 and Figure 4.

Table 5
Differential scanning calorimetry results for Cu NP—PP composites (mean = SD; n = 3)

Cu NP (wt%) Tm (°C) Tc (°C) AHm (J-g7) Xc (%) ATc vs. PP (°C)
0 (Pure PP) 167 £1 1141 87+2 41.7+£0.8 —
1 166 £ 1 116 £1 92+2 442+ 1.1* +2
2 167 £ 1 117+1 96 +3 46.4+1.2% +3
5 167 £1 119+1 101 £3 48.5+1.3* +5
10 168 £ 1 121+1 104+3 50.2+1.2% +7

Note. Tm = melting temperature (2nd heat); Tc = crystallisation temperature (1st cool); Xc = crystallinity calculated using
AHm® =207 J-g~! for 100 % crystalline PP [27]. * p < 0.001 vs. pure PP (Tukey HSD).
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Figure 4. DSC traces for Cu NP-PP composites:
(a) second heating cycle showing melting endotherms; (b) first cooling cycle showing crystallisation exotherms.
Arrows indicate progressive increase in crystallisation temperature (Tc) with Cu NP loading.
Values in parentheses indicate crystallinity (Xc, %). Error bars represent + 1 SD (n = 3)

Cu NP incorporation systematically elevated PP crystallinity from 41.7 + 0.8 % (pure PP) to
50.2 = 1.2 % (10 wt% Cu NP; p < 0.001)—a 20 % relative improvement. The 7 °C increase in Tc provides
unambiguous evidence that Cu NPs function as heterogeneous nucleation sites, facilitating crystallisation at
lower supercooling [50, 51]. Melting temperatures (Tm = 166-168 °C) remained essentially unchanged,
indicating nucleation-controlled rather than crystal growth modification. Pearson correlation analysis
confirmed strong positive correlations between Cu NP loading and both A (r = 0.986, p < 0.001) and
Xc (r=0.992, p <0.001), mechanistically linking crystallinity enhancement to both A improvement (ordered
crystalline domains provide more efficient phonon pathways [52]) and thermal stability gains [45].

3.5. XRD Phase Analysis

XRD patterns are shown in Figure 5. Cu NPs retained FCC crystal structure with characteristic reflec-
tions at 26 = 43.3° (111), 50.4° (200), and 74.1° (220) (JCPDS 04-0836). PP diffraction peaks at 26 = 13.6°
(110), 16.8° (040), and 20.5° (130) indicated a-phase crystallinity. Progressive enhancement of PP a-phase
peak intensities with Cu NP loading is consistent with DSC crystallinity results. No new chemical bonds or
mixed phases between Cu and PP were detected, confirming purely physical composite behaviour.
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Figure 4: X-ray Diffraction (XRD) Patterns of Cu NP-PP Composites
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Figure 5. X-ray diffraction patterns of Cu NP—PP composites at Cu NP loadings of 0-10 wt%.
Indexed Miller indices for FCC Cu (JCPDS No. 04-0836) and PP a-phase [27] are indicated.
Minor peak at 20 = 36.4° (¥) attributable to Cu,O (111) confirms partial surface oxidation.
Increasing intensity of PP a-phase reflections with Cu NP loading confirms enhanced crystallinity.

3.6. Microstructural Analysis

FE-SEM images are shown in Figure 6. At 1 wt% Cu NP loading, nanoparticles (50-100 nm) were uni-
formly distributed within the PP matrix with strong interfacial adhesion evidenced by absence of visible
voids—critical for effective A enhancement [53]. At 5 wt%, increased Cu NP density maintained dispersion
guality. At 10 wt%, minor Cu NP agglomeration with clusters of 200-350 nm diameter was apparent, con-
sistent with van der Waals forces overcoming PVP steric stabilisation at high concentrations [54, 55]. This
agglomeration explains the observed deceleration of A enhancement beyond 5 wt%.

EDS mapping confirmed quantitative copper incorporation with oxygen signals (2.8 + 0.4 at%) at Cu
NP surfaces, confirming the CuO/Cu,0 oxide shell. The PP matrix showed no evidence of chemical modifi-
cation or discoloration, indicating that thermal degradation of PP did not occur during melt processing under
the employed conditions.
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Figure 6. FE-SEM images of cryofractured Cu NP—PP composite surfaces at (a) 0 wt%, (b) 1 wt%, (c) 5 wt%,
and (d) 10 wt% Cu NP loading. Scale bars = 500 nm. Insets (c, d): EDS elemental maps showing Cu (green)
and O (red) distribution. Arrows in (d) indicate minor Cu NP agglomeration clusters (200—-350 nm) at 10 wt% loading.
Strong interfacial adhesion is confirmed by the absence of debonding voids at all loadings < 5 wt%

3.7. Implications for Food Packaging and Regulatory Considerations

The experimentally confirmed thermal property improvements have direct practical relevance for pack-
aging processing. Enhanced lambda (2.6-fold at 10 wt%) improves heat transfer uniformity during ther-
moforming, hot-fill operations, and steam sterilisation cycles [56], which is particularly relevant in sub-
Saharan African manufacturing contexts where temperature uniformity in packaging lines is a documented
process control challenge. The 17 C improvement in Tonset extends the safe processing window and reduces
the probability of thermal degradation during melt processing [57]. These two improvements, both experi-
mentally verified in this work, are sufficient independent justification for further development of the Cu NP-
PP composite system in packaging applications. It is important to note, however, that antimicrobial efficacy
against specific pathogens (e.g., E. coli, S. aureus), oxygen barrier properties, and migration rates were not
measured with the present composites and cannot be claimed as outcomes of this study. Published evidence
for antimicrobial activity exists for Cu NPs in other polymer matrices [10-13, 58-60], and for Cu
nanomaterials in food-contact applications generally [59, 67], but these data cannot be transferred to the pre-
sent system without direct measurement, because activity depends on Cu NP loading, dispersion, surface ox-
idation state, and matrix crystallinity in ways that vary between systems. Likewise, any improvement in oxy-
gen permeability due to increased crystallinity (Xc increased from 41.7 to 50.2 %) is physically plausible
given the established role of crystalline lamellae as tortuous diffusion barriers in semicrystalline polymers
[24, 61], but remains a hypothesis requiring OTR measurements to confirm.

Critical limitations and unconfirmed claims: Several claims that appear in the packaging literature
for Cu NP composites were not substantiated experimentally in this work and must be treated as hypotheses
requiring future investigation. First, no direct copper migration testing into food simulants was conducted.
Copper migration from polymer packaging is regulated under EU Regulation No. 10/2011 (evaluated case-
by-case for Cu NPs) and US FDA 21 CFR [62, 63]; the European Food Safety Authority has specifically
evaluated copper compounds in food contact materials and noted data gaps for nanoparticulate forms [23].
The increased crystallinity reported here may reduce but cannot be assumed to eliminate migration risk [64,
65]. Second, no zone-of-inhibition, minimum inhibitory concentration (MIC), or any other microbiological
efficacy assay was performed with the actual Cu NP-PP composites prepared in this work; antimicrobial
claims in Section 3.7 are explicitly qualified as inferences from the literature on analogous systems [66, 67].
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Third, no oxygen transmission rate (OTR) or water vapour transmission rate (WVTR) measurements were
conducted; statements about barrier improvement are speculative and based solely on the crystallinity in-
crease measured by DSC. Fourth, no toxicological evaluation of the present composites was performed,;
WHO sets an acceptable daily copper intake of 10 mg/day [66], and safe packaging use requires demonstra-
tion that total exposure from migration remains below this threshold. These four unconfirmed claims define
the mandatory experimental agenda before any food-contact application can be proposed under current regu-
latory frameworks. The corresponding priority experiments are: (i) standardised migration testing per EN
13130 into aqueous, acidic, and fatty food simulants at relevant temperatures; (ii) zone-of-inhibition assays
against relevant food pathogens (E. coli O157: H7, L. monocytogenes, S. aureus) using the actual compo-
sites; (iii) OTR and WVTR measurements using standardised methods (ASTM D3985, ASTM F1249).

3.8. Global Comparative Context

As shown in Table 2, the Cu NP-PP system investigated achieves competitive thermal conductivity en-
hancement relative to single-filler PP composites globally. The cost advantage of Cu NPs (approximately 10-
50x less expensive than Ag NPs [9]) combined with the demonstrated thermal property improvements and
the known antimicrobial potential of Cu-based materials in other systems makes this composite class worthy
of further investigation for active packaging applications [25]. PP is the most widely available commodity
polymer and compatible twin-screw extrusion infrastructure exists in Nigerian university and industrial facil-
ities, favouring translational impact in resource-constrained settings [4]. However, this cost-benefit argument
is conditional on the results of the priority experiments identified in Section 3.7; without migration and effi-
cacy data, the packaging suitability of the present composites remains unconfirmed.

Conclusion

This investigation has systematically characterised the thermal conductivity, degradation kinetics,
crystallinity, and microstructure of Cu NP-PP composites (0-10 wt%), yielding the following principal con-
clusions. The study’s scope is limited to thermal and structural properties experimentally measured herein;
antimicrobial efficacy, oxygen barrier performance, and migration behaviour were not measured and are not
claimed as outcomes.

Thermal conductivity increased 2.6-fold from 0.18 +/- 0.02 W/m/K (pure PP) to 0.47 +/- 0.05 W/m/K at
10 wt% Cu NP (n = 5; p < 0.01). Power-law fitting yielded percolation threshold phi_c ~0.004 (vol. fr.) and
conductivity exponent t = 1.87 +/- 0.12, consistent with 3D percolation network theory (t ~2.0). This is the
first reported determination of phi_c and t for the Cu NP-PP system; prior studies of this composite report
bulk lambda values without percolation analysis.

Multi-rate Kissinger analysis (four heating rates; n = 3; R"2 >= 0.991 for all compositions) revealed Ea
increasing from 168 +/- 4 to 189 +/- 5 kJ/mol (12.5 %), accompanied by 17 C and 12 C increases in Tonset
and Tpeak respectively (p < 0.01). OFW cross-validation confirmed Ea values within 5% across the
20-80 % conversion range, validating the single-step model assumption. Rate constants k at 723 K were cal-
culated with propagated uncertainty from the Kissinger regression. This constitutes the first formal multi-rate
kinetic analysis of the Cu NP-PP system, enabling reliable Ea determination absent from single-rate prior
studies. Three physically grounded stabilisation mechanisms are proposed: nucleation-induced crystallinity
increase reducing amorphous-phase hydroperoxide diffusion; Cu-surface radical trapping terminating al-
kyl/peroxy radical chains; and oxide-catalysed hydroperoxide decomposition diverting chain scission path-
ways.

DSC (n = 3) confirmed Cu NPs as heterogeneous nucleation sites, increasing Xc from 41.7 +/- 0.8 % to
50.2 +/-1.2 % and Tc by 7 C (p < 0.001), with strong Pearson correlations between Cu NP loading and both
lambda (r = 0.986) and Xc (r = 0.992). The physically interpreted link is that increased crystallinity provides
more ordered phonon pathways (raising lambda) and restricts amorphous-phase chain mobility (raising Ea).

EDS confirmed a CuO/Cu20 surface oxide shell on Cu NPs (oxygen: 2.8 +/- 0.4 at%). This shell atten-
uates theoretical lambda enhancement (CuO lambda ~30-76 vs. 401 W/m/K for metallic Cu) and contributes
to the t = 1.87 deviation from the ideal metallic percolation value. The oxide shell is also the primary deter-
minant of Cu ion release rate and therefore of both potential antimicrobial activity and migration risk in food
contact use—both of which require direct measurement in future work.

Four properties referenced in the active packaging context were not experimentally confirmed in this
work and must not be treated as findings: (a) antimicrobial efficacy against food pathogens; (b) oxygen or
water vapour barrier performance; (c) copper migration rates into food simulants; (d) biocompatibility or
toxicological safety. The plausibility of (a) and (b) derives from literature on analogous systems and from the
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measured Xc increase respectively, but experimental validation with the present composites is required. Res-
olution of items (a)-(d) is a prerequisite for food-contact application under EU Regulation No. 10/2011 or
equivalent regulatory frameworks.

Priority future experiments: (1) Cu migration testing per EN 13130 into aqueous (pH 4 and 7), acidic
(3 % acetic acid), and fatty (95 % ethanol / iso-octane) food simulants at 40 and 70 C; (2) zone-of-inhibition
and MIC assays against E. coli O157: H7, L. monocytogenes, and S. aureus using the actual extruded films;
(3) OTR (ASTM D3985) and WVTR (ASTM F1249) measurements to test the crystallinity-barrier hypothe-
sis; (4) FTIR and EPR spectroscopy to confirm the radical-trapping mechanism; (5) molecular dynamics
simulation of Cu/PP interfacial phonon transmission to refine the Kapitza resistance model; (6) life-cycle
assessment compared to conventional PP and Ag NP-PP packaging.
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Thermal Conductivity and Degradation...

I.A. 3akapu, I'.A. Ayny, A.A. Amuto, 1.0. Mycrada,
K.M. Omarona, K.b. Oxnanauu

Mpbic HaHOOO/IIIEKTePiMeH KYLIEeHTiJIreH MoJJunponuieH
KOMIIO3UTTEPiHiH KbUIYOTKI3IIITIri MeH Aerpagauus KHHETUKACHI:
JKbLTYJIBIK KACHETTEPi KaAKCAPTHLIFaH 0eJICeHII TaFaMIbIK KanrtaMma

Jkacayra 0arbITTAJIFAH 3epTTEy

3eprreyne Mbic HaHoOemmekrepiMeH (Cu NP) xymeditinren nomunpommieH (PP) xommosurrepiHin
JKBUTYOTKI3TIIITIIT MEH Jerpajanis KHHETHKAChl KbUIyaJMacy KacHeTTepi >KaKcapThUIFaH OelCeHIl
TaraMJIBIK KanTama Marepuangapsl peTiHze kapactelpbuiibl. Cu NP-PP nHanoxoMmosuTTepi KypamblHIA
0, 1, 2, 5 sxone 10 macc.% MbIc HaHOOemIIEKTepi Oap yiTiNepAi Koc OypaHIaIbl SKCTPY3Us 9IiCIMEH alry
apKbUTBl JaibiHIanAbl. JKbUTyeTKI3TiTIK Ko @uuueHTi (A) KbI3AbIPBUIFaH CHIMHBIH OTIENI KYH oiciMeH
(ASTM D5930; op Kypam ymmiH n = 5 yiri) enmieHai. TepMUSUIBIK TYpPaKTBUIBIK TEPMOTPAaBHUMETPHSIIBIK
tanpay (TI'T) sxone nnddepenunanasik ckanepneymi kanopumerpus (JACK) omicrepimen (op Kypam YIIiH
n = 3) 3eprrenai. MEUKpOKYPBUIBIM OPIiCTiK AMHCCHSUIBI CKaHepJIey i 31eKTpoHAbIK MUKkpockorus (FE-SEM),
sHeproaucnepcusuiblk crekrpockonust (EDS) xone pentrennix qudpakmus (XRD) apkpuisl Tangasasl. Meic
HaHOOOIIIEKTEPiH €Hri3y HOTIKECIHAE >KBUTYOTKI3TITIK KO3()(UIMEHTI Ta3a MOJWIPONWICH YLIiH
0,18 + 0,02 Bt/(m'K) moninen 10 macc.% Cu NP keszinzge 0,47 + 0,05 Bt/(m-K) neiiin aptter, Oy 2,6 ece
JKOFapBUIaybIH KOPCETEAl XKOHE NEePKOLIIUSIIBIK TOPABIH TY3UTyiMeH coiikec kenerdi (¢c =~ 0,004; t = 1,87).
TI'T nepekrepin Kuccunmkep omici OOMBIHINA KOIDKBUIAAMABIKTEI KHHETUKAIBIK Talaay (KbI3ABIPY
KpuLaMasIKTapel: 5, 10, 15 sxone 20 °C/MuH) KepiHepiik akTHBTeHy oSHeprusicklHbiH (Ea) 168 + 4
k/x/Monpnen 189 + 5 xJDk/Monbere neifin apTkaHblH KepceTTi. bynm HoTmxke O3aBaHbIH—DIMHHHBIH—
YomnapiH (OFW)  H30KOHBEPCHSUIBIK — TalmaybIMEH  PACTalibl  JKOHE  JCTPaJallMsHbIH  Oactamy
TemneparypachiHbIH 17 °C-ka sxorapbuiaybiMeH Katap skypai. JJCK HoTmkenepi Mpic HaHOOONIIEKTEpiHIH
TETEPOTEH/II KPUCTAIJAHy OPTANBIKTaphl pETiHAE OpekeT eTeTiHiH kepceTTi. COHBIH HOTHXKECiHIE
KpHCTANABUIBIK nopekeci 41,7 + 0,8 %-man 50,2 + 1,2 %-ra npeitiH ocTi, an KpHCTalAaHy TeMIIEpaTypachl
7 °C-xka apTThl. JKYMBICTBIH HeTi3ri FeUIBIME >kaHaibiFel Cu NP-PP skyifeci yimiiH mepkoysmus IIETiHiH
napameTpiepiH (Qc KoHe t) CaHIBIK TYpIE aHBIKTay >koHe KuccmHIpKep omici Heri3iHae KOIDKBUIIIAMIBIKTHI
KUHETHKANBIK Talgay OKyprisy. byn OypbIHFEI 3epTTeylepAe aHBIKTaJIMaraH MaHBI3Abl  (HU3HKAJIBIK
napameTpiepai anyra MyMKiHZiK Oepai. OCbl jKyMbICTa MHKPOOKAa KapChl THIMIUTIK MEH TOCKAYBLUIIBIK
KacHeTTep TiKeJeH 3epTTelreH JKOK. AJlaiija ajublHFaH HOTWIKENep/iH TaFaMbIK KalTaMa CaslaChIHIAFbI
MaHBI3bI YKcac XKyienep OOMbIHINA JKapHsIIaHFaH JAePEeKTEPMEH CaJbICTBIPBLIA OTHIPBIN KapacThIPBUIIBI KOHE
Oomamrak 3epTreyiepAiH OackiM OarbITTapbl alKeHAANABL. JKBUTYOTKI3TIMITIKTIH apTy MeXaHU3Mepi
HEePKOJAINS TEOPHACH, (GOHOHABIK TachIMan koHe Kammia apanmblk Keneprici TYpPFBICHIHAH TalKbUIAHIBL.
CoHBIMEH KaTap MBICTHIH MHTPANMsIChIHA >KOHE TaraMMEH J>KaHAcaThlH MaTepHalfapra KOHBUIATHIH
TaJlanTapra COMKecTiriHe OaiJIaHbICTHI MEKTEYJIEp HAKTHI KOPCETiII.

Kinm ce30ep: MpIc HaHOOOIIEKTEPi, MOJUIPONMIEH HAHOKOMIIOZUTTEP, >KBUIYOTKI3TIIITIK, MEPKOISINSL
TEOpWSCHl, Jerpajanns KuHeTHkachl, Kuccuumkep Mopeni, OeJceHIi TaraMAbIK KanTama, IeTeporeHmi
HyK1eanust, pOHOHJBIK TackIMajl, MUKpOOKa Kapchl Kanrama

I.A. 3akapu, I'.A. Ayny, A.A. Anuto, 1.0. Mycrada,
K.M. Omarona, K.b. Oxmanauu

TenIonpoBoJHOCTL M KMHETHKA Jlerpajaluu
MOJIMIIPONMICHOBBIX KOMIIO3UTOB, aDMHPOBAHHBIX HAHOYACTULIAMH MeM:
K CO3JaHMI0 AKTHBHON NUIIEBOI YIIAKOBKH C YJIY4IIeHHbIMHU
TEIUIOBBIMH XaPAKTEPUCTHKAMM

B nmanHOM mccnenoBaHME M3ydeHBI TEIUIONPOBOAHOCTh M KMHETHKA JETPajalliyl IOJIUIpOmmIeHOBEIX (PP)
KOMIIO3UTOB, apMUPOBaHHBIX HaHowacTumamu Mean (Cu NP), kak mepcreKkTHBHBIX MaTepHANIOB IS aKTHB-
HOW INUIIEBOH YIAaKOBKM C YJIY4IIEHHBIMH TEIIOBbIMH cBoiictBamu. Hanoxomnosurst Cu NP—PP Obutn mo-
JIy4eHBl METOJIOM JBYXIITHEKOBOI AKCTPY3UH NPH colepxanuu HaHodacTHl Menu 0, 1, 2, 5 u 10 mac. %. Te-
IJIOIPOBOHOCTH (A) U3MepsIach METOZOM HecTal[OHapHOit HarpeToi npoBonoku (ASTM D5930; n =5 06-
pasloB Ui KakA0ro cocTaBa). Tepmuyeckas cTaOMIBHOCTh XapaKTepH30Badach METOAaMU TEPMOTPaBUMET-
puueckoro ananmmsa (TT'A) u muddepennuansHoil ckanupyromeit kanopumerpun (JICK) (n = 3 st kaxoro
cocTaBa). MUKpPOCTPYKTypa HCCIIeIOBaIach C MCIOJIL30BAaHNEM ITOJIEBOH HIMUCCHOHHON CKaHUPYIOIIEH dIIeK-
tponHoit mukpockornuu (FE-SEM), suepromucnepcuonnoii crnekrpockonuu (EDS) n peHTreHOBckoW mu-
¢pakmuu (XRD). Beenenne HaHOYACTHI MEU YBEIHYHIIO TeIIONpoBoaHocTs A ¢ 0,18 £ 0,02 Br/(m-K) s
yucroro nomumnponuieHa a0 0,47 £ 0,05 Br/(m-K) npu copepxannn 10 mac. % Cu NP, urto cooTBeTcTByeT
yBEJIMYEHHIO B 2,6 pa3a u coriacyercs ¢ (OpMHUpOBaHHEM HEpKOIIUHOHHON cetr (pc ~ 0,004; t = 1,87).
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MHOTOCKOpOCTHON KMHETHUECKHUH aHanmu3 o Merony Kuccunmkepa nanubix TT'A (4eTeipe cKOpoCTH Harpe-
Ba: 5, 10, 15 u 20 °C/MuH) nokasan yBequdeHue Kaxyuieics sHepruu aktusaiuu (Ea) ¢ 168 + 4 xJx/mMonb
no 189 + 5 x/Dx/mMonb. DTu pe3ynbTaThl ObLIM MOATBEP)KICHBI W30KOHBEPCHOHHBIM aHani3oM O3aBbl—
Onuara—Yomra (OFW) n  compoBoXIanuch TOBBINIEHHMEM TeMIlepaTypbl Hadana Jerpajaldd  Ha
17 °C. Pesynprars! JICK moareepanmy, 9To0 HAHOYACTUIEI METU BBHICTYIIAIOT B POJIM T€TEPOTEHHBIX IIEHTPOB
KpHCTaJUIM3alUY, YBEINYKBas CTEICHb KPUCTAUIMYHOCTH MaTepuana ¢ 41,7 = 0,8 % no 50,2 + 1,2 %, a Tem-
neparypy kpuctammzanua — Ha 7 °C. OcHOBHasI HaydHasi HOBH3HA pabOTHI 3aKIII0YaeTcsl B KOINYECTBEH-
HOM OIIPEe/IENICHUH TapaMeTPOB MEPKOISIIUOHHOTO mopora (¢c H t) U npoBeJeHHH (OpManbHOTO MHOTOCKO-
POCTHOTO KMHETHYECKOro aHanu3a 1o Metoxy Kuccunmkepa s cucrembl Cu NP-PP, uto mo3sonuno nosmy-
9UTh (PU3UYECKHE AapaMeTphl, OTCYTCTBOBABIIHME B MPEABIAYIIMX HUCCIEIOBAaHUAX. AHTUMUKPOOHAs I dek-
THUBHOCTH U OapbepHbIE CBOMCTBA B JAHHOM paboTe HEMOCPEACTBEHHO HE H3MEPSIIUCh; 3HAUEHHE PE3yIbTaTOB
JUTSL TIMIIEBOH YIIaKOBKH PAacCMaTpPHBAETCS B KOHTEKCTE OIMYOIMKOBAHHBIX JAHHBIX IO aHAJIOTMYHBIM CHCTE-
MaM, a TaKKe OIpe/elIeHbl IPHOPUTETHBIC HAaIpaBJIeHHs OYAyIIUX HCCIeIOBaHUH. MeXaHH3MBl HOBBIICHUS
TEIIONPOBOAHOCTH 00CYXJAIOTCS C TO3MIUHA TEOPHH IEPKOJIIINY, TepeHoca (OHOHOB M MexdasHoro co-
nporusieHus Kanupl. Taxoke OTIENBHO OTMEUEHB! OTPAaHUYCHHUS, CBS3aHHBIE C BO3MOXKHOI MUTparmeil Me-
I ¥ COOJIIoIeHeM TpeOOBaHMi K MaTepHanaM, KOHTAaKTHPYIOIIAM C TUIIEBEIMHI MPOIYKTaMH.

Knrouegvie cnosa: HaHOYACTHIBI MEIH, MOJUIPONUICHOBbIE HAHOKOMIIO3UTHI, TEIUIONPOBOJHOCTh, TEOPHS
HEpKOJIALMY, KMHETHKa Aerpajanuu, Moneidb KHucCHHIKepa, akTHBHAs NMILEBas yNAaKOBKA, T€TEpOreHHas
HyKJIealysl, epeHoc HOHOHOB, aHTUMHUKPOOHAs yIIaKOBKa
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A Study of the Stability of the Diffusion Regime
in a CH4—Ar-N, Ternary Gas Mixture at Elevated Pressures

Diffusive mass transfer in multicomponent gas systems plays a key role in the design and optimization of
processes in the chemical, oil and gas, and energy industries. This work presents an experimental and
numerical investigation of isothermal mass transfer in the ternary CH,—Ar—N, system at 295 K over a
pressure range of 0.58-5.98 MPa. The system is characterized by similar diffusion coefficients of its
components and relatively small density differences, which contribute to the stability of the diffusion regime.
Experiments were conducted using a two-flask diffusion apparatus, with component concentration changes
recorded as a function of time at different pressures. Numerical simulations were performed in ANSYS
Fluent using the Species Transport model, Stefan—Maxwell diffusion formulation, and k-o turbulence model.
Good agreement between the experimental and numerical results was obtained over the entire pressure range,
with discrepancies within the experimental uncertainty. At low pressures, the system exhibits a stable
diffusion regime characterized by smooth, monotonic concentration kinetics. At elevated pressures, a
transition to a diffusion—convection mass-transfer regime occurs, accompanied by a qualitative change in the
mixing dynamics. The results demonstrate the capability of the proposed numerical approach to describe
mass transfer in multicomponent gas systems under high-pressure conditions.

Keywords: multicomponent diffusion, high pressure, diffusion apparatus, mass transfer, numerical
simulation, ANSYS Fluent

Introduction

Under certain conditions, diffusion mass transfer processes in multicomponent gas mixtures in a gravi-
tational field may be accompanied by the formation of density stratification and the onset of concentration-
gravity convection [1, 2]. Under such conditions, mutual diffusion of components with different molecular
masses leads to a redistribution of the medium’s density and may cause a disturbance in the system’s me-
chanical equilibrium [3]. As a result, the diffusion regime of mass transfer can transition to a hybrid diffu-
sion-convective regime, characterized by the emergence of macroscopic flows and a change in the structure
of mass transfer. Such phenomena play an important role both in fundamental studies of transport processes
and in various applied problems of heat and mass transfer in gaseous systems, including processes in chemi-
cal engineering, geophysics, and energy [4, 5].

The physical mechanisms underlying the formation of concentration convection in gaseous and liquid
mixtures have been examined in detail in classic works on hydrodynamic stability and transport theory
[1, 6, 7]. It has been shown that even in the absence of temperature gradients, mutual diffusion of compo-
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nents can lead to the formation of regions with different densities, which creates conditions for the develop-
ment of gravity-induced flows [8-11]. In recent years, interest in this problem has grown significantly, due to
the development of high-precision experimental methods and numerical modeling of mass transfer processes
in complex systems [12-16].

One of the key factors determining the nature of mass transfer in multicomponent mixtures is the differ-
ence in the diffusion coefficients of the interacting gases. If the diffusion abilities of the components differ
significantly, density inversion zones may form during mutual diffusion, which can initiate the development
of flows caused by the instability of the mixture’s mechanical equilibrium. In this case, a noticeable discrep-
ancy is observed between the measured and calculated values of the effective diffusion coefficients, which is
considered one of the signs of the onset of diffusion instability in the system [11, 17-19]. Similar effects are
observed in other types of double and triple diffusion, where the interaction of diffusion flows of various
components leads to the formation of complex hydrodynamic structures [20].

At the same time, there is a whole class of multicomponent gas systems in which the difference in the
diffusion coefficients of the components is relatively small. Under such conditions, the formation of pro-
nounced density gradients is hindered, and the mass transfer process can remain steady only in the presence
of a gravitational field. Selecting the initial composition of the mixture allows one to reduce the difference in
densities of the interacting gases and thereby create conditions that prevent the development of convective
disturbances. In such systems, mass transfer is determined primarily by molecular diffusion, and the resulting
hydrodynamic disturbances prove insufficient to form flows. One of the factors that can influence the stabil-
ity of the diffusion regime is pressure. An increase in pressure leads to a change in the density of the gas
mixture and also affects the diffusion coefficients and other kinetic transport characteristics. As a result, with
the ratios between diffusion coefficients remaining virtually unchanged, even a slight nonlinear change in the
density of the components leads to a change in the density difference between the mixing gases, which can
affect the nature of mass transfer in the system. One such system is the CH,—Ar—N, ternary gas system, in
which, with sufficiently wide variations in the initial composition of the components, the diffusion coeffi-
cients of methane and argon in nitrogen are similar in magnitude. With an appropriate selection of compo-
nent concentrations, the density of the initial mixture turns out to be close to the density of the third gas,
which creates conditions for studying both diffusion- and convection-driven mixing [21].

The study of the CH,—Ar-N, system is motivated by both fundamental and applied considerations. Me-
thane is the principal component of natural gas and mine gas, and its accumulation in nitrogen-rich mine at-
mospheres presents a well-documented safety hazard; understanding CH, transport in N, under elevated
pressures is therefore relevant to ventilation and hazard assessment in underground environments. Argon,
comprising approximately 0.93 % of the Earth’s atmosphere, is also encountered as an inert component in
various industrial gas streams. From a fundamental standpoint, the system is of particular interest because the
diffusion coefficients of methane and argon in nitrogen are similar in magnitude, placing the mixture close to
the stability boundary of the diffusion regime and making it sensitive to pressure-induced changes in mixture
density.

Two additional aspects of the present study warrant mention. At pressures above approximately 5 MPa,
methane exhibits pronounced real gas behaviour: its compressibility factor decreases to roughly 0.87-0.88 at
295 K, meaning the mixture density increases superlinearly with pressure and the effective threshold for
convective onset may fall below the value predicted by ideal gas theory. This non-linearity introduces com-
plexity into both experimental interpretation and numerical modelling, as transport coefficients and equation-
of-state parameters require real gas corrections at elevated pressures [22]. At the same time, while experi-
mental measurements of mole fractions provide reliable integral characterisation of the mass transfer pro-
cess, they offer no direct insight into the spatiotemporal dynamics occurring within the diffusion channel and
the flasks during the experiment—the transient formation of convective structures, the evolution of concen-
tration fronts, and the development of density-driven instabilities remain inaccessible to end-state measure-
ments alone. Numerical simulation addresses this limitation directly, providing full spatiotemporal resolution
of the concentration and velocity fields and thereby enabling a mechanistic interpretation of phenomena that
experiments cannot resolve in isolation.

This study experimentally and numerically investigates the isothermal diffusion and convective mixing
of a ternary gas mixture of methane, argon, and nitrogen at various pressures (0.58-5.98 MPa) and initial
compositions. The obtained values will be compared with experimental data, which will allow us to identify
the effect of pressure on the nature of partial mass transfer.
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Experimental

The subject of this study is the process of isothermal mass transfer in the ternary gas system
0.5504 CH, + 0.4496 Ar — N, carried out in a two-flask diffusion apparatus [21]. This setup is widely used
for the experimental study of the kinetics of diffusion processes in gas mixtures, as it allows for the analysis
of component transport under closed-system conditions with controlled thermobarometric parameters
[11, 21]. The apparatus design includes two flasks of equal volume V, = V, = 55.6 cm?, connected by a nar-
row cylindrical channel with a length L = 64 mm and a diameter d = 4 mm, in which the main zone of diffu-
sion interaction between the components is formed.

Experimental studies for this system were conducted at a temperature of 295 K over a pressure range
from 0.58 to 4.02 MPa. Each experiment lasted 30 minutes, which allowed for the recording of changes in
component concentrations sufficient for the subsequent determination of effective diffusion coefficients. The
initial composition 0.5504 CH, + 0.4496 Ar was selected on the basis of prior experimental studies [23, 24].
The molar density of this mixture is lower than that of pure N, placing the system in a mechanically stable
configuration at low pressures. At the same time, the diffusion coefficients of methane and argon in nitrogen
are similar in magnitude, which makes the system particularly sensitive to small pressure-induced changes in
mixture density—conditions under which local density inversions can develop during diffusion and eventual-
ly trigger convective instability. Such a composition allows for the investigation of conditions under which
the diffusion regime of mass transfer can remain stable even with significant changes in pressure.

To analyze the process under consideration, numerical simulations were performed using the ANSYS
Fluent software package [23-26], which enables investigation of the spatiotemporal evolution of concentra-
tion fields in gas systems with complex geometries. The calculations utilized a three-dimensional model of
the diffusion apparatus shown in Figure 1, whose geometry corresponded to the parameters of the experi-
mental setup. This approach makes it possible to reproduce real mass transfer conditions and track changes
in the distribution of components throughout the entire volume of the system.

The initial and boundary conditions of the numerical model were set in accordance with the conditions
of the experiments. At the initial time, the upper flask of the diffusion apparatus contained a mixture of
0.5504 CH, + 0.4496 Ar, while the lower flask and the diffusion channel were filled with nitrogen. This con-
figuration fully reproduces the initial state of the system in real experiments and allows for a correct descrip-
tion of the mutual diffusion process of the components. The physicochemical properties of the gases were
assumed to be constant and were specified based on data contained in the built-in substance library of the
ANSYS Fluent 2025 R2 software package.

Figure 1. Three-dimensional model of a diffusion cell and the calculated simulation area
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Since the diffusion apparatus is a closed system, impermeability conditions were applied to all its
boundaries to prevent mass transfer across the external surfaces. To maintain isothermal conditions, the ap-
paratus walls were modeled as a solid surface with material properties corresponding to stainless steel, which
were also taken from the standard ANSYS Fluent library [26].

The computational domain was discretised, accounting for the geometric features of the apparatus. The
flask volumes were approximated using an unstructured mesh, while the diffusion channel was discretised
with a regular structured mesh to ensure accurate representation of concentration and velocity gradients in
the primary zone of species interaction. The characteristic cell size was approximately 1 mm, with the total
number of mesh elements of approximately 4.2 x 10°. This spatial resolution is consistent with mesh pa-
rameters employed in validated numerical studies of diffusion and concentration-driven convection in geo-
metrically similar two-flask configurations [23, 25], and is considered sufficient for the accurate resolution
of the transport phenomena governing mass transfer in the system under study.

Turbulence closure was provided by the standard k- model. Although the flow velocities in the two-
flask diffusion apparatus are small and the overall Reynolds number remains low, the k—o formulation is
selected for several reasons. Unlike the k— model, k—® does not require wall functions and integrates direct-
ly to the wall, making it well-suited for near-wall regions where concentration and velocity gradients are
steepest. In the limit of negligible turbulent kinetic energy—which prevails throughout most of the diffusion-
dominated regime—the model effectively reduces to a laminar description, introducing no artificial diffusive
contribution. As the pressure increases and weak convective disturbances develop, the k—-» model is capable
of capturing the onset of low-intensity turbulent fluctuations without requiring a priori knowledge of the flow
regime. The appropriateness of this choice is confirmed a posteriori by the close agreement between the sim-
ulated and experimental concentration profiles across all validated pressure levels.

The standard k— o model is a semi-empirical model based on the model transport equations of turbu-
lence kinetic energy (k) and specific dissipation rate (), which can also be viewed as the ratio of ¢ to k.
The turbulence kinetic energy k and the specific dissipation rate o are obtained from the following transport
equations [25]:

0 0 0 ok

i i i

0 0 0 1900
a(Pw)Jfai(Pin):a—xj(rm—axjJ+Gm—Yw+Sm+Gmb- )

In these equations, Gy represents the generation of turbulence kinetic energy due to mean velocity gra-
dients, p is the density, and u; is the velocity component along X;. Gy represents the generation of k. I, and
I, represent the effective diffusivity of k and w, respectively. Y, and Y,, define the dissipation of k and o,
respectively. Sy and S, are initial parameters defined by the user.

The effective diffusion coefficients for k—m model are given by the formulas

I, =u+%

“ 3)
r, =u+(l:—‘

© (4)

where T', and I" are turbulent Prandtl numbers for k and o, respectively, characterizes the effective diffu-

sion behavior of turbulent kinetic energy (k) and its dissipation rate (). In this model they were given fixed
values: o, =2 and o, = 2. p is the molecular viscosity, and the turbulent viscosity p, is calculated by com-
bining k and w as follows:
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where S is the strain rate magnitude and

98 Bulletin of the Karaganda University



A Study of the Stability of the Diffusion...

1
Oy = i 1— Fl (6)
Oka Ok
1
o= F TR ™)
(o) (o)

®,1 ®,2
A transport equation is solved to determine the species concentrations in the diffusion channel. The
conservation equation represents the relations for convective diffusion by which the local mass fraction Y; of

each substance i can be predicted and is defined as follows:
%(pYi)+V(p\7Yi)=—V:Ti+ R+S;, (8)

where p is the density of the mixture, V is the rate of diffusing substances, R; is the net rate of production of

species i by chemical reaction, and S; represents any sources defined by the user. The last two terms in the
right-hand side were not considered in this work because chemical reactions and additional sources were not

present in the studies. J ; is the diffusion flux of a certain substance i, which for the density and temperature
gradient can be calculated by the formula

‘Ti = _LpDi,m +:_(;JVYi - Dy, VT_T ' (©)
't

where p, is the turbulent viscosity and Sc; is the turbulent Schmidt number calculated as Sc; = p,/(pDy),

where D is the turbulent diffusion coefficient. The default value of Sc; is 0.7. D; , is the mass diffusion coef-
ficient for substance i in the mixture, D+ is the thermal diffusion coefficient for substance i in the mixture, T
is the temperature. The last term in the equation was not considered, since in this work the isothermal type of
mixing was considered. Also note that turbulent diffusion, as a rule, exceeds molecular diffusion, and a de-
tailed description of the properties of molecular diffusion in turbulent flows, as a rule, is not required.

For multicomponent systems, the Stefan-Maxwell equations in the form of

XX . XX (D;. D,
ST V) V)= S RS 10
i« D T i Dy L p; P
where X is the mole fraction, V is the diffusion rate, Dj; is the binary mass diffusion coefficient of substance

1
i into substance j. Since isothermal conditions are assumed, the thermal diffusion term in Eq. (10) vanish-
es [27, 28].

Table 1
Solution methods

Qntity Discretization
Gradient Least Square Cell-Based
Pressure PRESTO!
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Specific Dissipation Rate Second Order Upwind
Pseudo Time Method Off
Transient Formulation Second Order Implicit

All simulations were performed in a transient formulation using a pressure-based coupled solver with
full pressure—velocity coupling within each iteration [29]. Convective terms were discretised using the Se-
cond Order Upwind scheme, and pressure interpolation was handled by the PRESTO! scheme, which pro-
vides improved accuracy in the presence of body forces arising from density gradients. Time integration was
performed with a second-order implicit scheme at a fixed time step of At = 1 s over a total of 1800 steps, cor-
responding to 30 minutes of physical process time. Convergence at each time step was assessed using residu-

“Physics” Series. 2026, 31, 3(123) 99



V. Mukamedenkyzy, A. Tolepbergen

al criteria of 107° for the velocity and pressure fields and 1078 for species concentrations, ensuring that the
solution was fully converged before advancing to the next step.

Results and Discussion

Numerical simulations of the mutual diffusion process in the CH,—Ar—N, system were performed for a
pressure range of 0.58 to 5.98 MPa under isothermal conditions. The main objective of the calculations was
to reproduce the mass transfer kinetics between the flasks of the diffusion apparatus and to compare the ob-
tained results with experimental data.

Table 2 serves as the primary validation of the numerical model. The concentration differences Ac ob-
tained from ANSY'S Fluent are compared against both the Stefan—Maxwell analytical solution and independ-
ent experimental data [21] across the full pressure range of 0.58-4.02 MPa. Agreement between simulation
and experiment is consistently within experimental error at all pressures studied, confirming that the model
correctly reproduces the mass transfer Kinetics of the system and that the selected boundary conditions,
transport coefficients, and solver settings are appropriate for this class of problems.

Table 2
Dependence of gas concentration changes in flasks on pressure
0.5504 CH, + 0.4496 Ar — N, (T =295 K, t=30 min)
Ac , mole fraction
P, MPa C;?;?;kf&i;\ffe?lrsgggr? Experiment [21] Ansys Fluent
CH, Ar N, CH, Ar N, CH, Ar N,
0.58 0.4172 0.3495 0.7618 0.413 0.351 0.773 0.425 0.354 0.774
1.07 0.4172 0.3495 0.7618 0.413 0.349 0.762 0.418 0.347 0.758
2.05 0.4172 0.3495 0.7618 0.416 0.353 0.768 0.421 0.351 0.764
3.04 0.4172 0.3495 0.7618 0.412 0.349 0.774 0.414 0.346 0.770
4.02 0.4172 0.3495 0.7618 0.411 0.350 0.762 0.410 0.348 0.760
5.00 0.4172 0.3495 0.7618 - - - 0.405 0.340 0.745
5.98 0.4172 0.3495 0.7618 - - - 0.328 0.276 0.604

Under these pressures, the agreement between experiment and Stefan—Maxwell theory indicates that
mass transport is governed primarily by molecular diffusion. This behaviour is consistent with the physical
characteristics of the CH,—Ar—N, system: the diffusion rates of methane and argon in nitrogen are similar in
magnitude, so no pronounced density inversion zones develop during mutual diffusion, and the resulting
concentration gradients remain insufficient to sustain gravity-induced convective flows. Under these condi-
tions, molecular diffusion fully accounts for the observed mass transfer kinetics.

At pressures of 5.00 and 5.98 MPa, experimental data are unavailable; however, the ANSYS Fluent re-
sults show a progressive deviation from the Stefan—Maxwell theoretical values—a deviation that grows with
increasing pressure. Given that the numerical model has demonstrated reliable agreement with both experi-
ment and theory across all lower pressures, there is reason to treat these computed values with confidence.
The observed divergence between simulation and Stefan—Maxwell theory at elevated pressures suggests a
gualitative change in the mass transfer mechanism: the increased mixture density appears to create condi-
tions under which concentration-driven gravitational convection begins to contribute to the overall transport,
supplementing and eventually dominating over molecular diffusion. This interpretation is consistent with the
concentration dynamics discussed in relation to Figure 2.

The time dependence of the argon concentration in the lower flask (Fig. 2) reveals a clear and systemat-
ic transformation of the mass transfer mechanism as pressure increases. At p = 0.584 MPa, the concentration
profile rises smoothly and nearly linearly over the entire 1800 s observation window, reaching approximately
0.045 at the end of the experiment with no detectable inflection points or regions of accelerated growth. This
behaviour is fully consistent with a diffusion-controlled regime in which transport is governed by the con-
centration gradient between the flasks and the system geometry. At p = 2.05 MPa, the overall monotonic
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trend is preserved, and the final concentration remains comparable, but starting from approximately
t =~ 600-800 s, low-amplitude oscillations become superimposed on the mean growth curve. These perturba-
tions do not yet alter the dominant transport mechanism, but their emergence signals that the increased mix-
ture density is sensitising the system to local composition inhomogeneities and that the threshold of mechan-
ical equilibrium instability is being approached.
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Figure 2. Time-dependent changes in Ar concentration in the lower flask as a function of pressure:
a) p=0.584 MPa; b) p=2.05 MPa; ¢) p=5.00 MPa; d) p=5.98 MPa

At elevated pressures, the character of the concentration Kkinetics changes fundamentally.
At p = 5.00 MPa, the curve exhibits a rapid initial rise reaching approximately 0.050 within the first
300-400 s, after which growth decelerates markedly, and the concentration enters an extended quasi-
stationary plateau persisting through the remainder of the observation window. This two-stage profile re-
flects convective onset: the initial acceleration is driven by a high mixture density that lowers the threshold
for gravitational instability, while the subsequent plateau indicates partial redistribution of the density field
and a temporary restoration of mechanical stability. The most complex behaviour is observed at
p = 5.98 MPa, where three distinct temporal stages can be identified. In the initial period up to approximately
t = 300 s, a rapid rise occurs, after which the curve enters a deceleration phase lasting through t ~ 1200 s with
the concentration increasing gradually from roughly 0.030 to 0.060. Beyond t = 1200 s, a pronounced sec-
ondary acceleration drives the concentration to approximately 0.085-0.090 by t = 1800 s—nearly twice the
value observed at 0.584 MPa. This late-stage intensification reflects the accumulation of density
inhomogeneities to a critical level at which mechanical equilibrium breaks down and gravity-induced macro-
scopic flows sustain transport well beyond diffusive rates.

The progression across the four pressure levels traces a coherent physical sequence from stable molecu-
lar diffusion through transitional perturbations to a fully developed diffusion—convective regime. Pressure
acts as the governing parameter: it raises mixture density, reduces the critical gradient required for convec-
tive onset, and determines both the timing and intensity with which macroscopic flows contribute to overall
mass transfer. The close agreement between computed and experimental profiles across this entire pressure
range confirms that the numerical model captures not only the qualitative character of each regime but also
the pressure-dependent dynamics of the transition between them.

The observed transition from diffusion-dominated to convection-influenced transport at pressures above
5 MPa is consistent with an increase in the solutal Rayleigh number Ra = gApL?/(pvD), where the rising
mixture density at elevated pressures amplifies the buoyancy-driving term while the diffusion coefficient
decreases, collectively pushing the system across the stability threshold.

The present study is subject to several limitations inherent to the adopted numerical framework. The
ANSYS Fluent Species Transport model assumes ideal gas behaviour throughout; as discussed above, this
assumption becomes progressively less accurate above 5 MPa, where real gas corrections to transport coeffi-
cients and mixture density are non-negligible. The simulations are performed under strictly isothermal condi-
tions, neglecting the small temperature gradients associated with the Dufour effect; while this contribution is
expected to be minor for the present system, its role at elevated pressures has not been assessed. Finally, the
results reported here correspond to a single initial mixture composition (0.5504 CH,, + 0.4496 Ar); extrapola-
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tion to substantially different compositions requires independent verification, as the proximity of the diffu-
sion—convective stability boundary is sensitive to the relative densities and diffusivities of the components.

Conclusion

This study presents an experimental and numerical investigation of mass transfer processes in a ternary
gas system consisting of CH,—Ar—N, under isothermal mixing conditions at elevated pressures. By compar-
ing the results of calculations performed in ANSYS Fluent with experimental data, it is shown that the nu-
merical model used adequately describes the kinetics of diffusion mass transfer in the considered parameter
range, and that the discrepancies between the calculated and experimental values do not exceed the experi-
mental error margin.

An analysis of the effect of pressure on mass transfer behavior showed that at relatively low pressures,
the system remains in a steady-state diffusion regime in which mass transfer is determined primarily by mo-
lecular diffusion. As pressure increases, the mixing kinetics become more complex as evidenced by changes
in the shape of the time-dependent concentration curves of the components. At high pressures, signs of mul-
tistage behavior are observed, including induction phases and subsequent acceleration of mass transfer,
which indicates a possible disruption of mechanical equilibrium and an increased role of gravity-induced
flows.

It has been established that in a CH,—Ar-N, system, characterized by similar diffusion coefficients for
the components and a small difference in their densities, pressure is the key parameter determining the stabil-
ity of the diffusion regime. Under the conditions considered, an increase in pressure does not lead to an in-
stantaneous transition to the convective regime but contributes to the formation of conditions under which
diffusion transport may be accompanied by disturbances affecting its structure and intensity.

The results advance the understanding of mass transfer mechanisms in multicomponent gas systems at
elevated pressures and can be used in the development and optimization of processes involving gas separa-
tion and mixing, as well as in the construction and validation of numerical models of diffusion-convective
transport.
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B. Mykamenenxbizbl, A. Tenendepren

Korapsbl kpicbiMaarbl CH,—Ar—N, ymkoMmnoHeHTTi
ra3 KocnacbiHaa 1u¢Qys3us pexuMiHiH TYPaAKTbUIBIFbIH 3ePTTEY

KenkoMmoHeHTTi ra3 KocnajapblHAarsl Jud(y3usuIbIK Macca TaChIMallbl XUMHUSUIBIK TEXHOJIOT U, MyHaii-ra3
OHJIEY JKOHE SHEpreTHKa cajalapbhlHIAFbl HHKEHEPIIK MPOIEecTepi MOAEIbACY MEH KETUITIpYIiH ipremi
Heri3i. OcblFaH OallIaHBICTHI, JKOFaphl KBICHIMABI OpTafarbl ra3 >KyHenepiHiH e3apa Iuddy3msuTbIK
3aH/IBUIBIKTAPbIH alKbIH/AY 3aMaHayl FhUIBIM MEH OHIIpiC YIIiH MaHbI3ABI OachIMABIKKA He. by 3eprrey
asiceiiia CHy—Ar—N,  YIIKOMIOHEHTTi JKyHeciHferi HM30TepMHsUIBIK MaccaanMmacy KyObuibickl 295 K
Temreparypana xoHe 0,58-5,98 MIla KpIcbIM apanbiFbIHIA KEIICHII TYpAe 3eprereHni. KapacThIpbuibim
OTBIPFaH KYHEHIH epeKIIelNiri KOMIIOHEHTTEPIH T} Qy3usIIbIK K03 OUIHEHTTEPiHIH KaKBIHIBIFBIMEH JKOHE
TBIFBI3IBIK TPAJUEHTIHIH TOMEHJIriMeH aWKpIHAamansl, Oyn 3 keserinae AUMGY3MSUIBIK PEKUMHIH
TYPaKTBUIBIK IeHIeHiH alKbIHAANTBIH IIemymni GakTtop caHanmaibl. TaxipuOemik 3epTreynep eki Kojbasbl
IMGOY3UAIBIK  KOHIBIPFBILAA  KYPTi3UIiN, KOMIIOHEHTTED KOHLCHTPALMACHIHBIH YaKbIT IEH KbICHIM
napamerpiepiHe TOyeli e3repy AMHAMHUKAchl HakThl Tipkenai. Teopusuibik Herizney makcatsinma ANSYS
Fluent opracsiana Credan—Maxkcsemn tenneynepi, k—® TypOyneHTTINIK Moneni >koHe Species Transport
ozicTeMeci KOJINAHBUIBII, CAaHJBIK MOJEIBACY XKY3ere achIpbUILNBL. AJIBIHFAaH SKCIIEPUMEHTTIK JIepeKTep MEH
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ecenTey HOTHKENepi apachlHIAFbl COUKECTIK JKOFaphl JICHICHII KOPCETill, aybITKyJIapAblH PYKCaT eTUIreH
KaTelmiK IIeriHeH acmaiThiHbl JonmenneHai. TeMeH KpIChIM JKarJailblHAA JKYHeae KOHLEHTPAIMSIIBIK
KAHETUKAHBIH OIpKaJbINThl ©3repyiMeH CHUIATTaJaThlH TYPAKThl peXuM OalKanasl. Anaiina KpICBIM MoOHI
JKOFapblIaFaH CallblH MaccaaliMacy MEXaHH3MIHIH camajblK TpaHC(HOPMAIUSICH OPbIH albll, AU(QYy3UsIIbIK-
KOHBEKTHUBTI PEKHMIE€ OTY IPOLECi TipKemni. 3epTTey KOPHITHIHABICH YCHIHBUIFAH CAaHIBIK TACUIIIH JKOFaphI
KBICBIMJIBI KOIIKOMIIOHEHTTI JKyienepaeri Kypreni (M3MKaiblK HpoLecTepli CHMaTrTaylarbl THIMIUNTIH
TOJIBIKTaM pacTaifpl.

Kinm ce30ep: xenkoMHOHEHTTI Audy3ust, )KOFapbl KbICBIM, AU(Qy3Hs anmaparsl, MaccaalMmacy, CaHIbIK
mozenbaey, ANSYS Fluent

B. Mykamenenksi3bl, A. Tonenbepren

HccienoBanne ycToi4uBOCTH 1M (P(PY3HOHHOIO pesKuMa
B Tpoiinoii razoBoii cmecu CH,—Ar—N, npu noBbieHHbIX TaBJIEHUIX

Jnddy3noHHBII MacconepeHoC B MHOTOKOMIIOHEHTHBIX T'a30BBIX Cpelax sBISIeTCs (yHIaMEHTAIbHBIM ac-
MEKTOM IIPU NMPOEKTHPOBAHUH ¥ MOAEPHH3AIMN TEXHOJIOTMIECKUX IIUKIOB B XUMUYECKOH, He(hTerazoBoi u
SHEpreTHYecKoi oTpaciiax. B maHHON paboTe mpeacTaBIeHb! pe3yIbTaThl KOMIIEKCHOTO UCCIIEA0BAHHS U30-
TEPMHUYECKOTO MaccooOMeHa B TpexkoMnoHeHTHOM cucteme CH4—Ar—N, npu temmepatype 295 K u nasne-
Hum ot 0,58 mo 6,02 MIla. Crnenuduka u3ydaeMol CHCTEMBI 3aKIIOYaeTcs B OMU30CTH KO3(PQUIIHEHTOB
qudy3ur KOMIOHEHTOB M HE3HAUUTENBHBIX PA3IMYMAX B IIOTHOCTH, YTO BBICTYIAET PEMIAONINM (haKTo-
poM ycroiunBocTH AU (HY3HOHHOTO peknMa. DKCIIEpUMEHTANIbHAS YacTh BHINOJIHEHA Ha ABYXKOJIOOBOU yC-
TaHOBKE, (PMKCUPYIOIIEH TMHAMHUKY KOHIIEHTPAIIMOHHBIX W3MEHEHUH B 3aBUCHMOCTH OT BPEMEHH H Oapuye-
ckux ycnosui. [TapamtensHo B mporpamMmmHoM kominiekce ANSY'S Fluent mpoBeneHo 4nciieHHOE MOJCITHPO-
BaHHE Ha OCHOBe ypaBHeHMI Credana—MaxkcBemia, MojenH nepeHoca BemecTB (Species Transport) u k—o
Mozenu TypOyneHTHOCTH. CpaBHUTENBHBIH aHAIN3 HOKa3aJl BBICOKYIO CTEIIEHb KOPPEISIIMU MEXIY SMIAPH-
YECKUMH JaHHBIMH U PEe3yJIbTaTaMH BBIUUCICHHUI: 3a()UKCHPOBAHHBIE OTKJIOHEHUS HE BBIXOAAT 34 PAMKH J10-
MyCTUMOM MOTPENIHOCTH. Y CTAHOBJIEHO, YTO IPH HU3KOM JABICHUH MIPOIECC XapaKTePHU3yeTcs CTAOMIbHBIM
PEXHUMOM C MOHOTOHHOH KHHETHKON KOHIEHTpanui. OIHAKO C pOCTOM JaBICHHUS HAOTIONAeTCs] Ka4eCTBEH-
Hasg TpaHc(hOpManus MEXaHHW3Ma CMENICHHs U Iepexo] K WHTCHCHBHOMY H((Yy3MOHHO-KOHBEKTHBHOMY
MaccooOMeHy. MIToroBele pe3ysbTaThl MOATBEPKIAIOT BHICOKYIO TOCTOBEPHOCTh U NPHUMEHHUMOCTH NPEIJIO-
’KEHHOTO YHCJICHHOTO aJITOPUTMAa ISl OIIMCAHUS CJIOXKHBIX IPOIECCOB IEPEHOCa B MHOIOKOMITOHEHTHBIX T'a-
30BBIX CUCTEMaX IPH YCIOBUSX BBICOKOTO JIaBJICHHSI.

Kniouesvle cnosa: MHOTOKOMIOHEHTHAs A dy3us, BEICOKOE MaBiicHHe, MU Gy3nOHHAsT YCTaHOBKA, MacCo-
nepeHoc, yncieHnoe Moaenuposanue, ANSYS Fluent
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