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Abstract

Introduction. Gas discharges with liquid electrodes are considered as a promising tool for improving adhesion properties
and preparing surfaces for coating application. Glow and arc discharges with electrolytic electrodes have been
investigated in detail in the literature, but most studies focus on configurations with a stationary electrolyte. For “jet
electrolytic cathode—metal anode” systems at atmospheric pressure, the discharge combustion modes, their stability limits,
and the energy characteristics of the process are insufficiently systematized. This hinders the scalability of localized
aluminum processing technologies. The objective of this study is to experimentally classify combustion modes and their
stability regions, determine the electrical, spectral, and thermal parameters of the discharge, and substantiate practical
modes for localized aluminum surface preparation for adhesion and coating.

Materials and Methods. To achieve this goal, a laboratory setup was built: a 3% NaCl jet served as the cathode, and an
AMTs-40 (aluminum-manganese alloy in the RU system, ISO analog: AW-3003) aluminum plate served as the anode.
The jet-anode assembly was placed in a temperature-controlled electrolytic cell with closed circulation of the solution.
Typical conditions: U= 600 V, vx = 0.6-0.7 m/s, d = 2 mm, 6 = 0.10-0.12 Q' cm™". A power supply of up to 4 kV/10 A
provided a wide range of settings. The diagnostics included oscillographic measurements, high-speed video recording
(Casio EX-F1, 600—1200 fps), thermal imaging (FLIR A6500sc), and optical emission spectroscopy (OES) on a PLASUS
EC 150201 MC spectrometer with electron density n. estimated from Stark broadening of H.,.

Results. Two plasma localization topologies were detected: a contact zone on the triple gas-liquid-solid line and a jet
breakup region. The current was pulsed with an amplitude of 0.8—1.6 A. The spectra were dominated by the Na I doublet
(~589 nm), the OH(A-X) bands, and the Ho line; from AA; (H,) = 0.64 nm, an estimate of ne = 6.4 x 10'* cm™ was
obtained. Thermal imaging maps showed a maximum effective temperature of ~47°C at the point of contact, and an
energy deposition zone elongated along the jet with a length of ~7 mm (diameter ~2 mm).

Discussion. The pulsed nature of the current with an amplitude of 0.8—-1.6 A at 600 V indicates the periodic formation
and breakdown of the current channel, which is typical for discharges with a nonstationary geometry of the cathode region
and has been previously noted in studies on discharges with flowing jets. The estimate of the electron density
ne = 6.4x10'° cm™ based on the Stark broadening of Ha falls within the range of 10'°-10'7 ¢m, characteristic of
atmospheric discharges with liquid electrodes, and indicates a relatively dense plasma sufficient for effective surface
activation. The dominance of Na I lines in the spectrum confirms the intense transfer of electrolyte components into the
discharge gap, which is consistent with the aerosol sputtering mechanism in the near-cathode region. The compactness of
the temperature spot on the anode (transverse size ~2 mm, maximum 47°C) confirms the localized nature of the energy
deposition without global overheating of the component. However, the true surface temperature may be higher than the
measured one due to the uncertainty in the emissivity of the growing oxide film.

Conclusion. A discharge between a jet electrolytic cathode and an aluminum anode at atmospheric pressure has been
experimentally characterized. Two stable combustion topologies, the pulsed nature of the current, spectral markers, and
a thermal energy deposition pattern are demonstrated. The results form the basis for constructing operational maps for
local aluminum processing and expanding technology applications. The data obtained form the basis for constructing a
map of aluminum processing modes and can be expanded through varying the flow rate, nozzle diameter, electrolyte
composition, and using faster diagnostics. Future work includes standardizing the energy metrics, quantitatively
decomposing the radiation sources, and scaling the methodology.
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AHHOTAIMA.

Beeoenue. I'a30BbIe pa3psabl ¢ XKUAKUMH 3JIEKTPOaMH PACCMAaTPUBAIOTCS KAaK MEPCIIEKTUBHBIM HHCTPYMEHT ISl yITyd-
MISHHSI aJre3MOHHBIX CBOWCTB M MOATOTOBKH MOBEPXHOCTEH MO/ HaHECEHHE MOKPBITHI. B nurepaTtype moapoOHO u3y-
YEHBI TIICIOIINE U J{yTOBBIE Pa3psiabl C HJIEKTPOINTHIECKUMH 3JIEKTPOIaMH, OJTHAKO OOJILIINHCTBO paboT COCPEOTOUEHO
Ha KOH(UTYPaLUsIX C HEMOBIKHBIM 3JIEKTPOJIUTOM. ISl CUCTEM «CTPYHHBIN 3JIEKTPOIUTHYECKUN KAaTOX — MeETallIH-
YecKUil aHO/I» NpU aTMOC(EpPHOM JaBiIeHHN (OPMBI TOPEHUS pa3psia, TPaHUIbl UX YCTOHYMBOCTH U SHEPreTHYECKHE
XapaKTEePUCTUKH IPOLiecca CUCTEMAaTH3MPOBAHBI HEJJOCTATOYHO. DTO NPEMATCTBYET MacIITAONPOBAHUIO TEXHOJIOTHH JI0-
KaibHOU 00pa®oTky amomunus. Llens HacTosmei paboThl — 3KCIEPUMEHTAIBHO KIacCU(PHUIUPOBATH (GOPMBI TOPEHHUS
1 00aCTH WX YCTOWYHMBOCTH, OTIPENENIUTH JIEKTPUUECKUE, CIIEKTPaJbHBIE W TEIUIOBBIC MapaMeTpsl pa3psAaa, a Takke
000CHOBATh MPAKTUYECKUE PEIKUMBI JIOKATHHOM TOJATOTOBKH aJJFOMUHHEBOW TIOBEPXHOCTH TIO/1 /IT€3UI0 1 OKPBITHSI.
Mamepuanvt u memoowt. J[ns1 peanuzanuy NMOCTaBICHHON 1ein ObUTa co3maHa JiabopaTopHas ycTaHOBKa: cTpys 3 %
NaCl BrimosiHsANIa poJIb KaToa, amoMuHueBast mactTuaa AMII-40 — aHona; y3en «CTpysi-aHOI» pa3MeIIEH B TEPMOCTa-
TUPYEMOH 3JIEKTPOJIMTHYECKON sUeiKe C 3aMKHYTOM HMpKyJsmued pactBopa. Tummunsle ycimosus: U = 600 B,
v = 0,6-0,7 M/c, d =2 MM, 6 = 0,10-0,12 Q'-cm™!; mcrounnk nuranus 1o 4 kB/10 A obecrieunBan IMPOKKI AUANa30H
HacTpoek. /lnarHocTika BKIIoYasa ociuIorpaguieckiue u3MepeHus, BHICOKOCKOPOCTHYIO BUneochEMKyY (Casio EX-F1,
600-1200 x/c), rermoBusnoHHyo chEMKY (FLIR A6500sc) n OOC na ciektpomerpe PLASUS EC 150201 MC c orner-
KOH N MO ITapKOBCKOMY YIIUPEHUIO [,

Pesynemamut uccnedosanus. OGHapyKEHBI ABE TOTIOJIOTHH JIOKATM3aLMH TIJIa3Mbl: KOHTAKTHast 30Ha Ha TPOWHON JTMHUH
«Ta3-)KUJIKOCTh-TBEPIOE TEIO» U 00JIaCTh pacnajia cTpyd. TOK HOCHT UMITYJIbCHBIN XapakTep ¢ ammuutynoi 0,8—1,6 A.
B cniektpax nmomuuupyrot ayomner Na I (~589 um), momocst OH(A—X) u muaust Ho; mo Ah, (Hy) = 0,64 HM monmydeHa
OleHKa 71, = 6,4 x 10'® cM~. TepMOBH3HOHHBIE KApTHI TOKA3aIH MaKCUMYM 3P PEKTUBHOI TemmepaTypsl ~47 °C B TOUKe
KOHTaKTa U BBITSHYTYIO BJIOJIb CTPYHU 30HY 3HEPrOBKJIAAa AITHHON ~7 MM (IIONEPEUHHK ~2 MM).

Obcysncoenue. imimynbcHBIN XapakTep Toka ¢ amrumutyaoi 0,8—1,6 A pu 600 B cBHIETENHCTBYET O TIEPUOAMIECKOM HOp-
MHPOBAHUH U CPBIBE TOKOBOTO KaHala, YTO TUIIMYHO AJISI pa3psiioB C HECTAIMOHAPHON TeoMeTpUel KaTOJHOW 00sacTH U
paHee oTMedanoch B paboTax IO pas3psgaM CO CTEKAoIUMH cTpysMHu. OIeHKa 3JIEKTPOHHOM KOHLEHTpaLUH
n. = 6,4x10'% cm™ no wrrapkosckomy ymupenuto Ho nonasaer B jquanason 10'°-10'7 cm=, xapakrepHsiii 1y atMocgep-
HBIX Pa3ps/IoB C SKUIKHUMH JIEKTPOIaMH, U YKa3bIBa€T Ha OTHOCHTEIBHO IUIOTHYIO IIa3My, IOCTaTOUHYIO JUIs 3 (PEKTHB-
HOH aKTHBalIWH MMoBepXHOCTH. JloMuHMpoBanue auHui Na | B criekTpe moATBepK1aeT MHTEHCUBHBIN NTEPEeHOC KOMITOHEH-
TOB 3JIEKTPOJINTA B Pa3psIHbIA IPOMEXKYTOK, YTO COTJIACYETCSI ¢ MEXaHM3MOM a3p0O30JIbHOTO PACTIBIIIEHHS B TPUKATOJHON
o6macti. KoMIakTHOCTh TeMIiepaTypHOro IsITHA Ha aHoie (TToTepeyHbIi pazmep ~2 MM, MakcumyM 47 °C) moaTBepKaaeT
JIOKANBHBIN XapakTep SHeproakiaana 0e3 riaobanbHOTO Meperpesa JeTaiy, OJHAKO HCTHHHAS TeMIlepaTypa MOBEPXHOCTH
MOYeT OBITh BBIIIE H3MEPEHHON HM3-32 HEOIPEACTEHHOCTH SMUCCUBHOCTH PACTYIIEH OKCHIHOM TUIEHKH.

3aknrouenue. DKCTIEPIMEHTAIFHO OXapaKTEPHU30BAH Pa3PsIL MEXKIY CTPYHHBIM 3JIEKTPOIUTHIECKUM KaTOJOM H AJTFOMH-
HHEBBIM aHOJIOM IIPH aTMOC(EPHOM JaBJICHUH; [TOKa3aHbI JIBE YCTOWYMBBIE TOMOJIOTHH TOPEHHsI, UMITYJIbCHAsI IPUPO/IA
TOKa, CIIEKTPaJIbHBIE MapKephl U TEIUIOBasi KApTHHA SHEProBKIIaia. Pe3ynbrarel popMupyloT 6a3y Ui IOCTPOEHHS pe-
KHUMHBIX KapT JOKaJIbHOI 00paOOoTKH allOMUHUS M paclIMpeHHs TEXHOJIOTHYECKHUX NpritokeHuit. IloydeHHbIe TaHHbBIC
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COCTaBIIAIOT OCHOBY U IOCTPOCHHUS KapThl PeXXKUMOB 00paOOTKH aFOMUHHIEBHIX U3CTHHA M MOTYT OBITH PACIIMPEHE 32
c4€T BapBHPOBAHUS pacxoja, IHaMeTpa COIUIa, COCTaBa AJICKTPOJINTA U IPUMEHEHHS 0oJiee CKOPOCTHON AMArHOCTHKH.
HanpasneHnus manpHEHIUX paOoOT: CTaHIAPTU3AIMS YHEPTETHUCCKUX METPHK, KOJMYCCTBEHHAS JICKOMITO3UIUS UCTOY-
HUKOB M3ITyYCHHS U MACIITAOMPOBAHUEC METOTHKH.

KiaioueBble cioBa: CprﬁHLIﬁ QJICKTPONA, ATFOMHUHHUEBBIN aHon, ra3oBEIA paspsad, UMITYJIbCHBIC TOKH, SMUCCHUOHHAA
CIICKTPOCKOINIUA, JHNHUU BaﬂLMepa, KOHIICHTpAlUA JJICKTPOHOB, TCIJIOBU3MOHHAA JUArHOCTHUKA, MO,HI/I(l)I/IKaIII/ISI
TMOBEPXHOCTHU

BaaronapuocTu. KojuiekTiB aBTOPOB BhIpaXkaeT 0J1arolapHOCTh Kadeape Ja3epHbIX U U THBHBIX TEXHOJIOTHI MpU
dI'BOY BO «KHUTY-KAWN» 3a npenocTaBieHHOE JUATHOCTHYECKOE 000pYI0OBaHHE.

®unancupoBanme. VcciemoBaHue BBIMOTHEHO 3a c4eT TpaHTa Poccwmiickoro HaydHoro ¢onma Ne 25-29-20147,
https://rscf.ru/project/25-29-20147/»

Jdas mutupoBanus. [lerpskos C.1O., benprubaes 3.P., INaiicun A.®., Katomos P.P. Dnexrpudeckuii paspsm Mexmy

CTPYHHBIM JIEKTPOJIMTHYECKUM KaTOO0M M METAJUIMUECKUM aHoJoM. Advanced Engineering Research (Rostov-on-Don).
2026;26(2):2245. https://doi.org/10.23947/2687-1653-2026-26-2-2245

Introduction. Gas-discharge plasma, formed in the interelectrode gap where one or both electrodes are liquid, is a
promising area of research in the fluid, gas, and plasma mechanics, as well as modern materials processing
technologies [1]. One popular configuration is a system with a jet electrolytic cathode and a metal anode, in which the
cathode function is performed by a flowing jet of electrolyte [2]. This design allows for the formation of a local cathode
region with gas-discharge plasma and provides flexible adjustment of process parameters [3]. Local energy deposition in
the cathode spot zone, effective heat removal through liquid electrodes, and rapid removal of reaction products provide
the high efficiency of this configuration for local surface treatment of small-sized metal products [4], cleaning [5], burr
removal, and the application of functional coatings [6].

The discharge mechanism with a jet electrolytic cathode is determined by complex interphase interactions in a three-
phase “gas — liquid — solid” unit [7]. The nature of combustion and the stability of the process are significantly affected
by electrical parameters (voltage, current, power, type of power supply — direct or high-frequency current) [8], jet
hydrodynamics (flow rate, flow velocity, nozzle diameter, turbulence level) [9], thermal and mass transfer phenomena
(evaporation, degassing) [10], chemical composition and specific electrical conductivity of the electrolyte [11], as well
as the pressure and composition of the surrounding gas environment [12]. Such systems are characterized by a change in
combustion modes, the occurrence of self-excited oscillations and breakdowns, as well as a pronounced nonlinearity of
the volt-ampere characteristics [13]. In comparison with the discharge on a solid cathode, the structure of the near-
electrode layer of a liquid cathode is specific: a key role is played by ion bombardment of the jet surface, secondary
electron emission at the interface between the media, micro-splashes and microdischarges on gas inclusions, as well as
electrodynamic stabilization or destabilization of the meniscus [14].

The practical significance of such discharges is due to the possibility of controlled modification of the microrelief and
condition of the near-surface layer of the metal anode without critical thermal impact on the component. This allows for
the formation of active functional groups, regulation of surface wettability, removal of oxide films and organic
contaminants, initiation of nucleation sites for subsequent coating deposition, and improvement of microhardness and
corrosion resistance. The localized nature of the impact is particularly relevant for small components with complex
geometries, where traditional mechanical and electrochemical methods are inapplicable. For industrial production, the
determination of optimal processing conditions that link discharge characteristics and electrolyte jet parameters is the
critical task.

However, this area of research remains understudied. The conditions for the transition between different discharge modes,
depending on electrodynamic and hydrodynamic factors, is not fully described. Mathematical models of the layer in the
liquid cathode region need to be developed, taking into account the processes of vapor-gas shell generation. Systematization
of the modes in the form of maps is required, where electrical characteristics (specific energy deposition per unit surface
area, voltampere curves) would be compared with the final functional properties of the material. From a diagnostic
perspective, the following are in demand: high-speed visualization of interelectrode processes; precision recording of
voltampere characteristics and current oscillations; optical emission spectroscopy for identifying plasma composition,
determination of the concentration and temperature of electrons, as well as the temperature of the heavy component.

The objective of this study is to establish the combustion modes of an electric discharge between a jet electrolytic
cathode and an aluminum anode, identify the regions of their stable existence, and comprehensively determine the
electrophysical, spectral, and thermal characteristics. The results obtained are aimed at developing scientifically sound
recommendations for the finishing and modification of aluminum and its alloy products.
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Materials and Methods. Ignition and stable combustion of a jet electric discharge with a liquid plasma-forming
medium under localized action on a metal anode were implemented using a laboratory setup in which a flowing electrolyte
jet served as the cathode and a metal plate — as the anode (Fig. 1 a). The jet — anode assembly was housed within an
electrolytic cell (Fig. 2 b), equipped with systems for supplying and removing the solution, temperature control, and
standard exhaust ventilation for the work area.

b)

Fig. 1. Experimental setup for igniting gas-discharge plasma:

a — photograph of the experimental setup; b — functional diagram of the gas-discharge chamber for maintaining a jet
discharge with a liquid cathode interacting with the surface of a metal anode, where: 1 — electrolytic cell; 2 — electrolyte;
3 — metal anode (aluminum plate); 4 — discharge combustion zone;

5 — jet feed/adjustment nozzle; 6 — electrolyte jet (cathode)

An aluminum plate from AMts-40 (ISO: AW-3003 or AIMn1Cu), secured in a cell, served as the anode. The cathode
was formed by a continuous jet of a 3% aqueous NaCl solution prepared with purified tap water. Before starting, a negative
potential was applied to the nozzle and the jet, and a positive potential — to the aluminum plate. The jet was generated
through a replaceable nozzle; the flow rate was set using a control valve monitored by a flow gage. To ensure the stability
of the solution properties, temperature control was provided: a refrigerated circulation cooler maintained the temperature
within specified limits, and electrolyte was renewed in a closed loop with a coarse filter to remove mechanical impurities.
Vapors and aerosols were removed from the work area by a stationary exhaust system. All current-carrying components
and housing were protected by grounding.

The discharge was powered by a high-voltage source up to 4 kV with a nominal current up to 10 A and stepless
control, including high-voltage and low-voltage channels. This allowed for flexible setting of voltage and current ranges,
as well as powering auxiliary sensors. Current values of U and / were displayed on panel indicators and duplicated on the
control PC for operational monitoring. In standard series of experiments, the parameters were: voltage U = 0.1-1.1 kV;
pressure p = 10° Pa (atmospheric); jet velocity v, = 0.5-0.7 m/s; jet diameter d = 2 mm; jet length / = 15 mm; v
6 = 0.10-0.12 Ohm*-cm™; temperature 7 = 12—-64 °C. The polarity of the electrodes was maintained in all modes:
jet — cathode, plate — anode.

The diagnostic complex included mutually complementary methods of visualization, thermal and electrical control,
as well as optical emission spectroscopy.

1. High-speed video recording of the torch and near-electrode structure dynamics was performed using a Casio EX-
F1 camera at 600 and 1200 fps. The camera was mounted on a tripod approximately 300 mm from the discharge zone.
Data transfer and initial processing were performed on a PC using HX Link and Movavi Video Editor 14 Plus software.
The recording made it possible to capture the shape and oscillations of the cathode jet, as well as the evolution of the
anode spot.

2. A FLIR A6500sc thermal imaging camera (640x512 pixels; 3.6-4.9 pm) calibrated with a multi-wavelength
pyrometer was used to map the temperature field on the anode surface and in the vicinity of the cathode jet. This
compensated for changes in effective emissivity associated with the formation and growth of an oxide film on the
aluminum. Thermogram analysis was performed using the ALTAIR v5.91.010 software package.
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3. Current and voltage pulsations were recorded using GDS-806S and GOS-6030 digital oscilloscopes. A photodiode
discharge radiation sensor connected to the oscilloscope was used to synchronize electrical signals with optical events.
This approach ensured that ignition timing, transitions between combustion modes, and surges were correlated with
visually observable changes in the flame.

4. Optical emission spectroscopy was performed on a PLASUS EC 150201 MC fiber-optic spectrometer in the range
of 195-1105 nm. The radiation was collected by a collimator brought to the combustion zone at a distance of 100-200
mm. The instrumental function was calibrated using a SIRSH 6-100 source; the instrumental width was Akg~ 1 nm. The
spectra were compared with the NIST database. The electron concentration (based on the broadening of H,,) was estimated
from the profiles of the Balmer series hydrogen lines.

A set of tools and modes provided representative, reproducible measurements and comparison of electrical, spectral,
thermal and visual characteristics of a jet discharge with a liquid cathode and local impact on the surface of a metal anode.

Research Results. The photographs (Fig. 2) show that with the polarity “jet electrolytic cathode —- aluminum anode”, the
discharge at U= 600 V, p = 10° Pa and jet velocity vx= 0.6 m/s, is localized in two characteristic areas: 1 — in the zone of direct
contact of the jet with the surface of the anode (Fig. 2 a), and 2 — in the region of jet breakdown (Fig. 2 b).

In the first case, a near-electrode light-emitting region is formed, tied to the “contact spot” and the “gas-liquid-solid” triple
cross-section line. In the second case, glow and microdischarge events occur at the necks and droplets of the disintegrating jet,
where the surface curvature and localized gas inclusions enhance the field and reduce the effective gap length.

5 mm

e

a) b)

Fig. 2. Jet electric discharge between a jet anode and an aluminum cathode
at U=600V,I=1.6 A, p=10°Pa, v« = 0.6 m/s: a — at the interface
between jet and metal surface; b — in the jet breakup zone

The characteristic yellow color of the torch in both cases is primarily due to the intense emission of the sodium
resonant doublet (= 589 nm), which arises from the evaporation/aerosol emission of Na-containing components from the
jet of 3% NaCl solution in the near-cathode zone and their subsequent dissociation-excitation in the discharge volume.
The contribution of continuous radiation from heated aerosol particles and local oxide inclusions can impart an orange-
yellow hue at moments of peak energy deposition, but remains secondary to the Na lines.

The current oscillograms (Fig. 3) at a fixed voltage of U = 600 V demonstrate the pulsed nature of the conductivity:
the current is realized in series of pulses with an amplitude of about 0.8—1.6 A. This intermittent structure corresponds to
the alternation of stages of amplification and attenuation of electron emission at the gas-liquid interface and the periodic
“switching” of the conductivity channel between two geometries — “a spot on the surface of the metal electrode” and “in
the jet breakup zone”.

Mechanics



https://vestnik-donstu.ru

Petryakov SYu, et al. Electric Discharge between a Jet Electrolytic Cathode and a Metal Anode

a) b)
Fig. 3. Oscillograms of discharge current and voltage oscillations between the jet cathode and aluminum anode:
a—atp=103Pa, AU-500 V,AI=2 A, At =25 ms;
b—atp=103Pa,AU-500 V,AI=2 A, At=5ms

Hydrogasdynamic processes, including the formation of gas bubbles, the emergence of convective currents, as well
as the specific flow characteristics and jet velocity — along with accompanying variations in the interelectrode distance
and cathode spot geometry — cause fluctuations in current density and electromagnetic field strength. These phenomena
are recorded on the oscillogram as characteristic pulsed regions (Fig. 3).

Electrical signals obtained using an oscilloscope are compared with optical recordings of the discharge glow. It is
found that current pulses correlate temporally with the occurrence of intense radiation in the combustion zone. This
indicates that rapid microevents in the near-cathode region are crucial in initiating the pulses, transforming the conditions
for the formation of the cathode layer and triggering microdischarges toward the anode.

In this electrode configuration, the following mechanisms of charged particle formation can act as sources of primary
electrons for avalanche ionization and subsequent ionization in the volume: (1) secondary electron emission from the
surface of the liquid cathode under the impact of bombardment by positive ions and fast neutral particles; (2) field
emission from highly curved areas where the field strength increases locally; (3) photoelectron emission from the surface
of the jet under the action of radiation from the discharge volume; (4) emission from gas bubbles adjacent to the cathode,
where the reduced effective work function and field concentration facilitate the injection of electrons; (5) detachment of
electrons from negative ions in the near-electrode layer.

Figure 4 shows the plasma emission spectrum of a discharge between a jet electrolytic cathode and an aluminum
anode, with identified bands and lines.

Bands OH (A—X), are recorded, as well as the atomic lines H I, Na I, N I and K I. The presence of an intense
resonance doublet Na I (= 589.0/589.6 nm) is consistent with the visually observed yellow color of the flame: sodium
enters the discharge zone from a 3% NaCl solution via evaporation from the near-cathode region, after which it is excited

in the plasma volume.
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Fig. 4. Emission spectrum of the discharge plasma between the jet cathode

and the aluminum anode with identified spectral lines
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The instrumental broadening was estimated using the optically thin line K I (769.9 nm); the minimum half-width of
the narrow lines was Alg = 1.0 nm and was then taken as the Gaussian component of the instrumental function. The
observed line profiles were approximated by a Voigt contour; the Voigt (A\r), Lorentzian (AX; and Gaussian (ALg) half-
widths were related using approximation [15]:

Mg ~0.5346- Ak, ++/0.2166- AL2 + AL

From it, AX; was found with known AAr and AAg, thereby eliminating the contribution of instrumental broadening.

For line H, (656.28 nm), the measured half-width of the Voigt profile was Al (H,) = 1.38 nm. Taking into account
the instrumental component, the Lorentz half-width was obtained as A\, (H,) = 0.64 nm. The electron concentration
ne = 6.4x10'% cm= was calculated using temperature-dependent coefficients.

This electron density is typical for atmospheric pressure, where the linear Stark broadening of hydrogen lines
dominates.

In this series, Hp(486.13 nm) was not detected due to the low signal-to-noise ratio in the channel and exposure
adjustment for the bright yellow lines Na I, which does not prevent z. from H..

Table 1
Summary Spectral Parameters for Estimating 7. from Line H,
Parameter Value Note
Ar(Hy) 1.38 nm Voigt contour half-width
AL(Hy) ~ 0.64 nm Lorentz component (without instrument broadening)
71e = 6.4%10'% cm™ Stark broadening estimation of Hy

The combination of observed bands and lines confirms the mixed nature of plasma formation (air + electrolyte
sputtering products). The yellow color of the flame is due to the dominance of Na I lines, and an estimate based on the
broadening of H, yields an electron concentration of approximately 10'® cm= under the conditions studied.

Thermographic analysis of the discharge zone. In the thermograms (Fig. 5), the origin of coordinates is the position
corresponding to the contact area of the jet electrolytic cathode with the aluminum anode (“gas-liquid-solid” line).

At this point, the maximum effective temperature is recorded at 7= 47°C. As the electrode moves toward the source
of the electrolyte jet, that is, along the jet, the temperature decreases within the first 7 mm, indicating a plasma region
elongated along the jet, approximately 7 mm in length and with an effective transverse dimension of 2 mm. Outside the
plasma region, the temperature profile declines exponentially to the ambient temperature. As the electrode moves toward
the aluminum anode, the temperature also drops sharply to 22°C. This profile asymmetry is explained by the high thermal
conductivity of aluminum and its effective heat dissipation into the component volume, as well as by intensive convective
cooling by the adjacent electrolyte. The temperature “spot” on the anode surface is compact and confined to the contact
zone. This corresponds to the pattern of directed energy deposition from the discharge elongated along the cathode jet.

50.00
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49.41
49.28
49.08
4881
48.61
§ 48.27
48.07
47.93
4745

47.31
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Fig. 5. Dynamics of temperature distribution of the jet electrolytic cathode
(thermograms, t=0-5s, At=1s):a—0s;b—1s;¢c—2s;d—3s;e—4s;f—5s
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Discussion. Based on the data obtained, it follows that plasma structures are localized in two areas of the system:
(1) — in the area of contact of the jet electrode with the surface of the workpiece, and (2) — in the zone of thinning and
disintegration of the jet electrode.

In the first case, the maximum energy deposition from the discharge is localized in the area of the cathode spot on the
surface of the metal anode. In the second case, it shifts toward the constriction and disintegration region of the jet
electrode, where the surface geometry and the vapor-gas gap enhance the electromagnetic field. This behavior of the jet
electrode explains the changes in conductivity and, consequently, current fluctuations in the range of 0.8—-1.6 A at a
voltage of approximately 600 V.

The pulsed nature of the discharge combustion is due to the interrelationship between the electrical parameters of the
discharge, the cathode layer, and the jet hydrodynamics. The dynamics of the jet flow, accompanied by the formation of
localized areas of constriction and jet breakup, causes a non-stationary change in the geometry of the cathode region and
a change in the electric field strength. Under these conditions, short-term microdischarges are formed in the vapor-gas
region between the anode and cathode which show themselves as successive current pulses that correlate with the
discharge plasma glow. The initiation of these pulses is determined by the combined contribution of various electron
emission mechanisms, including secondary emission under ion bombardment, field emission, and electron injection into
the plasma volume from the surface of the near-cathode layer.

Analysis of the emission spectra indicates the combined nature of the gas-discharge plasma, formed by both ambient
air components and elements dislocated from the electrolyte. Intense radiation is recorded at the Na I line in the region of
approximately 589 nm, which determines the predominance of the yellow color of the discharge combustion. The
detection of the bands OH (A—X) and line H, indicates the occurrence of gas-phase processes involving hydrogen and
hydroxyl radicals. The electron concentration, estimated from the Stark broadening of line H, (A\, = 0.64 nm), is
ne= 6.4x10'" cm,

Thermographic measurements show the formation of a localized heating zone on the surface of the metal anode with
a maximum temperature of approximately 47°C. The spatial asymmetry of the temperature field is due to the high thermal
conductivity of aluminum, which provides intense heat transfer into the bulk of the material and convective cooling from
the electrolyte. The recorded temperature values do not determine the mechanism of aluminum surface activation. The
change in the properties of the surface layer is realized due to the nonequilibrium effect of gas discharge plasma, including
a flow of charged particles, active chemical components, and local electric fields in the anode region, and not as a result
of thermal destruction of oxide film Al:Os.

From the point of view of practical implementation, the process is characterized by the presence of stable regime
regions determined by a set of electrical parameters (voltage, current), hydrodynamic characteristics of the jet (speed,
diameter, length of the gap) and the electrical conductivity of the solution.

Limitations of the study include the finite spectral resolution of the equipment used (~1 nm), which imposes
restrictions on the interpretation of narrow lines and makes line H, preferable for estimating electron concentration. An
additional factor is the fixed electrolyte composition (3% NaCl), while changes in ionic composition and pH can
significantly affect excitation kinetics and the thermal balance of the system. These circumstances determine the
directions of further research.

Inspection of the treated aluminum anode surface reveals the formation of a localized impact zone with no signs of
melting. This indicates the gentle nature of the plasma-liquid action, ensuring surface cleaning while maintaining the
component geometry. Quantitative assessment of changes in roughness, wettability, and micromechanical properties
requires further experimental analysis.

From an applied perspective, the established pulsed reactions and the presence of two stable electric discharge
combustion modes create the prerequisites for controlled changes in energy deposition through varying the jet parameters
and electrical characteristics. This enables a transition from gentle surface cleaning modes to controlled modification of
surface morphology without significant thermal impact on the material, which is important for the development of
compact technological solutions for the preparation of aluminum surfaces for coating deposition and ensuring adhesion.

Conclusion. An experimental study on an electric discharge in a jet electrolytic cathode—aluminum anode system at
atmospheric pressure was performed. Two plasma localization topologies were established: a contact zone on the triple
line and a jet breakup region. In both cases, the current was pulsed with an amplitude of approximately 0.8—1.6 A. Optical
emission spectroscopy confirmed the mixed nature of the plasma (air + electrolyte sputtering products), and the
dominance of the Na I doublet, while an estimate based on the broadening of H, yielded the electron concentration
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ne = 10' cm™. Thermal imaging data indicated a maximum effective temperature of approximately 47°C on the contact
side, and an energy deposition zone approximately 7 mm long, elongated along the jet. It was shown that the pulse
triggering mechanism was due to electromechanical feedback between the cathode layer and the jet hydrodynamics.
Possible sources of primary electrons included secondary, auto-, and photoemission, as well as emission from gas
microcavities. In practice, this allowed for targeted selection of modes (jet velocity/diameter, electrical conductivity,
voltage) for delicate activation, cleaning, and microtexturing of aluminum surfaces. Prospects for further research include
standardization of energy metrics, quantitative decomposition of the contributions of radiating components, and
expansion for constructing process maps.

The presented results form the physical basis for subsequent quantitative analysis of surface quality and construction
of operational maps for plasma-liquid processing of aluminum products.
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