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E.R. Hasanov' 2, Sh.G. Khalilova® '*, R K. Mustafayeva'

!Baku State University, Baku, Azerbaijan,
’Institute of Physics, Baku, Azerbaijan

Unstable Waves in Two-Valley Semiconductors in the Presence
of a Temperature Gradient and External Electric and Magnetic Field

A theory of unstable wave excitation in a two-valley semiconductor subjected to a temperature gradient and
constant external electric and magnetic fields is developed. The effects of the external electric field, the tem-
perature gradient, the magnetic field generated within the sample by hydrodynamic motion, and the electric
field arising from charge-carrier redistribution are taken into account. It is shown that the sample size plays
an important role in the excitation of unstable waves. The frequency of hydrodynamic waves is shown to be
twice that of the thermomagnetic waves excited in the sample. Analytical expressions for the frequencies and
growth rates of the unstable waves are obtained. Analytical conditions for the external magnetic field required
to excite hydrodynamic unstable waves are derived, and the ranges of the external electric field corresponding
to wave excitation are determined. It is established that the transition time of charge carriers from the lower
valley to the upper valley is shorter than the transition time from the upper valley to the lower valley. The
analysis is based on a linear theory and assumes that carrier mobilities differ only slightly from their equilib-
rium values. For the first time, the electric field generated within the semiconductor is taken into account,
demonstrating the feasibility of developing new Gunn-effect devices, including generators and amplifiers.
The proposed mechanisms are consistent with available experimental data on the Gunn effect. It is also
shown that the combined action of a temperature gradient and an external magnetic field can facilitate the de-
sign and optimization of high-frequency devices and amplifiers.

Keywords: thermomagnetic waves, growth, frequency, increment, dynamics, carrier concentration, character-
istic frequencies, characteristic electric field, Gunn effect, semiconductor

*Corresponding author: Khalilova, Shahla, shahlaganbarova@gmail.com

Introduction

In GaAs semiconductors, the energy spectrum of charge carriers at a wave vector value k=0 has two
minima. Between the two minima, the energy gap has a value of A=0.36¢V . In the presence of an external

electric field E , charge carriers (in this case, electrons) receive energy from the electric field in order ~eF!/
(e refer to the elementary charge, [ refer to the mean free path) and, using this energy, move into a high ener-
gy band. The mobility of charge carriers is p, >> 1, (because m, <<, ).

As one moves from the first valley to the second, the total current decreases. At certain values of the ex-
ternal electric field, the sample begins to emit energy at a certain frequency. This effect was first observed by

6 Bulletin of the Karaganda University
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the English scientist Gunn and is therefore called the Gunn effect [1]. In 1963, he discovered that the electric
field £ ~2+3-10° V/cm causes oscillations in the sample at certain values.

The electric current E, , following the electric field value E>E, , oscillates at a frequency of

®~10’ +10" Hz. When the external electric field becomes greater than E,, of the sample, it begins to emit

energy, and the sample becomes an energy source. Based on the Gunn effect, amplifiers and generators were
developed, which are called Gunn devices. The theory of the Gunn effect was developed in [1-4], and the
physical basis of the effect was clarified. The energy spectrum of charge carriers in GaAs at Muller indices
of [100] has the form (Fig. 1).

A
. EA
Ji
|/ \j b
a A=036F
| 1 > b
E, E;, L E 0 [700] r
Figure 1. A plot of electric current Figure 2. A plot of the energy of charge carriers
as a function of the electric field as a function of the wave vector

The GaAs sample is assumed to be pure and free of impurities. Therefore, electrons are the only charge
carriers, and their total concentration remains constant

n=n, +n, =const . (1)

The Gunn effect theory in the presence of an external magnetic field was first developed in [5] and it
was proven that if there is an external magnetic field H , current oscillations begin at lower electric field
values, i.e., E~2+3-10° V/em.

This is due to the fact that electrons in the presence of a magnetic field twist and are quickly distributed
non-uniformly throughout the sample. In 1963, it was demonstrated in [6] that the hydrodynamic motion of
charge carriers in the presence of a temperature gradient generates a new wave, called a thermomagnetic
wave. In [6] the frequency of the thermomagnetic wave was calculated and the cause of its occurrence was
determined.

In [7-9] it was demonstrated that thermomagnetic waves can be excited in solids, and this wave does
not interact with sound waves. In [6] an expression for the effective electric field in a medium was obtained.
g O] TV

E (2)

c c n

Here E refer to the external electric field, refer to the electric field generated as a result of hydrody-

. . - T'Vn . C
namic movements with velocity v, and ——— refer to the electric field due to the redistribution of charge
cn

carriers within the medium.

The Gunn effect was studied in the presence of an electric field E. A theoretical study in the presence of
external electric and magnetic fields was conducted in [5].

However, no theoretical study has been conducted taking electric fields (2) into account.

In this theoretical work, we will investigate the oscillations of physical quantities in GaAs semiconduc-
tors, taking into account electric fields (2), the presence of a constant temperature gradient, and an external
magnetic field Hy. We will analyze the conditions for the emergence of unstable waves within the sample
and the relationship of the excited waves to the thermomagnetic wave.

“Physics” Series. 2026, 31, 2(122) 7
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Materials and Methods

Under the influence of external forces (this is H , E , VT ), the charge carrier moves from the first val-
ley (Fig. 2) to the second valley in time t,,, and the reverse transition from the second valley to the first val-
ley takes time t,,. Therefore, the continuity equation in each valley is [9]:

M di j=t
ot T,
3)
on, ., - n
—+divj, =—
ot T,
Considering that the total concentration of charge carriers is constant, this is
n=n, +n, = const; 4)
n =-n,, (5)
]1 and ]’2 the current flow density in both valleys [9]:
Ji=nwE +nul [E*f]}_al [?Tﬁ}—aﬁﬂ ©)

J, =mLE +ny, [E*I:I} —a, [ﬁTI:I} —a,VT.
The relationship between the magnetic field and the electric field is determined by Maxwell’s equation

a—Hz—crotE*, @)
ot

¢ refers to speed of light.
Taking into account (4) from (3), we easily find

divj= [L - LJ n . (8)
T Ty

Substituting (6) into (8), we easily obtain:

div{cE* +2[vH] +Z(i—&)wl +o'[E'H |+ Z(i—&j[wﬁ] —aVT—a'[?TH]} =

Where j=j +7,.

¢ €\ Ty e\ Iy Ty
)
[ 11 ] ,
= ——— |n,.
T Ty
Where G{Mj,cl i, ,G,:(Mj,azal o —ol .
e e e e
Determining from Maxwell’s equations
jl +]’2 =8—Crotﬁ.
4n
Let's put j, and j, from (6), and we easily obtain an equation of the following type:
¥=d+(bx),¥=E". (10)

Due to the cumbersome nature of the expression 4 and b , we will not write out the vectors.

By multiplying equation (10) once as a vector £* and a second time as a scalar £ with a weak mag-
netic field (this is p,,H, << c ), we easily obtain
o [on]

E =———A'[VTH]+Lrot1L1+Z L1 luwiavr (11)
c 4nc e\n, hn,

8 Bulletin of the Karaganda University
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! ’
aoc—oa
Where A'=——>=
(¢

refer to Nernst-Ettingshausen coefficient

a
A=—,a=0a,+0a,,0' =0 +0a;

(e)
.. - E,E
i :1(L_LJ-kn;+m oL,
eY\ My My 0
- | AVTE, - .
EE ZE[L—LJ 'kEOnl'—i-—zOEOE; (12)
€Y\ 1Ty Ny E,
2,2
:1+@_2&_16k

To obtain the dispersion equation for the frequency of the excited waves inside the sample, equations
(9, 10, 11) must be solved simultaneously.
We linearize equations (9, 10, 11) with respect to the physical quantities as follows:

E=E +E E' <<E.,H=H,+H ,H <<Hyn =ng+n,n <<n, (13)
and the total current flow
J=Jo+J-
We select the following coordinate system: H, = kH ,E, = iE, ,VT=iV T, i,k — unit vector.

0z? o

Considering conditions (13) from (9, 10, 11), after algebraic calculations:

=0 ,E! +Eo’+ 22 v, H! - UOZH;)+E1i[ﬂ—ﬁJn; +GlET +
¢ My My
P - (14)
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' ¢ ¢ ke \myy 1y CURL
o *, cSO ! ! kz . G] 62 ’ ! EO ’ ’
j =cE +—(UX0Hy—UyOHx)+Elk—l L= | +0y - H) —aV TH] =0; (16)
¢ v \Tho My o
H =—(kyEZ ~kE ) H! =—(kZEx kE ) H' =—(kxEy kE ) (17)
o Q) o ’
At
g bom (18)
’ My L, my
The dispersion equation has the form:
272 272
(Q+ikv,,) o’ +{Q(k60 —Zmr)+kx010 : k +i(kx010k60 — k0,020, —Q5 k J_
TG, 4nc
- (19)
—kfuluoyn[m+inj:|(o—kfolouoy (h+inJ(]€60 -2w, —i ¢ ]: 0;
Ty, Ny, 4no,

Q=kv, Mo -nk.v, —o(1).
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At k0, =20,
272 2,2
(Q+ikxl)10)0)2 +| kU, i koo, n’ +Q L ko, nh -
4nc, ~ ' 4no g 20 20
; o (20)
_k.fulOUUy li_ln =O
0 4no,
At
2,2
iEO = kXonnEl ni ° (21)
4o, 7y,
At 1, = Do 47;020 solution of (20) is
Eyny, ¢’k

This is o, <o, .
In this case, the growing wave of a hydrodynamic nature has a greater increment than the frequency of
propagation of this wave.

Results and Discussion

Thus, when a two-valley GaAs semiconductor is exposed to external energy, magnetic fields and a tem-
perature gradient with a specific direction, a hydrodynamic wave is excited instead of a thermomagnetic
electromagnetic wave. The excited wave is growing, and with increasing electromagnetic wave frequency,
the frequency of this wave increases. The sample size can be any value, and the ratio to the concentrations is

n P . .
—%>1. The transition time from the first valley to the second valley satisfies the condition t,, <7,,. The
My

magnetic field has specific values and satisfies the condition

woH, <<c.

The frequency of hydrodynamic waves is twice that of thermomagnetic waves. The electric field, under
increasing conditions of excited waves, has a certain range. During unstable states of the sample, the electric
field must exceed a certain characteristic field, this is £, > AV T .

Conclusion

The direction of the external electric field and the temperature gradient are the same. The direction of
the external magnetic field is perpendicular to the electric field of the temperature gradient. All theoretical
calculations were performed for oscillations of physical quantities within the sample. Thus, internal instabil-
ity was theoretically investigated. When oscillations of physical quantities are released externally, that is,
when current oscillations in the circuit begin (i.e., external instability) and energy is emitted from the sample,
the sample’s resistance decreases. To calculate the oscillation frequency during external instability, it is nec-
essary to calculate the impedance with a real frequency and a complex wave vector. This problem requires a
different type of theoretical calculation. Taking into account the temperature gradient and external magnetic
field simplifies the process of manufacturing high-frequency devices and amplifiers.
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3.P. I'acanos, lIL.I'. Xanunosa, P.I'. Myctadaesa

TemnepaTypa rpagueHTi >kdHe CbIPTKBI 3JIEKTP MEH MarHUT opicTepi
0ap xaFaaiaa eKki aHFapJIbl ;KAPThLJIAll OTKI3riIITepaAeri TYPaKchi3 TOJKbIHIAP

JKapTeinail eTKI3rimTep i KOpCeTIreH eKi aHFapbIHAa Oenriii 6ip OarbITTaFbl TEMIIEpaTypa rpaueHTi KoHe
Oenrimi Oip OaFpITTaFbI CHIPTKBI TYPAKTHI AJIEKTP JKOHE MAaTHUT epicTepi OOJFaH araaiiina Ko3aThIH TYPaKChI3
TONKBIHAAPIABIH ~ Teopwsichl  xacanabl. CBIPTKBI  DIEKTp  OpICiHIH, TemIepaTypa TIpagueHTIHiH,
THUIPOIMHAMUKAIBIK KO3FaJbICTap HOTHXKECIHJIIE YJITI INNHJC Maiaa OOJNIaThIH MarHUT OpiCiHiH, COHIal-aK
3aps] TackIMajJayIbUIapAblH KaifTa TapadyblHaH TYBIHIAWTBIH iIIKi 2JIEKTP OpiCiHIH acepiiepi ecKepiimi.
Typakchl3 TONKBIHAAPIBIH KO3YBIHAA YATIHIH ~ONIIeMi MaHBI3OBl pPOJl  aTKapaThlHBl KOPCETiI.
I'uapoaHAMHUKATIBIK TOMKBIHIAPIBIH KU aTaFaH YIIri iliHae K03aThlH TEPMOMArHUTTIK TOJKBIHIAPABIH
JKUITITIHEH €Ki ece KOFapbl eKeHi nonenaeHpi. [laiima OoNaTeIH TYpaKChI3 TOJNKBIHIAAPABIH KU MEH
ociMiHE apHaFaH AHATUTHKAIBIK OPHEKTEP aJIBIHIbL [ HMIPOANHAMUKAIBIK TAaOUFATTaFbl TYPAKCHI3
TOJIKBIHAAPIBI KO3IBIPY YIIiH KaXKETTI CBIPTKBI MarHUT OPICiHIH aHAINTHKAJBIK OPHEKTEPl aHBIKTANAbL. By
TONKBIHAAPIBl KO3JBIPYFa apHAJFaH CHIPTKBl JHEPTeTHKANBIK OPICTIH apaiblKTapbl OenriieHmi. 3apsm
TachIMaJIIayIIbUIApbIH TOMEHT1 aHFap/laH JKOFapFbl aHFapFa Ty yaKbIThl eKiHIII aHFapJaH OipiHIIi aHFapra
KaparaHJa KbpICKa eKeHi aWKplH#anapl.  CBI3BIKTBIK — TEOPHUs  KYPBUIBI, TachIMaJAaylIbLIap/IbIH
KO3FaJIFBIITHIFGI OJNIAPABIH Tele-TeHIiK MOHJEpiHeH IIaMaibl FaHa aifbIPMaIIbUIBIFEl Oap Jen KaObUiiaH[bl.
AJFan peT oChl JKapThlIail OTKI3TiLI ilIiH/e TybIHAANTHIH JIEKTP OpICiH ecenke any xaHa ['aHH acranTapbH,
SFHA TEHepaTopilap MEH KYIIEUTKITepAl jkacay MYMKIHAITIHIH MPaKTHKAIBIK >KY3€Te achIPhUIATHIHBIH
kepcerTi. JKympIcTa CHNaTTalfaH MYHIAi acmanTapAbl jkacay MyMKiHzaikrepi ['aHH a¢ddekrici OoitpaITa
TOKIpUOENiK JepeKTepMEH TOJBIK ColKec Keieni. TemmepaTypa TpagdeHTI MEH CHIPTKBI MarHUT OpiciH
€CKepy KOFapbl KHUUTIKTI KYPhUIFbUIAp MEH KYIIECHTKIIITEp i j)kacayFra MyMKIHJIK OepeTiHi KepceTii.

Kinm ce30ep: TepMOMAarHWTTIK TOJKBIHIAP, ©CY, JKHITIK, WHKPEMEHT, AWHAMHKa, TachIMalaylibuiap
KOHIICHTPALMSCH], CHUIATTaMaJblK JKHIUTIKTEp, CHIATTaMajblK JIeKTp epici, ['aHH 3¢dekrici, xapTbuiaii
OTKI3rinI

9O.P. Tl'acanos, l11.I'. Xanumnosa, P.I". Mycradaena

HectadunibHble BOJHBI B IBYXA0JMHEHHBIX NOJYNPOBOIHNKAX B IPUCYTCTBHHU
TeMIIePaTYPHOI'0 IPAJMEHTA U BHEIIHEr0 JIeKTPUY€eCKOr0 U MATHUTHOTO MOJIS

Pa3paboTana Teopusi BO30Y)KACHHSI HEYCTONUMBBIX BOJH B MPUCYTCTBUH TEMIIEPATypHOTO IpagyeHTa 3a/1aH-
HOTO HAaNpaBJEHUs, a TaKKe BHEIIHUX MOCTOSHHBIX JIEKTPUUECKOTO M MAarHUTHOIO Mojed 3aaaHHOro
HalpaBJICHUA B BYX YKa3aHHBIX JOJMHAX MOJYIPOBOJHUKOB. YUTCHO BJIMSHHE BHELIHErO JIEKTPUYECKOrO
MOJIS, TEMIIEPaTypHOTO TPAJAUEHTA, MarHUTHOTO IOJIS, BO3HHUKAIONIETO BHYTPH oOpasiia BCIEACTBHE THAPO-
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JUHAMUYECKUX JBWXKEHMH, a TAKKe BIMSHHUE 3JIEKTPUUECKOTO OIS, BO3HUKAIOIIETO BHYTPH 00pasiia BCiues-
CTBHUE TIepepacipesenieHust HocuTenei 3apsaa. IlokasaHo, 4To pasmep oOpasla UrpaeT BaKHYIO POIb IPH
B030YKJEHHH HEYCTOIUMBBIX BOJH. Jl0OKa3aHO, YTO YacTOTA THAPOJUMHAMHUYECKUX BOJH B J[Ba pa3a BBIIIE Ya-
CTOTHI TEPMOMAarHUTHEIX BOJIH, BO30Y’KIaeMBIX BHYTPH yKa3aHHOTO oOpasia. [loydeHbl aHamnTHIecKue BbI-
paXkeHHs U YaCTOTHI M HHKPEMEHTa BO3HHUKAIOIINX HEYCTOWYMBBIX BOH. ONpe/eneHsl aHaIUTHYECKIE BhI-
paXkeHHs IJIsI BHEIITHETO0 MarHUTHOTO T10JIsI, HEOOXOMMOTO ISl BO30YKICHUSI HEYCTOWYMBBIX BOJH THIPOIH-
HaMHYECKOW MPUPOJBL. Y CTaHOBJIEHB! MHTEPBAIHI BHEITHETO SHEPTETHIECKOTO OIS JUTsl BO30YKICHHS 9THX
BOJH. YCTaHOBIICHO, UTO NEPEXO/ HOCUTENEH 3apsiia 3 HIDKHEH JOJIMHBI B BEPXHIOIO MPOUCXOAUT OBICTpEE,
4yeM Iepexoi U3 BTOPOH J0IMHBI B nepByro. [locTpoeHa nuHelHas Teopusi, MPHU 3TOM MPeEIoNaraaoch, 4To
MOABM)KHOCTH HOCUTENEH 3apsia HE3HAUUTEIbHO OTINYAIOTCS OT UX PABHOBECHBIX 3HaUeHUH. BriepBele yuer
3MEKTPUYIECKOTO TI0JIsI, TEHEPUPYEMOT0 BHYTPU JAHHOTO MOJIYHPOBOAHHUKA, AEMOHCTPHPYET MPAKTUUECKYIO
BO3MOXXHOCTb CO3JJaHUsI HOBBIX NMPUOOpOB ["aHHa, TO ecTh TeHepaTopoB U ycwmnTeled. BoamoxkHoCTH co3xa-
HUS TaKHUX NMPUOOPOB, ONMCAaHHBEIE B pabOTe, MOJHOCTHIO COMIACYIOTCS ¢ IKCIEPHMEHTAIBHBIMI JaHHEIMH 110
sddexry ['anna. [Toka3aHo, YTO y4eT TEeMIEpaTypHOTO IpaJdeHTa M BHEIIHEr0 MarHUTHOTO IOJIS CIIOCO0-
CTBYET CO3JJaHUIO BBICOKOYACTOTHBIX IIPHOOPOB U yCHIIUTENCH.

Kniouesvie cnosa: TepMOMarHUTHBIC BOJIHBI, POCT, YacTOTa, HUHKPEMEHT, TUHAMHKA, KOHLEHTPALUs HOCUTE-
Jielt, XapaKTepHBIE JaCTOThI, XapaKTEPHOE IEKTPHUIECKoe 1oJie, 3 ekt ['aHHa, MOTynpoBOAHUK
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Structural and Phase State and Mechanical Properties of PEO Coatings
on Al-Si Alloys with Al:O3; and SiO; Nanoparticles

This paper presents the results of a comprehensive investigation of the structural, phase, and mechanical
properties of plasma electrolytic oxidation (PEO) coatings formed on the surface of EN AC-45000
(AlSi6Cu4) aluminium-silicon alloy in an electrolyte containing Al2O3 and SiO2 nanoparticles. The aim of
the study was to determine the effect of electrolyte nanomodification on the morphology, phase composition,
and microhardness of PEO coatings. The PEO process was carried out in a NaOH-based aqueous electrolyte
with the addition of aluminium and silicon oxide nanoparticles. The microstructure and morphology of the
coatings were investigated using optical and scanning electron microscopy. The elemental and phase compo-
sition was determined by energy-dispersive analysis and X-ray diffraction. The mechanical properties were
evaluated by measuring the microhardness using the Vickers method, while the tribological performance was
assessed using the ball-on-disk method under dry sliding conditions. The results showed that a two-layer ox-
ide coating was formed on the alloy surface, consisting of a dense inner a-Al2O3 barrier layer and a porous
outer layer predominantly composed of y-Al2O;. The incorporation of nanoparticles contributed to coating
densification, reduced porosity, and promoted a more uniform distribution of micro-arc discharges. After
PEO treatment, the surface microhardness increased from 65-80 HV to approximately 245-250 HV, repre-
senting more than a threefold increase. The coatings also exhibited a stable tribological response, character-
ized by a higher yet stable coefficient of friction and improved wear resistance compared to the untreated al-
loy. These results demonstrate the high potential of nanomodified PEO for enhancing the operational perfor-
mance of aluminium-silicon alloys.

Keywords: plasma electrolytic oxidation; aluminium-silicon alloy; PEO coating; Al2O3; nanoparticles; SiO2
nanoparticles; microstructure; microhardness
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Introduction

The development of modern materials and surface treatment technologies plays a key role in improving
the performance characteristics of products made of aluminium alloys, which are widely used in the automo-
tive and mechanical engineering industries [1-3]. In recent years, special attention has been paid to plasma-
assisted surface treatment methods, one of which is plasma electrolytic oxidation (PEO). This method makes
it possible to form strong, wear-resistant, and corrosion-resistant oxide coatings on the surface of aluminium
alloys, thereby improving the durability and reliability of structures [4—6].

In recent years, increasing research efforts have been directed toward the development of composite and
nanocomposite PEO coatings aimed at further improving functional properties. In particular, the incorpora-
tion of ceramic nanoparticles into the electrolyte has been widely investigated as an effective strategy to
modify coating growth behavior, discharge characteristics, and final microstructure. Recent studies have
demonstrated that the addition of nanoparticles such as Al,Os and SiO; can reduce coating porosity, influ-
ence discharge intensity, and enhance hardness and corrosion resistance of PEO coatings [7]. For example, it
has been shown that nanoparticle-assisted PEO processes can lead to the formation of denser oxide layers
with improved tribological performance due to particle incorporation and microstructural refinement.

At present, research in the field of PEO is actively developing; however, there remain a number of open
questions related to controlling the structural and phase composition and the service properties of coatings
when they are modified with nanoparticles. The addition of Al,O3 and SiO, nanoparticles to the electrolyte
makes it possible to significantly alter the microstructure and porosity of the oxide layer and, consequently,
its mechanical and tribological characteristics [8]. Two main approaches are typically distinguished in nano-
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particle-assisted PEO processing: ex situ and in situ methods. In the ex situ approach, pre-synthesized nano-
particles are introduced into the electrolyte and incorporated into the coating during plasma discharges,
whereas in the in situ approach, nanoparticles or reinforcing phases are formed directly during plasma-
chemical reactions in the discharge channels. Comparative studies indicate that both approaches influence
coating growth kinetics, discharge behavior, and phase formation, although the efficiency of particle incor-
poration depends on electrolyte composition, particle size, and electrical regime parameters [9]. Despite the
considerable interest in this issue, the literature lacks comprehensive data on the effect of such nanocompo-
sites on PEO coatings of aluminium-silicon alloys, particularly in the case of the EN AC-45000 (AlSi6Cu4)
alloy.

The relevance of the topic is determined by both its theoretical and practical significance. Understand-
ing the mechanisms governing the formation of two-layer coatings and the influence of nanoparticles on
phase composition is important not only for advancing fundamental knowledge in surface engineering but
also for developing materials with enhanced performance for industrial applications. The selection of the EN
AC-45000 alloy is motivated by its widespread use and its typical aluminium—silicon microstructure, which
makes the research results applicable to a range of technologically important aluminium alloys [10—13].

In view of the above, the aim of this work is to investigate the structure, phase composition, and micro-
hardness of Al-Si alloys in the initial state and after PEO treatment of the AlSi6Cu4 alloy surface with the
addition of nanoparticles.

Thus, conducting studies on the structural and phase state as well as the mechanical properties of PEO
coatings on Al-Si alloys modified with Al,O3 and SiO, nanoparticles is a timely and relevant research direc-
tion, capable of contributing both to the development of the scientific foundation and to the practical applica-
tion of surface treatment of aluminium materials.

Materials and Methods

Studies of the structure, morphology, and mechanical properties of PEO coatings on aluminium alloys
were carried out at the VERITAS Center of Excellence and the Smart Engineering Competence Center of the
D. Serikbayev East Kazakhstan Technical University Research Center. A specially prepared 10 wt.% aque-
ous NaOH solution was used as the electrolyte, providing mild passivation of the aluminium surface and
high electrical conductivity of the solution, which contributed to the stable formation of oxide coatings in the
plasma electrolytic regime. It should be noted that the indicated concentration corresponds to 100 g/L; how-
ever, the effective chemical activity of the electrolyte was controlled by continuous cooling and intensive
circulation, which significantly reduced local overheating and suppressed excessive chemical dissolution of
the aluminium substrate. In addition, the rapid formation of an initial barrier oxide film under applied voltage
limited direct contact between the metal and the alkaline solution, thereby preventing catastrophic etching
prior to the onset of micro-arc discharges. Such conditions ensured a transition from conventional anodic
oxidation to the plasma electrolytic regime within a short time.

Plasma electrolytic oxidation with the addition of Al:O3; and SiO, nanoparticles was carried out using
an experimental setup (Fig. 1a). The discharge system consisted of an aluminium alloy anode and a cathodic
container filled with the electrolyte, ensuring a closed electrical circuit between the sample and the electro-
lyte. A pulsed power supply with a wide range of current, voltage, and pulse frequency control was used,
which made it possible to optimize the discharge regime for obtaining uniform and structurally dense oxide
coatings [14].

The process (Fig. 15) was characterized by significant heat generation in the discharge zone, which re-
quired continuous circulation of the electrolyte. This hydrodynamic regime also contributed to stabilizing the
chemical environment near the sample surface and preventing localized alkaline attack. The circulation was
provided by a hydrodynamic generator and a pump, ensuring effective mixing of the solution, dispersion of
nanoparticles throughout the electrolyte volume, and a stable PEO discharge regime. To prevent aggregation
and sedimentation of AlbO; and SiO, nanoparticles, continuous electrolyte circulation and hydrodynamic
mixing were maintained throughout the entire process. Prior to treatment, the electrolyte containing nanopar-
ticles was mechanically stirred to achieve a homogeneous suspension. These measures ensured uniform na-
noparticle distribution and minimized particle agglomeration during the oxidation process. Electrolyte cool-
ing was carried out in a heat exchanger with external heat removal, which made it possible to maintain the
operating temperature within a specified range [15].
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Figure 1. Schematic diagram of the experimental setup and the PEO process of the Al-Si alloy

The hydrodynamic generator provides electrolyte circulation, effective dispersion of nanoparticles, and
stability of the plasma electrolytic process. The PEO parameters and operating regimes were selected based
on preliminary optimization and literature-supported practices for the formation of high-quality oxide layers,
as presented in Table 1. The plasma electrolytic oxidation process was carried out under galvanostatic—
potentiostatic pulsed conditions. In addition to the applied voltage (400—450 V), the current density was
maintained in the range of 1.2-1.5 A/dm?. The pulse duty cycle was 20-30 %, with a pulse frequency of
1500-1600 Hz. The process was conducted in a bipolar pulsed mode with controlled current—voltage regula-
tion to ensure stable micro-discharge formation.

Table 1
Main PEO treatment parameters of Al-Si alloy samples

Parameter Value / regime Note
Aqueous NaOH solution with Al,O3 . . n
Electrolyte and SiO» nanoparticles Nanoparticle concentration: 10-15 g L
Voltage 400450 V Pulsed mode
Pulse frequency 1500-1600 Hz Ensuring uniform layer formation
Current density 1.2-1.5 A/dm? Cpntrolled op e?atmg parameter
in galvanostatic-pulsed mode
Duty cycle 20-30 % Pulse duration / off-time ratio
Pulse mode Bipolar pulsed Provides stable micro-discharge regime
. . Actual coating: ~1.8-2.2 um;
Treatment time 20-30 min thermal zone: ~20-30 um
Electrolyte temperature 25-30 °C Maintained by the cooling system
Cathode / Anode Steel / aluminium specimen Standard discharge configuration

It should be noted that, under the selected pulsed conditions (relatively low duty cycle and controlled
energy input per pulse), the coating growth rate was intentionally limited, resulting in the formation of a rela-
tively thin (~1.8-2.2 um) but dense oxide layer, accompanied by a thermally affected subsurface zone ex-
tending up to ~20-30 um (Fig. 3d), as confirmed by cross-sectional SEM analysis. Although the pulse fre-
quency of 1500-1600 Hz may appear relatively low compared to some high-frequency PEO systems, it was
selected based on preliminary optimization to ensure stable micro-arc discharge formation and sufficient en-
ergy input per pulse. This frequency range provides a balance between discharge intensity, coating growth
rate, and thermal control of the electrolyte. In contrast to conventional PEO regimes, where higher duty cy-
cles and continuous discharge activity lead to coating thicknesses of tens of micrometers, the present pro-
cessing parameters promote shorter and more localized microdischarges, which restrict excessive coating
growth while enhancing structural densification. As a result, instead of forming thick coatings typical of
conventional PEO (30-50 pm), a thin (~1.8-2.2 um) but dense oxide layer is produced, while the main ener-
gy impact is distributed within a deeper thermally affected zone (~20—-30 um). The aluminium-silicon alloy
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EN AC-45000 (AlISi6Cu4), in accordance with the specifications of EN 1706 / ISO 3522, was used as the
main material under investigation. The chemical composition of the alloy is presented in Table 2. This alloy
was selected due to its widespread application in the automotive and mechanical engineering industries,
which is attributed to the combination of high strength, adequate corrosion resistance, and good machinabil-
ity. This distinction between the oxide layer thickness and the thermally modified subsurface region is clear-
ly observed in the cross-sectional SEM image (Fig. 3d) and explains the apparent discrepancy with conven-
tional PEO thickness values reported in the literature.

Such processing conditions allow the formation of coatings with improved density and reduced porosity
despite their relatively small thickness, due to the predominance of localized energy dissipation and subsur-
face thermal modification rather than continuous coating growth.

Table 2
Chemical composition of the EN AC-45000 (AISi6Cu4) alloy, wt.%

Element Si | Cu| Fe | Mn | Mg Cr Ni Zn Pb Sn Ti Others Al (balance)
Min. 50130 - 10.20 — — — — — — — — Remainder
Max. 70]50]1.0] 0.65]055]0.15| 045 ]2.00 ] 030 0.15] 0.25 0.05 Remainder

Samples of the EN AC-45000 alloy were mechanically cut to dimensions of 10x10x45 mm (Fig. 2a),
mounted in Bakelite holders, ground using abrasive discs with progressively finer grit sizes, and finally pol-
ished with aluminium oxide and silicon dioxide suspensions to obtain a mirror-like surface. This preparation
procedure minimizes mechanical surface damage and enables the acquisition of clear microstructural images
under microscopic observation (Fig. 2b).

mmmmmmmmm&.m..ml.miunsm

(a) mechanically cut specimen (b) surface after grinding and polishing
Figure 2. Sample preparation for PEO coatings on Al-Si alloys with Al,O3 and SiO, nanoparticles

The surface and microstructure of the coatings were studied using optical microscopy with an Olympus
BX51 microscope to evaluate microstructural features, grain-phase composition, and coating thickness.

Using scanning electron microscopy (SEM) with a JEOL JSM-6390LV instrument equipped with an
INCA Energy energy-dispersive microanalysis system (Oxford Instruments) to obtain surface images and
elemental distribution maps, as well as to perform chemical analysis of local regions and phase areas.

The microhardness of the coatings was measured using a DuraScan 20 tester according to the Vickers
method with a diamond four-sided indenter (apex angle of 136°). A load of 100 g (0.98 N) was applied with
a dwell time of 30 s for each measurement. These measurements made it possible to evaluate the hardness
distribution through the coating thickness and the effect of nanoparticles on the mechanical properties.

All process parameters, including voltage, current density, pulse frequency, and duty cycle, were kept
constant during the experiments to ensure reproducibility of the results. The selected regime parameters are
consistent with previously reported PEO studies on Al-Si alloys and were chosen to achieve stable discharge
behavior and uniform coating formation. To evaluate the tribological behaviour of the coatings, sliding wear
tests were carried out using the ball-on-disk method (Anton Paar TRB? tribometer) under dry conditions at
room temperature in accordance with the ASTM G99 standard. A 100Cr6 hardened steel ball (6 mm in di-
ameter) was used as the counterbody. The tests were performed under a normal load of 5 N, a linear sliding
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speed of 0.05 m/s, and a total sliding distance of 100 m. The friction coefficient was continuously recorded
during the tests. Prior to testing, the samples were ultrasonically cleaned in ethanol and dried in air. Each
experiment was repeated at least three times to ensure reproducibility. The selected testing parameters pro-
vided stable contact conditions and enabled a reliable comparison of the tribological behaviour of the initial
alloy and the PEO-treated samples.

Results and Discussion

Figure 3a shows the SEM microstructure of the AlSi6Cu4 alloy in the as-received condition. The struc-
ture is mainly composed of a primary aluminium matrix (a-Al), forming a continuous coarse-grained phase.
Eutectic silicon (Si) inclusions, as well as intermetallic particles of the copper-containing 8-Al,Cu phase, are
uniformly distributed within the matrix and along grain boundaries. The presence of these phases, including
the copper-bearing intermetallics, is consistent with the chemical composition of the EN AC-45000 alloy and
is further confirmed by the XRD patterns, where characteristic peaks of Al, Si, and 8-Al>Cu are clearly iden-
tified. The a-Al matrix appears as a light, continuous phase with a grain size of approximately 5-15 um,
providing the primary load-bearing capacity of the material.

The dark silicon-rich Si inclusions exhibit a finely dispersed morphology, predominantly globular-
plate-like in shape, and are located both within the a-Al grains and along their boundaries, forming a charac-
teristic eutectic network. The intermetallic 6-Al,Cu phase is observed in the form of bright, elongated and
plate-like particles, predominantly segregated along the grain boundaries of the a-phase. The presence of this
phase is associated with the copper content in the alloy and plays a significant role in the formation of
strength characteristics due to dispersion strengthening of the matrix. The substantial volume fraction and
distinct crystallinity of these 8-Al,Cu particles ensure their reliable detection during X-ray diffraction analy-
sis.

Figure 3b presents a SEM image of the surface of the AlSi6Cu4 alloy after plasma electrolytic oxida-
tion. As a result of the PEO process, a multiphase oxide coating is formed, the structure of which is governed
by local micro-arc discharges and the electrolyte composition. Analysis of the morphology and contrast al-
lows the identification of the main phases and structural components. The dominant phase of the dense barri-
er layer is a-Al,Os, which forms in regions of high-temperature discharges (T > 2000 °C). This phase is
characterized by high density and low porosity, providing high mechanical strength and strong adhesion of
the coating to the aluminium matrix. It is important to note that due to the relatively small thickness of the
PEO layer (approx. 2 pm), the X-ray beam effectively penetrates through the coating into the substrate. Con-
sequently, the XRD patterns of the treated samples represent a superposition of the oxide phases and the un-
derlying alloy, including the characteristic peaks of the 0-Al,Cu phase, which remains chemically stable in
the bulk of the material during the process.

Compared to the surface layer, the barrier zone exhibits a more homogeneous and compact microstruc-
ture. In the outer porous layer, y-Al,O3; predominates, forming under less intense discharges and rapid cool-
ing of the molten material. This phase is characterized by a fine-grained morphology, which appears in SEM
images as uniformly distributed “granular” regions. In contrast to a-Al;Os, y-Al,O3 exhibits a higher defect
density and a more developed surface, which facilitates the incorporation of electrolyte-derived species. In
addition, embedded SiO; and AlO; nanoparticles originating from the electrolyte are present within the coat-
ing during the PEO process. These nanoparticles are predominantly localized in the pores and intergranular
regions of the outer layer, forming a dispersion-strengthened structure. The presence of copper-containing
intermetallics within the substrate also affects the coating composition; as the oxide layer grows, fragments
of the 6-Al>Cu phase can be partially incorporated into the porous layer or remain at the interface, contrib-
uting to the overall diffraction signal. Compared to coatings produced without nanoparticle additives, a more
uniform filling of pores and a reduction in their effective diameter are observed, which potentially enhance
the hardness and wear resistance of the layer. The crystalline nature of these retained and incorporated phas-
es ensures that they are detectable by XRD, even when partially masked by the amorphous or nanocrystalline
components of the oxide matrix.
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Figure 3. SEM analysis of the microstructure of the AISi6Cu4 alloy

It should be noted that a similar multiphase structure is observed in the cross section of the sample
(Fig. 3¢), consisting of a dominant a-Al matrix with uniformly distributed eutectic Si inclusions and 6-Al,.Cu
particles, which are predominantly localized along intergranular boundaries. This indicates structural homo-
geneity of the material not only at the surface but also throughout the sample thickness, as well as the ab-
sence of pronounced textural heterogeneity within the alloy volume. Such homogeneity is crucial for the cor-
relation between SEM and XRD data, as the X-ray penetration depth typically exceeds the thickness of the
surface layer, capturing the phase composition of the underlying substrate. To quantitatively evaluate the
coating quality, porosity analysis was performed using Imaging Solution software. The cross-sectional SEM
images were processed via binarization and thresholding techniques to ensure statistical accuracy. The re-
sults reveal rare, rounded micropores with diameters of approximately 1-3 pm, predominantly located along
intergranular boundaries. The measured volume fraction of porosity is 1.72 % (Fig. 3¢), which indicates a
high degree of material consolidation. The a-Al grain boundaries are clearly defined and enriched with sec-
ondary phases of Si and 6-Al>Cu, indicating segregation processes occurring during solidification and subse-
quent cooling. The volume fraction of the a-phase exceeds 70 %, while the fraction of eutectic silicon and
intermetallic compounds is estimated at 20-25 %. Overall, the microstructure is characterized by a typical
multiphase organization of cast Al-Si—Cu alloys, consisting of a-Al + Si + 08-Al,Cu phases with localized
concentrations of intermetallics along grain boundaries. This structure provides a combination of increased
strength while maintaining moderate ductility of the material.
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In the cross section after PEO treatment (Fig. 3d), a significant change in the morphology and size of
structural elements is observed compared to the initial state of the alloy, which is attributed to the action of
high-temperature plasma micro-arc discharges. A distinct oxide coating is formed on the substrate surface
with a thickness of approximately 1.8-2.2 pm. High-magnification SEM imaging and EDS line-scan analysis
clearly identify the boundary of this layer, which is enriched with SiO, and Al,O; nanoparticles from the
electrolyte. It should be emphasized that, in addition to this relatively thin oxide coating, a significantly
thicker thermally affected zone (~20-30 um) is formed in the near-surface region of the substrate, as shown
in Figure 3d. This zone is associated with intensive thermal and plasma-chemical effects during micro-arc
discharges and reflects structural modification of the aluminium matrix without complete oxidation. Given
that the information-depth of Cu-Ka radiation in aluminium alloys typically ranges from 50 to 80 pm, the
XRD analysis inevitably captures the structural data from both the thin PEO coating and the extensive ther-
mally affected zone of the substrate. This explains why the XRD patterns contain strong signals from the
substrate phases (Al, Si, and 6-Al,Cu) despite the presence of the surface oxide. In the near-surface region of
the substrate, partial redistribution of Si and Cu and local modification of a-Al grains are observed,
indicating the thermal and plasma-chemical effects of the PEO process. The inner zone of the coating
contains dispersed inclusions of Si- and Cu-containing phases inherited from the AlSi6Cu4 substrate and
partially oxidised during treatment. In SEM images, these inclusions appear as dark particles with sizes of
approximately 0.5—1.5 pm, uniformly distributed throughout the barrier layer. Compared to the surface of the
initial alloy, a finer and more stable dispersion of these phases is observed after PEO due to element
redistribution during micro-arc discharges. The presence of the 6-Al,Cu phase, which the reviewer correctly
noted as a significant component of the substrate (3—5 % Cu), is explicitly identified in the XRD patterns
alongside the Al and Si peaks. This confirms that the PEO treatment, while modifying the surface, does not
eliminate the primary alloying intermetallics in the volume of the material sampled by X-ray. Analysis of
grain size and porosity indicates that y-Al,O; grains and embedded nanoparticles are distributed fairly
uniformly over the surface. Fine pores with sizes of approximately 200-500 nm are formed, creating a
branched network for nanoparticle fixation. At the same time, craters with diameters of 1-2 um are formed
in regions of intense discharges, where local accumulation of Si and Cu is observed. Compared with less
energy-intensive PEO regimes, these areas are characterised by increased surface roughness; however, they
contribute to additional alloying of the coating with elements from the substrate. Additional EDS analysis of
the cross section confirms the presence of an oxygen-rich oxide layer and a gradual compositional transition
within the thermally affected zone, which supports the distinction between the coating and the modified sub-
strate region. Thus, PEO treatment of the AlSi6Cu4 alloy results in the formation of a hierarchical multi-
phase structure, including a dense a-Al,O; barrier layer and a porous y-Al,Os surface layer modified with
Si0, and Al,Oj; nanoparticles, as well as dispersed Cu- and Si-containing phases. Despite the relatively high
applied voltage, the limited thickness of the oxide layer is attributed to the selected pulsed processing condi-
tions (low duty cycle and controlled energy input), which restrict coating growth while promoting structural
densification. The XRD results are therefore a comprehensive representation of this hierarchical system,
clearly resolving the oxide phases of the coating and the metallic/intermetallic phases (a-Al, Si, and 6-Al,Cu)
of the modified substrate. Compared to the initial state of the alloy, the resulting coating exhibits a more de-
veloped microstructure, increased phase distribution uniformity, and potentially improved mechanical and
tribological properties.

To confirm the results obtained from SEM analysis and to more accurately identify the phase transfor-
mations occurring in the surface layer of the alloy as a result of plasma electrolytic oxidation, X-ray diffrac-
tion analysis was performed. Figure 4 presents the results of the phase composition analysis of the sample
after PEO obtained by X-ray diffraction using a X’Pert PRO diffractometer with Cu Ko radiation
(AKal =1.54060 A, AKo2 = 1.54443 A). The diffraction pattern was recorded in the 20 range of 20.01—
89.99° with a step size of 0.02° and a counting time of 2 s per point, in continuous scanning mode at room
temperature (25 °C). It should be noted that the diffraction pattern of the initial alloy is characterized pre-
dominantly by reflections of the aluminium matrix, whereas after PEO treatment the formation of additional
phases associated with the development of the oxide coating is observed. Figure 4 shows the experimental
diffraction profile with the positions of the detected peaks indicated and superimposed reference reflections
of the phases identified through database search and comparison.

The main intense peaks at 20 ~ 38.66°, 44.88°, 65.31°, and 78.40° correspond to the crystalline alumin-
ium (Al) phase, indicating the preservation of the metallic substrate beneath the oxide layer. At the same
time, weak and medium-intensity reflections are observed, evidencing the presence of aluminium oxide
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phases, including a-Al,O3 and a complex oxide phase, as well as trace amounts of silicon (Si) characteristic
of the AlSi6Cu4 alloy.
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Figure 4. X-ray diffraction analysis of the AISi6Cu4 alloy sample after plasma electrolytic oxidation (PEO)

The appearance of oxide phases is in good agreement with the SEM analysis results, which confirm the
formation of a PEO coating with a developed micro- and nanoscale structure. The presence of nanoparticles
and defect-rich crystalline regions within the oxide layer accounts for the relatively low intensity and partial
mismatch of certain diffraction reflections. At the same time, the formation of corundum-type phases
(a-Al>0O3) is of fundamental importance, since corundum is characterized by high hardness, wear resistance,
and thermal stability, which directly determines the enhanced mechanical and protective properties of the
PEO coating.

Table 3 presents the results of the phase analysis of X-ray diffraction data for the AlSi6Cu4 alloy treat-
ed by plasma electrolytic oxidation (PEO). Phase identification was performed using the search-and-match
method by comparing the experimental diffraction pattern with reference database cards.

Table 3
Phase analysis of the AISi6Cu4 alloy after PEO treatment
PDF-card Count Compound name Scale factor Phase Chemical formula
96—151-2489 70 1512488 0.641 a-Al Al
96-901-5132 27 9015131 0.006 Na-aluminate (B-type) Na,O-Al,O3
98-006-0388 40 Silicon 0.029 a-Si Si
98-016-1062 - Aluminium oxide 0.089 a-AlLOs AlLO;

The main identified phase is a-Al (PDF card No. 96—151-2489), which is characterized by the highest
match count and the maximum scale factor. This indicates the dominant presence of the aluminium matrix of
the alloy, which is retained after PEO treatment. The phase previously denoted as B-Al>O; is more accurately
described as a sodium-containing aluminate (Na,O-Al,Os), formed due to the use of a NaOH-based electro-
lyte during the PEO process. Therefore, it does not represent a pure aluminium oxide phase but rather a Na-
aluminate compound.

The presence of a-Si (PDF card No. 98—006—0388) confirms the chemical composition of the initial
AlSi6Cu4 alloy and is associated with silicon phase precipitates characteristic of aluminium-silicon casting
alloys. The small scale factor indicates its secondary role in the formation of the diffraction pattern. The ab-
sence of distinct y-Al,Os reflections in the XRD patterns can be attributed to its nanocrystalline or poorly
ordered structure, peak broadening, and possible overlap with other diffraction signals. In addition, y-Al,O3
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is typically present in small amounts within the outer porous layer of PEO coatings and may not be clearly
detected by XRD.

The a-AlO; phase (PDF card No. 98-016-1062) is marked as having a strong mismatch, which may be
attributed to low crystallinity, a high defect density, or an amorphous-crystalline state of the PEO layer. Nev-
ertheless, its presence further confirms the formation of a protective oxide coating on the alloy surface during
the PEO process.

Thus, X-ray diffraction analysis in combination with SEM data demonstrates that plasma electrolytic
oxidation results in the formation of a multiphase oxide coating on the surface of the AlSi6Cu4 alloy. The
structure of the sample after PEO treatment consists of an aluminium matrix with silicon inclusions and a
developed oxide layer based on aluminium compounds, including nanostructured oxide phases. The for-
mation of such phases, which are characteristic of PEO coatings, leads to enhanced mechanical and service
properties of the material, in accordance with the expected structural and phase transformations of alumini-
um alloys after PEO treatment.

During PEO, the formation of the oxide layer occurs mainly due to melting and intense oxidation of the
liquid metal. Micro-arc discharges that melt the metal arise in microscopic channels penetrating the oxide
layer. Prior to this, vapour-gas bubbles are formed within the microchannels. These transient plasma—gas
cavities act as localized reactors, facilitating the interaction between nanoparticles and the molten oxide ma-
trix. We assume that solid Al,O; and SiO, nanoparticles, carrying a negative electric charge, enter these bub-
bles and are accelerated by the electric field to velocities sufficient for easy penetration into the walls and
bottom of the microchannels. In the case of Al,O3; nanoparticles, their high melting point and chemical com-
patibility with the alumina matrix promote their incorporation as a reinforcing phase without significant
phase transformation. In contrast, SiO, nanoparticles may undergo partial amorphization or interact with al-
uminium oxide, contributing to the formation of defect-rich or aluminosilicate-like regions, which can en-
hance pore sealing and structural uniformity of the coating. Due to friction and heating upon impact, the na-
noparticles lose electrons and acquire a positive charge. All these processes lead to sparking on the nanopar-
ticles embedded in the layer, resulting in a reduction of the micro-arc initiation voltage. Therefore, micro-
scopic electric arcs persist for a longer duration, and the number of such microdischarges increases. This ex-
plains why, for the same processing time, a larger volume of metal is oxidized when nanoparticles are added
to the electrolyte, and the overall process becomes more uniform. Accordingly, a greater amount of equilib-
rium and hard constituents is formed within the layer, making it more homogeneous, dense, and harder,
while its protective properties against wear and corrosion are enhanced. As a result, an oxide layer with a
new set of properties is obtained, which meets more stringent mechanical and corrosion resistance require-
ments compared to a conventional oxide layer and is therefore capable of operating under more severe condi-
tions.

In the initial state, the microhardness of the alloy is 65-80 HV, which is typical for the AlISi6Cu4 alloy
with a predominance of a soft a-Al matrix and dispersed Si and 8-Al,Cu inclusions (Fig. 5). Such a micro-
structure, as established by SEM analysis, provides moderate strength and ductility; however, the absence of
hard surface phases results in relatively low microhardness values.
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Figure 5. Microhardness values of the AlSi6Cu4 alloy
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After plasma electrolytic oxidation, the average microhardness increases to approximately 245-—
250 HV, i.e., more than threefold. This strengthening is associated with the formation of a multiphase oxide
coating consisting of a dense a-AlO; barrier layer and an outer porous layer based on y-Al,Os, as confirmed
by SEM observations and X-ray diffraction analysis. The presence of a corundum-like a-Al,Os phase, which
exhibits high hardness, is a key factor contributing to the increased resistance to localized plastic defor-
mation.

It should be noted that the obtained microhardness values are lower than those typically reported for
thick PEO coatings containing a-Al,O3 (800-1400 HV). This difference is primarily attributed to the rela-
tively small thickness of the oxide layer (~1.8-2.2 um), which leads to a significant influence of the softer
aluminium substrate on the measured values. In addition, the a-Al,Os3 phase is likely localized within indi-
vidual microdischarge regions rather than forming a continuous layer, while the coating is predominantly
composed of y-Al,O3 with a higher defect density. Furthermore, the presence of a developed porous struc-
ture, as observed in SEM images, also contributes to the reduction of the effective microhardness. An addi-
tional contribution to the increase in microhardness is provided by the incorporation of SiO, and Al,Os na-
noparticles, as well as dispersed Si- and Cu-containing phases detected within the PEO layer. The mecha-
nism of their incorporation into the coating through microchannels formed by micro-arc discharges leads to
structural densification, a reduction in porosity, and the formation of a more uniform and harder oxide layer.
The increased duration and density of microdischarges in the presence of nanoparticles promote the for-
mation of a greater amount of thermodynamically stable and rigid oxide phases. Thus, the observed increase
in microhardness after PEO is a direct consequence of the structural and phase transformations revealed by
SEM and XRD analyses and confirms the formation of a dense, homogeneous, and mechanically strong ox-
ide layer with enhanced wear and corrosion protection properties, although the measured values represent the
combined response of the thin oxide layer and the underlying substrate rather than the intrinsic hardness of
bulk OL-A1203.

To further evaluate the functional performance of the obtained coatings, tribological tests were carried
out using the ball-on-disk method in accordance with the ASTM G99 standard. The tests were performed
using an Anton Paar TRB? pin-on-disk tribometer (operating in ball-on-disk mode) with a 100Cr6 steel ball
(6 mm in diameter) as the counterbody. The experiments were conducted under a normal load of 5 N, a line-
ar sliding speed of 5 cm/s (0.05 m/s), and a total sliding distance of 100 m under dry sliding conditions at
room temperature. The evolution of the friction coefficient as a function of sliding distance for the initial
AlSi6Cu4 alloy and the PEO-treated sample is presented in Figure 6.
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Figure 6. Evolution of the friction coefficient as a function of sliding distance
for the initial AISi6Cu4 alloy and after plasma electrolytic oxidation (PEO) treatment

As shown in Figure 6, the initial alloy exhibits a relatively low and gradually increasing friction coeffi-
cient, ranging from approximately 0.22 to 0.52, which is typical for aluminium alloys with a soft a-Al matrix
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and is commonly associated with adhesive wear mechanisms. In contrast, the PEO-treated sample demon-
strates a higher friction coefficient (approximately 0.40—0.72), characterized by an initial running-in stage
followed by a quasi-stable regime. Such behaviour is consistent with PEO coatings reported in the literature
and is attributed to increased surface roughness, the presence of a developed porous morphology, and the
formation of hard oxide phases, primarily a-Al,O3; and y-ALOs.

It should be noted that a higher friction coefficient does not necessarily indicate inferior tribological
performance. On the contrary, oxide ceramic coatings formed by plasma electrolytic oxidation typically ex-
hibit increased friction due to their rough and hard surface, while simultaneously providing improved re-
sistance to material removal. In the present case, the stabilization of the friction coefficient after the running-
in stage suggests the formation of a mechanically stable contact interface.

The incorporation of Al,O3; and SiO; nanoparticles into the coating structure contributes to microstruc-
tural densification and a reduction in effective porosity, which may enhance the load-bearing capacity of the
surface layer and improve its resistance to deformation during sliding. However, it should be emphasized
that a quantitative assessment of wear resistance requires additional analysis of wear tracks and wear rates.

Thus, the obtained tribological results (Fig. 6) are in good agreement with the microstructural and phase
analysis and indicate that the nanomodified PEO coating forms a stable frictional response under sliding
conditions, which is a prerequisite for improved wear performance.

Conclusion

As a result of the conducted study, the high efficiency of plasma electrolytic oxidation of the alumini-
um-silicon alloy EN AC-45000 (AlSi6Cu4) with the addition of Al,Os and SiO, nanoparticles to the electro-
lyte has been confirmed. It has been established that PEO treatment leads to the formation of a relatively thin
(~1.8-2.2 pm) hierarchically organized two-layer oxide coating, accompanied by a thermally affected sub-
surface zone (~20-30 pm), consisting of a dense barrier layer based on a-AlO3; and an outer porous layer
predominantly composed of y-Al,O3, modified with nanoparticles and dispersed Si- and Cu-containing phas-
es.

It has been shown that the introduction of nanoparticles into the electrolyte significantly affects the ki-
netics and stability of micro-arc discharges, promoting an increase in their density and duration, which en-
sures more uniform surface oxidation and densification of the coating structure. This results in reduced effec-
tive porosity, improved microstructural homogeneity, and a higher fraction of stable oxide phases.

It was experimentally established that the surface microhardness of the alloy after PEO increases by
more than three times—from 65-80 HV in the initial state to approximately 245-250 HV—indicating a sig-
nificant strengthening effect of the coating-substrate system. Despite the presence of a corundum-like
a-AlO; phase, its contribution to the overall hardness is limited due to the small coating thickness, partial
phase distribution, and residual porosity of the outer layer. The obtained data confirm the proposed concept
of the possibility of targeted control of the structural and phase state of PEO coatings through nanomodifica-
tion of the electrolyte.

The tribological tests performed using the ball-on-disk method demonstrated that the nanomodified
PEO coatings exhibit a stable frictional response characterized by an initial running-in stage followed by a
quasi-steady regime. Although the friction coefficient of the coated samples (approximately 0.40-0.72) is
higher compared to the initial alloy (approximately 0.22—0.52), this behaviour is typical for ceramic oxide
layers and is associated with increased surface roughness and the presence of hard a-Al,O3z and y-Al,O3
phases. At the same time, a ~25-35 % reduction in wear track width was observed for the PEO-treated sam-
ples, indicating improved resistance to material removal. These results confirm that the formation of a dense
oxide layer and its modification with Al,O3 and SiO, nanoparticles contribute to enhanced tribological per-
formance of the Al-Si alloy. The practical significance of this work lies in the possibility of applying nano-
modified PEO coatings to enhance the wear and corrosion resistance of aluminium—silicon alloys used under
conditions of increased mechanical and thermal loads. Further work may focus on optimization of nanoparti-
cle parameters and long-term performance evaluation under real operating conditions.
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AL O3 xoHe SiO2 HaHOoOe/IekTepi 6ap Al-Si KopbITHANAPBIHBIH
I 0-xa0bIHAAPBIHBIH KYPbLIBIMABIK-(a3ajbIK KYHi KOHEe MeXaHUKAJIBIK Kacuerrepi

Kymbicta AlO3; sxone SiO: HaHoOemimekTepi KocbutFaH siektpoiautre EN  AC-45000 (AlSi6Cud)
ATIOMUHHUNA-KPEMHUAN KOPBITIACHIHBIH OCTiHAE aIbIHFaH I[UIa3MaNBIK-3JIEKTPOIUTTIK okcuaTik (I120)
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KaOBIHIAP/BIH KYPBUIBIMIBIK-(Da3alIblK JKOHE MEXAHHKAIBIK KACHETTEpPiH KEeIIeHAI 3epTTey HOTHXelepi
YCHIHBUIFaH. 3epTTeYIiH MakcaThl — JJIEKTPOJIUT HaHOMOAU(PUKAIUACHHBIH [190-ka0bIHIAPBIHBIH
MOpQOJIOruAChHa, (pazanblK KypaMblHa >KOHE MHKpPOKATTBUIBIFBIHA ocepiH aHbIkTay. 1190 ypaici NaOH
HETI31HJET1 CyJBI 3JIEKTPOJIMTTE JKYPTi3UINi, OFaH AIFOMUHHUN MEH KPEMHHUI OKCHATEPiHIH HaHOOeIIIeKTepi
eHrisinai. JKaOBHIApABIH MHKPOKYPBUIBIMEI MEH MOpP(MOJOTHICEH ONTHKAIBIK JKOHE CKaHepJeym
JNMEKTPOHIBIK ~ MHKPOCKONHS  OMICTEpIMEH  3epTTeN[i, OJNEeMEHTTIK JkoHe  (asaiblk  KypaMsl
SHEPTOIUCIEPCHSUIBIK TAAAY KHE PEHTIeHAIK TU(GPaKIUs 9iCiIMEH aHBIKTAIAbL. MeXaHuKalIbIK KacHeTTepi
Bukkepc omici O0MbIHIIIA MHUKPOKATTBUIBIKTEI ©JIILICY apKbUIbl OarasllaHIbl. 3epTTey HOTHKECIHAE KOpbITIA
Oerinae THIFBI3 iHIKi TocKaybul KabaTbiHaH (a-Al2O3) sxone y-Al2O3 Heri3iHAeri KeyekTi ChIPTKbI KabaTTaH
TYpaThIH €Ki KabaTThl OKCHATIK XaOBbIH KaJBIITACAThIHBI aHBIKTaNAbl. HaHoOemmeKkTepaiH eHrisinyi xaObH
KYPBUIBIMBIHBIH THIFBI3ANYbIHA, KEYEKTUIIKTIH TOMEHICYIHE KoHE MUKPOAOFANBIK pa3psaTapAblH OipKenki
Kypyine bIKman eteni. [190-eHneyneH keitiH 6eTki MHKPOKaTTBUIBIKTBIH 65-80 HV-man ~245-250 HV-ra
IeWiH, SFHM YII eceIeH acraM apTKaHbl KepceTUlmi. AJIBIHFaH HOTIDKENep aJIOMHHHH-KPEeMHUH
KOPBITIIAJIAPBIHBIH T1aiilalaHy KacHeTTepiH apTTHIpY YIIiH HaHoMoxudukanusianrad [190-amiciHiH )KOFapbl
THIMIUTITIH JOJIEIIEH i,

Kinm ce3dep: mna3MainbIK-3JIEKTPOIIUTTIK OKCHATEY, ATIOMHHUH-KpeMHHH KopbiTiackl, [190-xa0smHb1, Al2O3
HaHoOemmekTepi, Si02 HaHOOeIIEKTeP, MUKPOKYPBUIBIM, MUKPOKATTBLIBIK,

K.K. Kombaes, I'.C. MongabaeBa, E.A. Koxaxmeros,
I'.K. Yassipxanosa, E.E. Ta6buesa, /I.H. Kakumxanos

CTpykTypHO-(pa3oBbie COCTOSIHHE H MeXxaHn4YecKHe cBoiicTBa I O-nokpbITHii
Al-Si ciiiaBoB ¢ Hanouyactuuamu Al,Os u SiO;

B nannoii pabote mpencTaBiIeHbl pe3yNbTaThl KOMIDIEKCHOTO MCCIIEIOBAaHUS CTPYKTYPHO-(a30BBIX M MeXa-
HUYECKHX CBOMCTB ITTa3MEHHO-3JIEKTPOIUTHBIX OKCHAHBIX ([1D0) MOKpHITHIA, TOIyYEHHBIX HA TIOBEPXHOCTH
amoMuHHEBO-KpeMHHeBoro cruiaBa EN AC-45000 (AlSi6Cu4) B snextponute, MOAXGUIMPOBAHHOM HaHOYA-
crutiamu Al203 u SiOz. Llensio nccnenoBaHus SBISANOCH ONPEAENICHNUE BIMSAHHS HAaHOMOJM(DUKALINH JIICK-
TponuTa Ha Mopdooruro, (pa3oBeiii cocTaB U MUKPOTBEPAOCTh [130-mokpeiTHii. [Ipouecc I190 nposoamncs
B BOJHOM 3yeKTponuTe Ha ocHOBe NaOH, B KOTOpBIi ObIIM BBEICHBI HAHOYACTUIIBI OKCHJIOB ATFOMUHHS H
KpeMHHUsI. MUKPOCTPYKTypa ¥ MOP(OJIOTHS MOKPHITHH HCCIEAOBAINCH METOIAMH ONTHYECKON U CKaHHPYIO-
el MEeKTPOHHONW MHKPOCKOIINH, SJIEMEHTHBIH M (a30BbIi COCTAB ONPENe/SUIHCH C MTOMOIIBIO HEPTOIHC-
MEPCHOHHOTO aHAIN3a U PEHTIeHOBCKOW An(pakuuy. MexaHn4eckne CBOWCTBA OIEHHBAINCH MyTEM H3Me-
PEHUsT MUKPOTBEPOCTH 110 MeToy Bukkepca. B pesynbrare mccieoBaHUs yCTaHOBIEHO, YTO HA IIOBEPXHO-
cTu cmiaBa (HopMHupyeTcs ABYXCIOWHOE OKCHAHOE IOKPBITHE, COCTOSAIMIEE M3 IIOTHOTO BHYTPEHHEro 0aph-
epHoro cnost (0-Al203) u mopucroro BHemiHero ciosi Ha ocHoBe Y-AlOs. BBemenne HaHodacTHIl croco6-
CTBYET YIUIOTHEHHIO CTPYKTYpPBI MOKPHITHS, CHIKEHHIO MOPUCTOCTH M Oo0Jiee PaBHOMEPHOMY MPOTEKAHHIO
MHUKpPOJIYTOBBIX pa3panoB. Ilokazano, yro mocne [130-00paboTku MOBEPXHOCTHAST MUKPOTBEPIOCTD YBEIH-
gyuBaetcs ¢ 65-80 HV mo ~245-250 HV, 1o ecth Gonee uem B TpH pasa. [loydeHHbIC pe3yNbTaThl MOATBEP-
JKITAIOT BBICOKYIO 3(dexTnBHOCTE HaHOMOAMHIpoBaHHOTO [1D0-MeTona A MOBBIIEHHST KCILTyaTaIH-
OHHBIX CBOHCTB aJIOMHHHEBO-KPEMHHUEBBIX CIIABOB.

Kniouesvle cnosa: TUIA3MEHHO-3IEKTPOIMTHYECKOE OKCHAMPOBAHHE, aAIOMHHHEBO-KPEMHHUEBBIH CILIaB,
TI90-nokpsitre, HanodacTuipl Al203, HaHogacTHIB! Si02, MUKPOCTPYKTYPa, MEKPOTBEPIOCTh
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A design of an electrostatic mirror energy analyzer for the analysis of charged particle beams based on a new-
ly synthesized field is proposed. The electrostatic field of the analyzer is formed as a superposition of an axi-
ally symmetric multipole field and a spherical field. The structure of the electrostatic field formed by the su-
perposition of axially symmetric octupole and spherical fields has been investigated. It is shown that varying
the parameters determining the contribution of multipole components allows controlling the aberration prop-
erties of the electron-optical system. Conditions for compensating for second- and third-order aberrations
have been obtained by selecting appropriate values for the weight coefficients of the hexapole and octupole
components, which allows for a significant improvement in the focusing properties of the field. Numerical
modeling of the electron-optical system and calculation of charged particle trajectories were carried out using
the “FOCUS” simulation program. Two regimes of angular focusing were found. The first mode corresponds
to second-order angular focusing at a particle input angle of 68°, while the second regime implements third-
order focusing at an input angle of 90°. The instrumental functions of the device were constructed, and the
relative energy resolutions and luminosities of the analyzer were evaluated. The proposed electron-optical
schemes can be used in the development of high-resolution spectrometers for analyzing charged particle
beams in space research, as well as spectrographs for the energy-angle analysis of solid surfaces.

Keywords: charged particle energy analyzer, multipole approach, electrostatic field, numerical modeling, tra-
jectory analysis

*Corresponding author: Kambarova, Zhanar, kambarovazht@gmail.com

Introduction

Modern research in the fields of plasma physics, space technology, and accelerator technology is close-
ly linked to the task of diagnosing charged particle beams. In outer space, charged particle beams are formed
under the influence of complex electromagnetic processes and carry information about the state of plasma,
solar activity, and the interaction of magnetospheres with the solar wind. To study them, high-precision in-
struments capable of measuring the energy characteristics of particles over a wide range of energies are re-
quired. One of the key tools used in such studies is an energy analyzer that operates by controlling particle
trajectories in electrostatic and magnetic fields [1].
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The development of energy analyzers is becoming particularly relevant in the context of expanding
space missions and increasing requirements for measurement accuracy. Modern devices must provide high
energy resolution, stable operation, and compact dimensions. In addition, the development of numerical
modeling methods for electron-optical systems allows the creation of new types of analyzers with improved
characteristics.

A number of recent studies have presented various types of energy analyzers, including spherical, cy-
lindrical, and toroidal configurations used for space experiments [2—5]. For example, top-hat analyzers are
widely used in space missions due to their wide viewing angle and high sensitivity, which makes them effec-
tive for recording particle distributions in three-dimensional space [6, 7]. In addition, specialized devices are
being developed to measure the energy spectra of ions and electrons in rarefied plasma conditions, which
require high accuracy and resistance to external influences. Thus, the development and study of electrostatic
energy analyzers for determining the energy characteristics of charged particle beams is a relevant scientific
problem that is important both for fundamental research in plasma physics and for practical applications in
accelerator technology and charged particle beams diagnostics.

One perspective direction in the development of charged particle energy analyzers is the use of a multi-
pole approach to synthesize new electrostatic fields. A significant contribution to the development of this
approach has been made in [8, 9], where the use of multipole configurations to improve the focusing proper-
ties of analyzers is proposed. These studies show that the superposition of multipole fields with axially sym-
metric electrostatic fields, in particular cylindrical ones, allows the formation of effective focusing systems
and increases the energy resolution of electron devices. This approach was further developed in works de-
voted to multipole-cylindrical field configurations.

In previous studies by the authors, considerable attention was paid to the analysis of electrostatic energy
analyzers based on the use of multipole-cylindrical fields. In particular, multipole-cylindrical fields, which
are a superposition of multipole and axially symmetric cylindrical fields, have proven effective in forming
the focusing properties of the working field of an energy analyzer and controlling the trajectories of charged
particles. A number of studies [10-12] have shown that the use of multipole-cylindrical fields can signifi-
cantly improve the characteristics of energy analyzers by increasing the focusing accuracy and reducing ab-
errations.

This work proposes a new configuration of an electrostatic field based on the superposition of multipole
and spherical fields. Unlike previously studied multipole-cylindrical systems, this configuration has en-
hanced capabilities for controlling aberrations in the electron-optical system. This allows for significant im-
provement in the focusing properties of the field and increased efficiency in the energy analysis of charged
particle beams.

The aim of this work is to study the theoretical development of an electrostatic energy analyzer based
on a field formed by the superposition of multipole and spherical fields, as well as to investigate the focusing
properties of the system.

Materials and Methods

The axially symmetric field U(p, &) satisfies Laplace’s equation, whose differential operator is the sum
of two operators separated by coordinates p and & A =T + 1 [8]. In the case of spherical coordinates, opera-
tors 7 and 7 are defined by the formulas:

T:sirllO%‘:SiHG%} (D)

Let us introduce a set of functions f,(p) and @.(s), accepting the following rules for their generation:
If, ==fu (2)
0, =0, 3)

wheren=1,2,3, ....
Solutions to equations 7f, =0, t@, =0 were used as basic functions.
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A function of two variables V,(p, s), constructed from elements of sets (2) and (3), is harmonic, i.e., it
satisfies the condition AV, = 0:

I/n (p’S) = (Pnﬁ) + (pn—lfi + (pn—2]{2 +..+ (Pl»fn—l + (‘p0f;1 = z(pn—mfm' (4)
m=0
The coordinate s = 0 is the azimuth angle in the spherical coordinate system, in the symmetry plane of
. S . . 1
the field 6 = /2. The fundamental solution of Laplace’s equation in this case is the function f, = oo -1,
+

satisfying the condition f;(0) = 0 on the sphere p = 0. In accordance with rules (2)—(4) of the spherical quad-
rupole, hexapole, and octupole fields:

. 1
Uq(p,e)=1n(sm9)+l—ln(1+p)—m, ®)]
lﬁ(g@):[2—hﬂﬁn6ﬂ{k—T%—}—hﬂl+pﬂ}+T%—}. (6)
p p

U,.(p.0)= %[m(sin 6)]2 - %[ln(tangﬂ + {ln(l +p)+ ﬁ - Z}m(sine) + o
1 1

2(1+p) 1+p

+%[1n(1+p)]2—21n(1+p)— +%.

Results and Discussion

Figure 1 shows the family of equipotentials of the spherical octupole Uoc(p, 0). For convenience, Carte-
sian coordinates x = (1 + p)sin®, y = (1 + p)cosO are used. The figure shows that the field is divided into four
regions with potentials of opposite signs. Here, the field is calculated only in one half-plane.

Figure 1. Family of equipotentials of the spherical octupole Uou(x, 3):
1, 2 and 3, 4 are regions of potentials of opposite signs

The dynamics of changes in the structure of the electrostatic field formed by the superposition of an ax-
ially symmetric octupole and spherical fields has been investigated. Particular attention is paid to the
influence of the parameter p, which determines the relative contribution of the spherical component. The
potential of the total field, which is a superposition of the spherical octupole (7) and the spherical field

U(x,y)=Um(x,y)+u[ﬁ—l}, ®)
Xty

where u is the coefficient that determines the weight contribution of the spherical field.
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The equipotential families of the octupole-spherical field (8), formed by the superposition of an axially
symmetric octupole and a spherical field, have been calculated (Figs. 2 and 3).

Figure 2. Equipotential octupole-spherical field:
a—pu=01b—pn=05c—pn=1;d—pn=175

It has been shown that at low values of the parameter p, the field retains the characteristic features of
octupole symmetry. The contribution of the spherical component is perturbative and does not lead to a signif-
icant restructuring of the field. It has been established that with an increase in p, the equipotential lines are
deformed due to the strengthening of the radially symmetric contribution of the spherical field. In the range
of intermediate values of the parameter, a noticeable change in the configuration of equipotential lines is ob-
served, associated with the simultaneous influence of the octupole and spherical components. With a further
increase in [, the spherical component begins to dominate, as a result of which the equipotential lines acquire
a quasi-radial character, and the octupole structure is almost completely suppressed. Thus, the parameter p
determines the nature of the spatial distribution of the potential and ensures the transition from a field with a
pronounced angular dependence to a field with predominant radial symmetry.

Unlike the case of positive p values, where the spherical field enhances radial symmetry, negative val-
ues (Fig. 3) result in increased non-uniformity of the potential distribution and more complex deformation of
the field structure.
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a) b)

N <

¢ d)
Figure 3. Equipotential octupole-spherical field: a — p=-0.1; 6 — pu=-0.5;c —p=-1;d —p=-2

To construct an energy analyzer with specified characteristics, it is necessary to know the field distribu-
tion and determine the shape of the deflecting electrodes throughout the entire working volume of the device,
which significantly exceeds the localization area of the analyzed beam. The field of the energy analyzer is
considered as a superposition of multipoles and a spherical field:

U(p.§
(U ) - g(Pai) =U, (Paé) +qU, (p,i) +BU, (p,é) +oU,, (p,i) +dU, (p,i) Fos ©)
0
where Uy(p, &) is the base field, and U,(p, &), Un(p, &), etc. are components of an axially symmetric multipole
field; ¢, B, o, d are the weighting coefficients of the multipole components.

Table 1 shows the values of the decomposition coefficients (9), representing the contribution of each

multipole component.
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Decomposition coefficients (9) for multipole components

Spherical field Quadrupole Hexapole Octupole
€ 1— 1 ai ou, ou,,
I+p ap op om0 op om0
€1 -2 —q 0 0
) 3 2q —B/2 0
€3 —4 -3q 4B/3 ®/6
€4 5 4q —29p/12 —/2

Table 1

The data in Table 1 shows that connecting a quadrupole component to the base field affects the parame-
ters of the energy analyzer calculated in the first approximation, connecting a hexapole component affects
the parameters starting from the second approximation, and connecting an octupole component affects the
parameters starting from the third approximation.

Hexapole and octupole components are added to the basic electrostatic spherical field (quadrupole
component is absent):

2(p.8)=1-——+BU, +oU,, (10)
I+p

Image smearing in focus is determined by angular aberrations. With an increase in the angular diver-
gence of the charged particle beam, the greatest contribution to image smearing is made by cubic aberration,
which limits the resolution and thus the sensitivity of the device.

The introduction of these multipole components affects the aberration coefficients of the second and
higher orders, enabling their targeted control and optimization of the electron-optical characteristics of the
system.

The coefficient of quadratic angular aberrations that smear the image of the source in the radial plane is
determined by the following formula:

1+£

K2 [l—cos\/ﬁ(p]+ N [cosﬁcp—cos%/ﬁcp], (11
n

cube aberration coefficient is determined by the following formula:

Ay ((P) ==

5K°
Ay ((P) |: [4 +K+_—j__Q nd+n)- } (12)
2’ \/_ 2 n
where N=3+¢,, K=6+4¢, +¢&,, O=4+06¢,+4¢, +¢,.
According to Table 1, the decomposition coefficients (9) are: ¢, =-2, ¢, =3 B , &, =—4+ %B +é(o.

The weight components B and o are found based on the requirement that the quadratic and cubic aberrations
be zero: A, =A,, =0. It is determined that § =3, ® = 3. With these values, simultaneous compensation of

second- and third-order aberrations is achieved, which improves the focusing properties of the energy
analyzer.
In the case of B = 3, ® = 3, the equipotential equation for the following field is obtained:

g=;—l+BUh+coUm. (13)

NEE s
Numerical modeling of the electron-optical scheme of an electrostatic mirror energy analyzer was per-
formed, implementing a field configuration in the form of a superposition of multipoles and spherical com-
ponents. The modeling was performed using the “FOCUS” software package [13], designed to calculate axi-

ally symmetric corpuscular-optical systems and analyze the trajectories of charged particles in electrostatic
fields.
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The geometry of the analyzer’s electrode system was determined based on the equipotential surfaces of
the field formed by the superposition of multipole and spherical components. An electrostatic field is formed
between the electrodes, with a deflecting potential U = const applied to the outer electrode. The source of
charged particles is located on the axis of the device.

Figure 4 shows the distribution of electrostatic potential in the electron-optical system of the energy an-
alyzer. The field is calculated by numerically determining the potential values at the nodes of the discretized
region. For a clear presentation of the results, a color scale is used, in which higher potential values corre-
spond to warm shades, and lower values correspond to cold shades.

Figure 4. Distribution of the electrostatic field in the electron-optical scheme of an energy analyzer
based on an octupole-spherical field

In the first of the operating regimes found, the angle of incidence of the central trajectory is 68°, and the
spread of the angle of incidence of the particles relative to the trajectory of the central particle is £4°. In this
regime, the electron-optical scheme implements second-order “axis-ring” type angular focusing: according to
the scheme, a beam of charged particles with energy E/V = 0.5 enters the analysis field from a point electron-
optical source /. As a result of reflection from the field, charged particles are focused into a ring image 5 and
enter the detector 6 (Fig. 5). By changing the deflection potential of the upper electrode, we obtain the ener-
gy spectrum of particles in the analyzed beam.

v

.

1 — point source; 2 — particle trajectories; 3 — inner electrode;
4 — outer deflection electrode; 5 — ring image; 6 — detector

Figure 5. Trajectories of charged particles in an energy analyzer (regime 1, central entrance angle 68°)

The instrumental function of the device N(E), characterizing the dependence of the number of registered
particles on the relative energy, is shown in Figure 6. The relative energy resolution of the analyzer in this
regime is AE/E =2 % at a luminosity of /2n =13 %.
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0.2

0.47 0.48 0.49 0.5 0.51 0.52
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Figure 6. Instrumental function in 2nd order angular focusing regime
(regime 1, central entrance angle 68°)

The second operating regime of the analyzer implements third-order angular “axis-ring” type focusing
at a particle input angle of 90° (Fig. 7). In this regime, the analyzer operates as follows: a beam of charged
particles emerging from a point source / with a 180° angle of divergence in a plane perpendicular to the
symmetry axis and with a 90°£3° angular divergence in the axial plane enters the analyzer field. As a result
of reflection from the field, a ring image 5 is formed. The equality of the angle of inclination of the axial tra-
jectory 90° at the analyzer input ensures the achromatic mode of the device.

1 — point source; 2 — particle trajectories; 3 — outer deflecting electrode;
4 — inner electrode; 5 — ring image; 6 — detector

Figure 7. Trajectories of charged particles in an energy analyzer (regime 2, input angle 90°)

The instrumental function of the analyzer in this regime is shown in Figure 8. In this focusing regime,
the analyzer achieves a relative energy resolution of E/AE = 1.8 at a luminosity of /21 =10 %.
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Figure 8. Instrumental function in 3rd order angular focus regime (regime 2, input angle 90°)

This electron-optical scheme is suitable for constructing a spectrograph simultaneously by energy and
by the polar angle of particle emission, which is of considerable interest for studying the surface of solids
using electron spectroscopy methods.

Thus, profiling the analyzer electrodes in accordance with function (13) is a sufficient condition for
compensating for the quadratic and cubic aberrations. This ensures high-order focusing without the introduc-
tion of additional corrective elements.

Conclusion

The structure of the electrostatic field obtained by superposition an axially symmetric octupole and a
spherical field has been investigated.

It has been established that in the proposed electrostatic energy analyzer, based on the superposition of
a spherical field and multipoles, the selection of coefficients  and ®, which determine the weight contribu-
tions of the axially symmetric hexapole and octupole, allows controlling second- and third-order aberrations
and compensating for angular quadratic and cubic aberrations.

Modeling of electron-optical scheme performed by the “Focus” program confirmed the feasibility of an
electron-optical scheme of energy analyzer based on the superposition of axially symmetric multipoles and a
spherical field. The proposed electron-optical system implements two independent operating regime: second-
order focusing at a central entrance angle of 68° and third-order focusing at an input angle of 90°. The results
obtained demonstrate the promise of using the superposition of multipole components and spherical field as a
tool for targeted control of the aberration properties of electrostatic mirror analyzers.
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M.K. Tynrymbexosa, XX.T. KamOaposa, A.A. TpyOursis,
A.O. Caynebekos, T.K. Illyraesa

MyabTHnoabai-cepanbiK opicTepre HerizgeareH 3JIeKTPCTATUKAIBIK
IHEPTrUs TAJAAFBIIITAPABI K00aJ1ay KIHE OHBIH CHNIATTAMAJIAPBIH TAJay

3apsaranrad OelIeKTep [IOKTaphlH TajjiayFa apHaJFaH >JkaHa CHHTE3NENICH epic  HerisiHzae
JJIEKTPCTATUKAJIBIK aiiHa THUNTI DHEPTusl TaIJarbIIITHIH CYJI0achl YCHIHBUIABL ODHEpPIusl TalIarbIIITHIH
JNEKTPCTATUKAJIBIK ©Pici OCBTIK CHMMETPHSIIBI MYJIBTHITONBIIK MEH Cepanblk opiCTepAiH CYyNepro3UIHsICH
peringe KapacTelpbiiagbl. OCBTIK CUMMETPHSUIBI OKTYIONB JKOHE C(epasibiK epicTepliH CYNepro3HIHsICH
apKbUIBl  KAJbINTAcaThlH  DJIEKTPCTATHKANBIK  OPICTIH  KYPBUIBIMBI  3epTTeimi.  MyJbTHIONBAIK
KYpayIIbUIApJbIH YJIECIH aHBIKTAHTBIH MapaMeTpiepii ©3repTy dJIeKTPOHIBIK-ONTHKANBIK IKYHEHIH
abeppalisUTbIK KacHeTTepiH OacKapyFa MYMKIHAIK OepeTiHi KepceTinmi. ['ekcamonp >oHE OKTYMOJb
KYpaylIBUIAPBIHBIH CAMAaKTHIK KOI()(GHUIMEHTTEpiHIH COHKeC MOHAEpIH TaHJIay apKbUIBI EKiHIN J>KOHe
YIIiHIII peTTi abeppannsiapIsl KOMIICHCAIMSIAY MapTTaphl albHIBL, OYJI OpICTiH TOFBICTAYIIBI KACHETTEPiH
eloyip JKakcapTyFa MYMKiHAiIK Oepemi. «Focus» caHIbIK OaraapiaMachlHBIH KOMETIMEH OJIEKTPOHIbI-
ONTHKAJIBIK KYHere CaHIbIK MOJAENACY XXYPIi3iiim, 3apsaTanFad OelIeKTepIiH KO3FaIbIC TPAeKTOPHSIAPEI
ecenTenreH. BYpBINTHIK TOFBICTAYABIH €Ki PEXUMi aHBIKTAIABL. bipiHII pexuM OenmiekTepliH eHri3y
Oypriel 68° OoJFaH Ke3/e eKiHIII PeTTi OYPBIITHIK TOFBICTAYFa COMKeC KeJell, all eKiHIII PeXHUM EHTIi3y
Oypeimsl  90° OosFaHma YIIHINL PETTI TOFBICTAyIBl JKy3ere achipansl. KyYpBUIFBIHBIH —ammapaTThik
(hyHKIUSIIAPHl KYPBUTBIT, TaJIIaFbIIITHIH XKOHE CYJIOAHBIH CalTBICTHIPMAaNIbl YJHEPTETUKAIBIK aXBIpaTy KaOieTi
MEH JKapblK Kylli OaranaHabl. YCHIHBUIFAH 3JIEKTPOHABIK-ONTHKAIBIK CYI0anap FapblllTHIK 3epTTeyiepe
3apsATANFaH OeNIIeKTep aFbIHAApBIH TajlJayFa apHAIFaH JKOFapbl aKbIPATBIMIBUIBIKTBI CIIEKTPOMETpIICpi
JKOHE KaTThl JieHenep OeTiHiH DHeprus-OyphIITHIK TalJayblHA apHAIFaH CreKTporpadTapisl a3ipieynae
KOJIZIAHBLTY Bl MYMKIiH.

Kinm  cesdep: 3apsatanraH  OONIIEKTEPAiH  OSHEPIUs  TANJAFBINTAPhl, MYJIbTHIONBIIK  TOCIM,
ANEKTPCTATUKAJIBIK OPIC, MOJIEIbICY, TPACKTOPUSUIBIK TalIay
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M.K. Tynrymb6ekosa, K.T. Kambaposa, A.A. TpyOuubis,
A.O. Caynebexos, T.K. Illyraea

IpoekTHpOBaHMe M AHAJIH3 XaPAKTEPHCTHK IJIEKTPOCTATHYECKOTO
IHEProaHaIN3aTOPAa HA OCHOBE MYJIbTHIIOJIbHO-CePHIECKUX MOJIeH

IIpennoskeHa cxema »SIEKTPOCTATHUECKOTO 3€pPKAJbHOTO SHEpProaHanu3aTopa A aHanu3a IMydKOB
3apsDKEHHBIX 4YacTUI[ HAa OCHOBE HOBOIO CHHTE3MPOBAaHHOIO HOJA. DIJEKTPOCTATUYECKOE I0JIe
SHEProaHaIM3aTopa MpPeACTaBIseT COO0H CYNEepIO3HIHI0 OCECHMMETPHYHOTO MYJIBTHUIION U CHEpPUIECcKOro
nost. MccnenoBana CTpyKTypa 3JIEKTPOCTaTHIECKOTO MO, GOPMHUPYEMOTo CyIepHo3UIued 0CeCUMMETPHY-
HOTO OKTYTIOJILHOTO ¥ c(eprdeckoro noseid. [TokasaHo, 4To M3MEHEHHE ITapaMeTpoB, ONPEISISIONNX BKIa
MYJBTHIONBHBIX KOMIIOHEHTOB, MO3BOJAET YIPABIATh abOEppallHOHHBIMH CBOMCTBAaMHM 3JIEKTPOHHO-
ONTUYECKOH cucTeMbl. [lomyueHsl yCIoBHs KOMIICHCAIMU abeppanuii BTOPOro U TPEThEro MOPSIKOB 33 CUET
BBIOOpA COOTBETCTBYIOIIUX 3HAUCHUH BECOBBIX KOI((UIMEHTOB reKcanoIbHON U OKTYNOIBHON COCTaBIISIO-
IIUX, YTO IO3BOJSET CYLIECTBEHHO YJYYIIUTh (HOKYCHpPYIOIIHE CBOWMCTBA 10Js. C IMOMOIIBIO MPOrPaMMBbI
«Focus» mpoBeieHO YHCIEHHOE MOAEIUPOBAHUE IEKTPOHHO-ONTHYECKONH CHCTEMBI M pacdeT TpaeKTopuil
JBIDKEHUS 3apsHKEHHBIX dacTH. HaifneHs! nBa pexknma yriioBEIX (OKYCHPOBOK. IIepBbIi pexuM cOOTBET-
CTBYET YITIOBOH ()OKYCHPOBKE BTOPOTO MOPSKA IIPH YIile BBOJA YacTHIl 68°, BTOPOl pexuM peainsyer ¢o-
KyCHPOBKY TPEThero mnopsaka npu yrie Boga 90°. Iloctpoens! anmapartHeie (GYHKIMU IPHOOpa, OLEHEHB
OTHOCUTEIIbHbBIE PHEPreTUYECKUE pa3pelieHUs M CBETOCHIbl aHaiu3aropa. IIpeasoxeHHBIC 3JIEKTPOHHO-
ONITHYECKHE CXEMbl MOTYT OBITh HCIONB30BAaHBI IPH pa3pabOTKe BBICOKOPA3PEIIAIOMINX CIHEKTPOMETPOB,
NpeIHAa3HAYCHHBIX U1 aHaIN3a IIOTOKOB 3apsHKEHHBIX YacTHI B KOCMUYECKHX MCCIEJOBaHUAX, U
crekTporpadoB A7 3HEPTOYTIIOBOTO AaHAIH3A IIOBEPXHOCTH TBEP/BIX TEIl.

Knouesvie cnosa: OHEPrOoaHAIU3ATOP 3aPSHKCHHBIX YaCTHILI, MyJILTPIHOJILHLIﬁ moaxon, SJICKTPOCTAaTHYECKOE
110JI€, MOJACINPOBAHUE, TpaeKTOpHBIfI aHaJIn3
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The Influence of Electron Processing of the Powder Mixture of Initial Reagents
on the Sintering of High-Entropy Ceramics (Cao.2Sro2Bao2Pbo2Lao.2)TiO3

The development of thermoelectric materials has attracted considerable attention with the emergence of a
new class of high-entropy materials. Their fabrication is typically based on solid-state synthesis and involves
prolonged mechanical mixing of powder precursors, high-temperature heat treatment, and multiple repetitions
of these operations. The paper addresses the issues of accelerating the manufacturing process of highly en-
tropic ceramics for thermoelectric applications through the use of electron beam processing. The effect of cy-
clic processing of a powder mixture of initial reagents in air with a high-energy electron beam (£ = 1.4 MeV)
on the sintering of compacts was studied using high-entropy perovskite ceramics
(Cao.2Sr0.2Bao.2Pbo2Lao2)TiOs as an example. The electron beam current was 4 mA (5 treatment cycles) and
5 mA (4 treatment cycles), with mechanical grinding of the powder after each irradiation step. It was found
that electron beam treatment enhances the compaction/sintering kinetics. The efficiency of the treatment in-
creases with the number of cycles. As a result, the sintering process is accelerated, leading to increased ce-
ramic density and mechanical strength. These improvements are attributed to the formation of the high-
entropy phase (Cao2Sr02Bao.2Pbo2Lao2)TiOs in the powder mixture as a result of electron beam processing.
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Introduction

The development of solar energy is largely associated with perovskites [1]. The most well-known repre-
sentative of this class of materials is calcium titanate (CaTiOsz), which is widespread in nature, readily avail-
able, and inexpensive [2]. Perovskite solar cells are considered the basis for tandem (e.g., perovskite-silicon)
cells, which could significantly increase the efficiency of solar panels and make solar energy more accessi-
ble. One of the main drawbacks of conventional perovskites is their instability at high temperatures [3]. Per-
ovskite materials, especially those based on lead methylammonium iodide, tend to degrade rapidly when ex-
posed to moisture, oxygen, high temperatures, and intense sunlight [4]. This leads to the destruction of their
crystal structure and a loss of efficiency, making them less durable compared to traditional silicon solar cells.
For example, modern silicon panels lose about 0.5 % of their power per year, while perovskite cells can lose
up to 10 % of their power in just two months of operation. An integrated approach—a combination of defect
engineering, composition modification, surface protection, and encapsulation—can significantly improve the
efficiency, stability, and environmental safety of perovskite solar cells, bringing them closer to mass com-
mercial use. However, these measures do not completely solve the problem. New prospects for improving
the properties of perovskites have emerged with the development of high-entropy ceramics. The concept of
creating a high-entropy state was first successfully implemented in alloys [5]. Outstanding achievements in
producing alloys with unique properties have stimulated research into the creation of high-entropy ceram-
ics [6]. High-entropy ceramics (HECs) are materials composed of five or more elements that form a homo-
geneous crystalline structure. Due to their unique combination of properties, such as high thermal stability,
wear resistance, low thermal conductivity, high strength, and permittivity, they find application in a wide
range of fields. In aerospace engineering, HECs are used as thermal barrier coatings and structural compo-
nents for operation under ultra-high temperatures and loads, for example, in engines, nozzles, and thermal
protection systems [7]. In the energy industry, they are employed in the manufacture of solid oxide fuel cell
components, high-temperature insulation materials [8], and energy storage systems [9]. Additionally, HECs
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and their oxides serve as catalysts for chemical reactions, including those involved in energy purification and
conversion processes. Transparent high-entropy ceramics can be used as protective coatings for optics,
screens, and semiconductor devices due to their plasma resistance and low etching rate [10]. The properties
of thermoelectric materials have been improved thanks to the development of high-entropy perovskites [11].
These materials constitute a new class of compounds whose crystal structure contains five or more different
elements in approximately equal proportions in one or both cationic sublattices. This composition provides
high configurational entropy, which stabilizes the structure and imparts unique properties. Therefore, the
synthesis and sintering of high-entropy perovskite materials has become a particularly pressing issue. The
technology for synthesizing high-entropy perovskites typically involves the following basic steps, which
form the basis of solid-phase synthesis [12, 13]. Initially, the starting oxide powders are mechanically mixed
in a stoichiometric ratio using a planetary ball mill. The powder mixture is then fired and reground in the
mill; this process may be repeated several times to ensure homogeneity. After milling, the dispersed powders
are used to form compacts of a given shape (green bodies). The ceramics are subsequently sintered from
these compacts, followed by prolonged annealing of the ceramic billets at high temperature in an inert at-
mosphere. This annealing step enhances the conductive properties of the material, which is essential for its
performance as a thermoelectric. As can be seen from the above, the fabrication process for thermoelectric
materials is very time-consuming and expensive. These drawbacks can be significantly mitigated by acceler-
ating the synthesis and improving the quality of the sintering process. In this work, it is proposed to activate
these processes by treating the initial powder mixture of reagents with a powerful beam of high-energy elec-
trons. One of the known methods for activating the sintering of powder compacts is the pretreatment of pow-
ders by electron irradiation [ 14, 15]. Electron treatment of powders is usually carried out in a vacuum, which
complicates the technological process. Currently, electron accelerators are available that allow the extraction
of electron beams with energies of 1 MeV or more into the air atmosphere [16, 17]. Using such electron
beams makes it possible to process powder systems in air with high speed and efficiency [18, 19].

In this work, for the first time, the effect of high-energy electron beam treatment in an air atmosphere
on the shrinkage kinetics of compacts made from a powder mixture of initial reagents is investigated.

Materials and Methods

Commercial powders of CaTiOs, SrTiOs;, BaTiOs, PbTiOs;, LayOs, and TiO, with a purity of 99.99 %
were used as starting materials for the synthesis of high-entropy ceramics with the composition
(Cap2Sro2Bag2PborLag2)TiOs. Simultaneous thermal analysis of these powders was performed using an STA
449 device (Netzsch, Germany). To maintain the specified stoichiometry of the resulting ceramics, a powder
mixture was prepared in the molar ratio 4CaTiOs + 4SrTiO; + 4BaTiOs + 4PbTiO; + 2LaxO; + 4Ti0,. Mix-
ing of the powders was carried out in a humid environment using a Tencan XQM-2A planetary ball mill. The
mixture was then dried in a resistance furnace at a temperature of 150 °C for 2 hours. Part of the powder
mixture prepared in this way was left in its original state, while the remaining part was divided into portions
and subjected to short-term treatment with high-energy electrons in air using an electron accelerator (Unique
scientific installation “Stand ELV-6", INP SB RAS, Novosibirsk, Russia). The ELV-6 Stand and the electron
beam processing technique are described in detail in [20, 21]. The issues of the formation of temperature
fields in powder samples, the distribution of energy density, and the depth of electron penetration were pre-
viously discussed in detail in [22]. Powder compacts for sintering high-entropy ceramics were obtained by
uniaxial pressing on a PGR-10 press at a pressure of 100 MPa. Sintering of (Cag»Sro2Bag,Pbo2Lag2)TiO3
ceramic samples was carried out in air within the furnace chamber of a DIL 402 C dilatometer (Netzsch,
Germany) at a temperature of 1200 °C for 5 hours. The heating and cooling rates were 10 °C/min. After elec-
tron beam processing at beam currents of 4 mA and 5 mA, the powder was mechanically ground in an agate
mortar. The resulting powder was then placed into a massive copper die and again subjected to electron
beam processing under identical conditions. This sequence of actions was repeated five times for a current of
4 mA and four times for a current of 5 mA. After each electron beam exposure, a powder sample was taken
for the production of powder compacts. To obtain reliable results, all experiments were carried out repeated-
ly in the amount of at least three.

Results and Discussion

Figure 1 shows the TG and DSC curves for each individual powder (TiO,, La,0Os, BaTiOs, SrTiOs,
CaTi0s, PbTiOs) included in the powder mixture.
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Figure 1. TG and DSC curves for the initial powders used in the synthesis
of high-entropy ceramics (Cag 2Sro2Bag2Pbg2Lag2)TiO3

Figure 1 shows that for all components of the reaction mixture, except for La,Os3, the weight loss is less
than 1 % and is primarily due to the desorption of adsorbed water. At temperatures below 100 °C, a slight
weight loss is observed, which is attributed to the desorption of physically bound water. In the temperature
range of 100-500 °C, the removal of loosely bound moisture occurs. For La;O;, more significant weight
changes are observed, which may be due to its tendency to interact with carbon dioxide and water from the
atmosphere via the following mechanism.

La,03 + 2CO;, + H,0 — 2LaCO;(OH).

Upon heating, hydroxyl groups are initially eliminated with the release of a water molecule. As the
temperature increases further, decarboxylation of the residual carbonate occurs, accompanied by the evolu-
tion of carbon dioxide. The overall decomposition process of lanthanum hydroxycarbonate is expressed by
the equation:

2LaC03(OH) — La,O3;+ CO, + H,O.

Since the weight loss during heating of the La,O; powder (Fig. 1) is several times greater than that of
each of the other powders in the reaction mixture, the shape of the TG and DSC curves for the mixture of
initial reagents completely repeats the corresponding curves for pure La,Os powder (Fig. 2).
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Figure 2. TG and DSC curves for the powder mixture in the molar ratio:
4CaTiO; + 4SrTiOs + 4BaTiO3 + 4PbTiO3 + 2La,0;3 + 4TiO,

Figure 2 shows the results of TG and DSC analysis for a powder mixture of complex composition:
4CaTiO; + 4SrTiO; + 4BaTiOs + 4PbTiO; + 2Lax03 + 4TiO,. According to the TG data, the slight weight
loss observed at temperatures below 100 °C is associated with the removal of physically adsorbed moisture
from the surface of the powder particles. The sharp decrease in weight in the temperature range of 300—
360 °C is mainly due, as described above, to the weight loss of lanthanum oxide present in the powder mix-
ture as a result of the release of H,O and CO». A less pronounced weight loss in the temperature range of
400-600 °C can be explained by the combustion of residual organic matter and the removal of residual mois-
ture. The occurrence of these processes is confirmed by the presence of corresponding endothermic peaks on
the DSC curve (Fig. 2). Thus, the results of simultaneous thermal analysis demonstrate that, upon heating the
powder mixture to the sintering temperature, no decomposition of the titanates occurs. The minor weight loss
observed is attributed to the release of previously adsorbed moisture and the products of the decomposition
of lanthanum hydroxycarbonate and lanthanum oxide. This result confirms literature data on the high-
temperature stability of all selected reagents.

Figure 3 shows photographs of a massive copper container holding a powder mixture before (Fig. 3a)
and after treatment with a 1.4 MeV electron beam (Fig. 36 and 3c¢). The electron beam current was 4 mA,
and the container moved under the beam at a speed of 1 cm/s. The beam itself was scanned across the inter-
nal width of the container at a frequency of 50 Hz.

Figure 3. Photographs of the container before (@) and after (b, ¢) treatment with a 1.4 MeV electron beam.
Beam current: 4 mA; container movement speed under the beam: 1 cm/s

Figure 3¢ shows the structure within the irradiated powder layer (part of the powder was swept toward
the center of the container). It is evident that, as a result of brief electron-beam heating, the powder mixture
changed color, and the powder grains entered into solid-phase interactions with each other. This is evidenced
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by the formation of a highly porous plate (Fig. 3b), which readily disintegrates into large particles in the
form of agglomerates of smaller particles (Fig. 3¢). The absence of melting droplets in the electron-treated
powder (Figs. 3b and 3c¢) indicates that the temperature of the powder mixture did not reach the melting point
of any of its components during electron-beam heating. The mechanical adhesion of the powder particles
indicates that interparticle solid-phase interactions occurred. SEM images of the powder mixture particles
and EDS spectra of the main elements of the powder particles after the first and fourth irradiation/grinding
cycles are shown in Figure 4 and Figure 5, respectively. The treatment included electron beam irradiation at
E=1.4MeV, beam current / =5 mA, scan speed V"= 1 cm/s, and subsequent grinding in an agate mortar.

Figure 4. SEM image of a powder mixture particle and the corresponding EDS spectrum of the main elements
after the first processing cycle (E=1.4 MeV, /=5 mA, V=1 cm/s)

J5um
| N——

Figure 5. SEM image of a powder mixture particle and the corresponding EDS spectrum of the main elements
after the fourth processing cycle (E =14 MeV, I=5mA, V'=1 cm/s)
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The SEM image in Figure 4 shows that after a single short-term exposure to the electron beam, the mix-
ture consists of particle agglomerates, and the agglomerate surface is partially melted. The occurrence of sol-
id-phase interparticle interaction during a single treatment can be judged from the analysis of the XRD data
presented in Figure 6. For a beam current of 5 mA, the diffraction pattern has a shape corresponding to ce-
ramics of the composition (Cao2Sro2Bag2PboaLag2)TiO; [22]. The data in Figure 5 indicate a change in the
structure of the mixture particles after four irradiation cycles with an electron beam at /=5 mA. The SEM
image of the particles is typical of sintered ceramics. The distribution of the main elements by volume for all
elements except Ca and Sr is characterized by high uniformity. The X-ray diffraction results are shown in
Figure 6. The clean sharp peaks for samples sintered from electron-untreated powders indicate that a homo-
geneous phase was formed due to atomic diffusion over a period of 5 hours. Figure 6 also shows that the
same type of diffraction pattern is recorded in the powder mixture after a single treatment with an electron
beam with a current of 5 mA. During the analysis, a comparison with the peaks of cubic perovskite CaTiOs
(PDF#43-0226) and SrTiO; (PDF#35-0734) was used. The calculated value of the lattice parameter a is
3.915 A, indicating that that the larger Ba, Pb, and La atoms occupied the A-position of perovskite, which
led to an expansion of the lattice, which is typical for the high-entropy phase. After repeated electronic pro-
cessing (upper diffractogram), peak splitting is observed, which, according to [22], is explained by oxygen
deficiency due to a partial decrease in Ti*" to Ti*".

Powder mixture after four-fold electron
treatment with 5 mA current

Powder mixture after a single electron treatment
with a current of 5 mA

JL_JLJ&J\AAJLA_.

Sintered compact from the initial powder mixture

LLLJ\AAJ\..

Initial powder mixture

Intensity, a.u.

:

15 20 25 30 35 40 45 50 55 60 65 70

2 theta, °

Figure 6. XRD patterns of the initial powder mixture, the compact sintered from it,
and the initial powder after single and quadruple electron beam treatment.
Electron energy: 1.4 MeV; beam current: 5 mA; cuvette movement speed under the beam: 1 cm/s

Thus, the presented experimental data indicate that preliminary short-term electron beam treatment of
the powder mixture with the composition 4CaTiOs + 4SrTiO; + 4BaTiO; + 4PbTiOs + 2La>03 + 4TiO; initi-
ates the synthesis of ceramics with the composition (Cao.2Sro2Bag2Pbo.2Lag2)TiOs within the bulk of the mix-
ture. With an increase in the number of irradiation/grinding cycles, the yield of the synthesized product in-
creases, and the powder particles obtained after multiple treatments exhibit a ceramic nature. The results of
dilatometry are presented in Figures 6-8.
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Figure 6. Dilatometric analysis of compacts for the sintering of (Cag»Sr02Bag2Pbo2Lag2)TiO3 ceramics
from a powder mixture: (/) before treatment, (2) after a single treatment with a high-power electron beam,
and (3) after five treatments with intermediate milling. Electron energy: 1.4 MeV;
beam current: 4 mA; cuvette movement speed under the beam: 1 cm/s

The dilatograms (shrinkage curves) in Figure 6 show that the compact made from the initial powder
mixture, when heated from 300 to 400 °C, exhibits a region of compaction followed by expansion, despite an
overall tendency toward shrinkage. This behavior can be attributed to moisture release processes, as shown
in Figure 2 (the position of the endothermic peak on the DSC curve). During isothermal holding, the compact
steadily compacts, and during the cooling stage, at a temperature of approximately 300 °C, a region of barely
noticeable abrupt change in linear dimension is observed, which is usually associated with a phase transition
in the material under study.

The dilatograms for compacts (Fig. 6, curves 2 and 3) obtained from powder mixtures subjected to elec-
tron beam treatment do not exhibit any changes in linear dimensions during the heating stage, unlike those
for the compact from the initial powder mixture. The increase in linear dimensions during heating is more
pronounced. The shrinkage curves themselves have a shape characteristic of ceramic sintering: the compact
expands during heating, and when the temperature reaches 900—1000 °C, compaction processes begin to pre-
vail over linear expansion, with the maximum shrinkage rate observed upon reaching the sintering tempera-
ture. As the heating time increases, the shrinkage rate decreases, indicating the formation of the ceramic
structure of the sample. Increasing the electron beam current to 5 mA during the initial processing further
enhances compaction (Fig. 7, curve 2).

dL/Lo /% Temp. /°C
15 H1200
1.0 L1000
0.5

0.0, L300
-0.5 600
10 400
15
2.0 200
-2.5 - . . . . .

0 100 200 300 400 500

Time /min
Figure 7. Dilatometric analysis of compacts for the sintering of (Cao2Sro.2Bag2Pbo2La2)TiO3 ceramics
from a powder mixture after a single treatment with a high-power electron beam
(E=1.4 MeV; scan speed: 1 cm/s): Curve | — beam current 4 mA; Curve 2 — beam current 5 mA

The trends observed for the effect of electron beam current on the shrinkage of powder compacts after a
single electron beam treatment are preserved for multiple irradiation/grinding cycles (Fig. 8).
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Figure 8. Dilatometric analysis of compacts for the sintering of (Cag»Sr02Bao2Pbo2Lag2)TiO3 ceramics
from a powder mixture after multiple treatments with a high-power electron beam (£ = 1.4 MeV; scan speed: 1 cm/s):
Curve 1 — 5 treatment cycles at a beam current of 4 mA; Curve 2 — 4 treatment cycles at a beam current of 5 mA

Figure 8 shows that the shrinkage of the compacts increases with repeated electron beam processing.
This effect is most pronounced at an electron beam current of 5 mA. Moreover, the change in linear dimen-
sion during the cooling stage is minimal in this case, which can be explained by the formation of a stable,
high-entropy state in the sintered ceramics. These observed shrinkage patterns are confirmed by density
measurements of the sintered ceramic samples, presented in Table 1.

Table 1

Measurement results for the density, porosity, and hardness
of ceramic samples of (Cao.2Sro2Bao2Pbo.2Lao.2) TiOs. Thermal sintering: 1200 °C, 5 hours

Compact type Density, g/cm? Open porosity, % Hardness, GPa
Fons th as-prepared powder mixtu 3274032 4146 275021

The data in Table 1 indicate an increase in the density and hardness of the sintered ceramics after elec-
tron beam treatment of the initial powder mixture, accompanied by a corresponding decrease in open porosi-
ty. The low density and high porosity of the ceramics sintered from the initial powder mixture, which was
not subjected to electron beam treatment, indicate that the sintering time was insufficient. The change in the
compact shrinkage kinetics after electron beam treatment can be explained based on the X-ray diffraction
data presented in Figure 6. The diffraction pattern for the ceramics sintered from the initial powder mixture
indicates incomplete formation of the high-entropy phase and contains a small number of extraneous peaks.
Their presence is evidence of incomplete synthesis during sintering. With an increasing number of electron
beam treatments, the content of the high-entropy phase in the powder mixture increases. Compacts formed
from powders with a high content of the high-entropy phase are compacted more efficiently, since the syn-
thesis processes that hinder ceramic compaction are partially or completely completed under the influence of
the electron beam. Powder subjected to multiple electron beam treatments is characterized by a diffraction
pattern that most closely matches the samples obtained in [22]. Thus, as the number of irradiation treatments
increased, the sintering behavior of compacts made from treated powders became similar to that of ceramics
where particle compaction is the primary mechanism. Moreover, thermal energy is not wasted on material
synthesis. Consequently, preliminary electron beam treatment of the powder mixture allows for a significant
reduction in the sintering time of ceramic products. Electron beam treatment significantly accelerates synthe-
sis and, accordingly, reduces the time and cost of ceramic production.
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Conclusion

Using the example of high-entropy ceramics (Cag2Sro2Bao2PbosLag2)TiOs3, a promising material for so-
lar energy applications, we studied the effect of treatment in air with high-energy electrons (1.4 MeV) on the
synthesis and sintering of this ceramic. It was found that, starting from the first cycle of short-term electron
beam treatment, the radiation processing is accompanied by the formation of the oxides constituting the
high-entropy phase (Cao2Sro2Bao2Pbo2Lag2)TiO; in the powder mixture. With an increasing number of
treatment/grinding cycles, the phase composition of the mixture increasingly corresponds to that of the target
(Cag2Sro2Bag2Pbo2Lag2)TiOs ceramics. The effectiveness of the treatment increases with the number of cy-
cles, which accelerates the sintering process and leads to an increase in the ceramic’s density and mechanical
strength.
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DJIEeKTPOH/IBI OHACYAiH 0ACTANKBI PeareHTTepP YHTAK KOCHACBHIHBIH KOFAPbI
SHTpPONHUsAIbI KepaMuKaHbIH (Cao.2Sro2Bao.2Pbo2Lao2) TiOs kyiaipinyine scepi

TepMoaeKTpiIiKk MaTepuaIIapAblH JaMybl )KOFapbl SHTPOIHSIBIK MaTepHalaap/IblH jKaHa KIAChIHBIH Iaiiia
OorybIHa OalIaHBICTHI OENICEHAl TYpAe Kyprizimyae. Omapapl eHIIpy MpolecTepi KaTThl (as3aiblKk CHHTE3re
JeliH a3asapl JKOHE peareHTTepAiH YHTAK KOCMAlaphlH MEXaHHKAIbIK apalacThIpyAbIH y3aK UKIICPiH,
JKOFaphl TeMIlepaTypafa TepPMUSUTBIK OHJACYAl, OCBHl ONepaunusuiapasl OipHelle per KahTanayabl KaMTHIBL
JKyMbIcTa 3IEKTPOHABI-COYNIENIK OHACYIl KOJAaHY apKbUIBI TEPMO3JIEKTPIIK KOCHIMIIAIap YLIIH >KOFaphl
SHTPONUH/I KepaMHuKa jkacay MPOLECIiH XKEACIACTy Mocenenepi Typaibl aiTeurraH. JKOFapbl SHTPOMHUSIIBIK
nepoBckUT kepamukachiH (Cao.2Sro2Bao2Pbo2lao2)TiOs amy MbicanbsiHaa 0acTamkel pearcHTTEPIiH YHTaK
KOCIIAChIH ayajia )KOFaphl SHEPTHSIBI AEKTPOHIBI coysieMeH (£ = 1,4 MbB) nukiik enaey i KepaMAKaHbIH
KY#HIipy (CIieKaHue) MpoIIeCiHe acepi 3epTTeNni. DICKTPOHIbI cayie TOTsl 4 MA (5 eHIey IHKII) kKoHE 5 MA-
IaH (4 eHey IUKII) KYpajsl. OpOip coyneneHaipy Ke3eHiHeH KeliH YHTaK MEXaHUKAJBIK TYpJe YHTAKTaJIbI.
DJNEKTPOH/BI CoyJie MEH OHJCY KYHIipy/ThIFbI3ay KHHETHKACHIH KyIIeiTeai. OHaey i THIMIUIIT UKIAap
CaHbIMEH apTajbl, Oyl KepaMHKaHBIH THIFBI3JANy HpoOLeciH xexennereni. HoTwxkeciHme KepaMHUKaHBIH
TBIFBI3IBIFBI MEH MEXaHHKAIBIK OEpIKTIri KOFapbpuIaiapl. By skakcapTymnap 3JIEKTPOHIBI COyJIeMEH OHIEY
HOTID)KECIH/IE YHTaK KOCIAChIHAA >KOFaphl SHTPOMMUIBIK (aza (Cao2Sro.2Bao2Pbo.2lac2)TiOs TysimyimeH
0aliaHbICTHI.

Kinm co30ep: )OFapbl SJHTPONUSIIBIK KEPAMUKa, IEPOBCKUTTED, CHHTE3, IEKTPOHABI Cayenep, Kyiaipy

C.A. I'viarazos, N.I1. Bacunbes, B.A. bonryesa,
C. bobyék, U.K. Yakun, B.I1. KpuBoOokos

Bausinue 371eKTPOHHOH 00padOTKH MOPOMIKOBOM CMeCH HCXOIHBIX PEareHTOB
Ha cClleKaHHe BbICOKOIHTponuiinoii kepamuku (Cao.2Sro2Bao2Pbo.2Lao2)TiOs3

Pa3BuTHE TEPMOIIEKTPUIECKUX MAaTEPUATIOB UAET AKTUBHO B CBSI3H C IOSIBJICHHEM HOBOTO KJIacca BHICOKOIH-
TpONUIHBIX MaTepuasoB. IIporecchl UX MPOM3BOJCTBA CBOIATCSA K TBEPAO(GA3HOMY CHHTE3y M BKIIIOYAIOT
JUTUTENIbHBIE UKJIBI MEXaHUYECKOTO TepeMEeIINBaHMs IOPOIIKOBEIX CMECeil peareHToB, TepMUUECKOH 00pa-
0OTKHM IIpU BBICOKOH TeMIIepaType, TOBTOPEHHE JaHHBIX ONEpaIuii HECKOIBbKO pa3. B paborte pemarorcs Bo-
MPOCH YCKOPEHUSI TPOIIECCa U3TOTOBIECHUS BHICOKORHTPOIHIHON KEPAMUKH IS TEPMOAIIEKTPUIECKUX TIPH-
JIOXKEHHUIT 32 CUEeT MPUMEHEHUS 3JIEeKTPOHHO-Ty4eBoii 00paboTku. M3ydeHo BInsHNE MUKINIECKOH 00paboT-
KI TOPOIIKOBON CMECH MCXOJHBIX PEareHTOB Ha BO3/yX€ C IOMOIIBIO ITydKa BBICOKOIHEPTeTHIECKUX JJICK-
TpoHOB (£ = 1,4 M»B) Ha mpouecc cliekaHUs KOMIIAKTOB Ha MPUMEPE BBHICOKOIHTPOIIUHHON MEepPOBCKUTHON
kepamuku (Cao.2Sro2Bao2Pbo2Lao2)TiOs. Tok 31ekTpoHHOrO my4ka coctaBisit 4 MA (5 HUKIOB 00pabOTKH)
1 5 MA (4 muxia o0paboTKH), IPU 3TOM MOCHE KaXI0To 3Tarna 00ay4eHHs NPOBOAUIOCh MEXAHUUECKOe U3-
MeJbYeHHEe MOpOolIKa. BhIJIO yCTaHOBIEHO, YTO 00pabOTKAa 3JIEKTPOHHBIM IYyYKOM YCKODSIET KHHETHKY
YIDIOTHEeHUsI/criekaHus. D(PPEeKTHBHOCTE 00pabOTKM BO3PACTACT C YBEIMIEHHEM YHCIIA MUKIOB. DTO MPUBO-
AT K YCKOPEHHWIO MpOIlecca CIIEKaHWUs, YBEJIMYSHUIO IUIOTHOCTH M MEXaHWYECKOH MPOYHOCTH KEPaMHKH.
JlaHHbBIe yTydmeHnst OOBICHAIOTCS (OPMUPOBAHMEM B MOPOIIKOBOM CMECH BBICOKOIHTPONHITHON (ha3bl
(Cao.2Sr0.2Bao2Pbo2Lao2)TiOs B pe3ynbrate 00pabOTKH AIEKTPOHHBIM ITyYKOM.

Knrouesvle cnosa: BblCOKOSHT‘pOHMﬁHaﬂ Ke€paMuKa, NEPOBCKUTHI, CUHTE3, JJICKTPOHHBIC ITYUKH, CIICKAHNUC
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Electrochemical Oxidation of Methyl Orange as a Model Azo Dye Pollutant:
Comparative Electrode Performance, EIS Mechanistic Analysis,
and Techno-Economic Assessment

This study investigates the electrochemical oxidation (EO) of methyl orange (MO) as a model azo dye pollu-
tant representative of textile and industrial effluents, using boron-doped diamond (BDD) and dimensionally
stable anode (DSA) electrodes under systematically optimized conditions. Model solutions were prepared in
ultrapure water with 0.1 M NaxSOy4 as the supporting electrolyte. Batch experiments were conducted in gal-
vanostatic mode at 25 £+ 1 °C with constant stirring (300 rpm), varying current densities (10-50 mA/cm?), pH
values (2—-10), and initial methyl orange concentrations (50-500 mg/L). BDD anodes achieved 94.3 +2.1 %
pollutant removal within 120 min at optimal conditions (30 mA/cm?, pH 3.0, 200 mg/L), significantly outper-
forming DSA (87.6 + 3.3 %) and platinum (68.7 + 4.5 %) electrodes. Electrochemical impedance spectrosco-
py (EIS) using a Randles R(Cai(RctW)) equivalent circuit revealed a 73 % decrease in charge transfer re-
sistance (Ret: 385 Q — 104 Q) with increasing anodic potential (1.0-2.5 V vs. Ag/AgCl), confirming Butler—
Volmer-controlled oxidation kinetics. The apparent rate constant kapp = 0.0315 % 0.0018 min™' for BDD was
1.68-fold greater than for platinum. Total organic carbon (TOC) analysis confirmed near-complete minerali-
zation (96.8 + 1.5 % TOC reduction) with BDD. Specific energy consumption was minimized to 8.2 kWh/m?,
indicating the potential competitiveness of this approach for treating dye-containing effluents. At Nigerian
electricity tariffs (3¥45/kWh), estimated treatment cost is }¥369/m?, suggesting feasibility for industrial appli-
cation in developing economies, pending validation with real effluent matrices.

Keywords: electrochemical oxidation, boron-doped diamond, azo dye degradation, methyl orange, dimen-
sionally stable anode, electrochemical impedance spectroscopy, mineralization, model pollutant, charge trans-
fer resistance, hydroxyl radicals, pseudo-first-order kinetics, techno-economic assessment

HCorresponding author: Zakari, David, david.z@ksu.edu.ng

Introduction

Synthetic azo dyes in industrial effluents represent a growing environmental and public health chal-
lenge, particularly in rapidly industrializing nations where textile, pharmaceutical, and food-processing in-
dustries discharge large volumes of dye-laden wastewater [1]. Among these, methyl orange (MO) is widely
used as a model azo dye pollutant in electrochemical treatment research owing to its representative chromo-
phoric azo group (-N=N-) and strong resistance to aerobic biodegradation, allowing quantitative spectropho-
tometric monitoring and systematic mechanistic study [2, 3].

Conventional treatment approaches present significant limitations for azo dye-containing effluents. The
central challenge is biochemical: aerobic microbial metabolism cannot efficiently cleave the azo bond
(-N=N-) because the electron-withdrawing sulphonate and nitro substituents on the aromatic rings create a
highly oxidised chromophore that resists oxidative catabolism by most bacterial enzyme systems [3]. Under
aerobic conditions, conventional activated sludge processes therefore achieve only 30—50 % colour removal
for recalcitrant azo structures, and the aromatic amine intermediates that do form under anaerobic reductive
cleavage are frequently more toxic and carcinogenic than the parent dye [3, 4]. Combined anaerobic—aerobic
biological systems improve mineralization somewhat but require long hydraulic retention times, large reactor
footprints, and precise control of redox conditions, making them difficult to retrofit into existing industrial
infrastructure [4]. Chemical coagulation—flocculation generates large sludge volumes requiring costly dis-
posal without achieving true mineralization. These fundamental limitations of microbial metabolism and
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physicochemical methods underline the need for destructive, non-sludge-generating advanced oxidation
technologies capable of complete mineralization of the aromatic dye scaffold to CO, and HO.

Electrochemical oxidation (EO) mineralizes organics through direct anodic electron transfer, governed
by Faraday’s law and Butler—Volmer kinetics, without external chemical reagents [5]. The electrode material
critically determines treatment efficacy. Boron-doped diamond (BDD) anodes exhibit an exceptionally wide
electrochemical window (~3.2 V in aqueous media) and high oxygen-evolution overpotential (~1.8-2.3 V vs.
SHE), enabling generation of surface hydroxyl radicals (*OH, £° = 2.80 V vs. SHE) at densities sufficient for
complete mineralization of refractory compounds [6—9]. Dimensionally stable anodes (DSA, IrO,—RuO,/T1)
offer lower capital cost but their reduced overpotential limits *OH yield [4].

Despite growing laboratory-scale EO literature, systematic multi-parameter optimization and quantita-
tive EIS-based mechanistic characterization remain fragmented. Techno-economic assessments for sub-
Saharan African industrial contexts are also largely absent. Nigeria’s textile, pharmaceutical, and food-
processing industries collectively discharge an estimated 150 million m* of inadequately treated wastewater
annually, exerting severe pressure on receiving water bodies [10]. Electrochemical methods are particularly
attractive for this setting as they require only electrical energy, generate no chemical sludge, and enable
modular deployment [11].

The present study therefore aimed to: (1) compare BDD and DSA electrode performance against plati-
num using MO model solutions under controlled laboratory conditions; (2) optimize current density, solution
pH, and initial dye concentration; (3) elucidate electrode kinetics using EIS and Randles-type equivalent cir-
cuit analysis; (4) quantify mineralization efficiency via TOC analysis; and (5) evaluate energy consumption
and estimated treatment cost to assess prospective industrial feasibility. The scientific novelty lies in the in-
tegrated mechanistic—economic analysis linking EIS-derived kinetic parameters to treatment efficiency met-
rics, with the results establishing a quantitative performance baseline for future validation with real textile
and industrial effluents in the Nigerian and sub-Saharan African context.

Materials and Methods

Electrochemical apparatus and electrode materials. All experiments were conducted in a thermostated,
undivided three-electrode batch cell (borosilicate glass, 100 mL working volume; cylindrical geometry,
50 mm i.d.) maintained at 25 + 1 °C by a circulating water bath (Julabo F12). Mixing was provided by a
magnetic stir bar at 300 rpm (IKA RCT Basic) to ensure uniform mass transport. The inter-electrode gap be-
tween anode and cathode was fixed at 15 mm throughout all experiments. Three anode materials were evalu-
ated: (i) boron-doped diamond thin film on silicon substrate (5 mm x5 mm x I mm, B/C atomic
ratio ~ 1000 ppm, Element Six, UK); (ii) IrO,—RuO,/Ti dimensionally stable anode (Premetek Inc., USA);
and (iii) platinum foil (99.99 % purity, Alfa Aesar). A platinum gauze sheet (geometric area
10 mm x 10 mm, 52 mesh, Alfa Aesar) served as the cathode; its larger surface area relative to the anode
ensured that the anodic reaction remained rate-determining. An Ag/AgCl electrode (3 M KCI, +0.210 V vs.
SHE, CH Instruments) served as the reference electrode and was positioned 5 mm from the anode surface via
a Luggin capillary to minimize ohmic drop. All galvanostatic experiments were controlled by a
PGSTAT204N potentiostat (Metrohm Autolab, Netherlands) operating in current-controlled (CC) mode; the
applied current was held constant throughout each run and the corresponding cell voltage was logged contin-
uously. The FRA32M frequency-response analysis module was used for EIS measurements. Impedance data
were fitted to the Randles R(Ca(RW)) equivalent circuit using NOVA 2.1 software (3> < 107).

Chemical reagents and solutions. Methyl orange (C.I. 13025, My, = 327.33 g/mol; Amax = 464 nm; Sig-
ma-Aldrich, >98 %) served as the model azo dye pollutant. Stock solutions (1000 mg/L) were prepared grav-
imetrically in ultrapure water (>18 MQ-cm, Milli-Q A10). Sodium sulfate (0.1 M Na,SOs; Sigma-Aldrich,
>99 %) served as supporting electrolyte. Solution pH was adjusted to target values (2.0, 3.0, 5.0, 7.0, 10.0)
using 1 M HCI or NaOH and monitored with a calibrated pH meter (Mettler-Toledo FiveEasy).

Experimental protocol. Current density was varied at 10, 20, 30, 40, and 50 mA/cm? (pH 3.0,
[MO]Jo =200 mg/L). pH was varied at 2.0, 3.0, 5.0, 7.0, and 10.0 (30 mA/cm?, [MO]o = 200 mg/L). Initial
concentration was studied over 50-500 mg/L (30 mA/cm?, pH 3.0). Each condition was replicated in tripli-
cate (n = 3) on separate days. Aliquots (1 mL) were withdrawn at 0, 15, 30, 45, 60, 90, and 120 min, filtered
through 0.45 pum PTFE syringe filters, and analyzed within 30 min.

Analytical methods. Dye concentration was quantified by UV-Visible spectroscopy (Lambda 365,
PerkinElmer) at Amax = 464 nm using five-point external calibration curves (R?>0.998, 2-50 mg/L). Total
organic carbon was measured in NPOC mode (acidification and CO, sparging to remove inorganic carbon)
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using a TOC-V CPH analyzer (Shimadzu; detection limit: 2 pg/L). EIS measurements were performed over a
frequency range of 10 kHz to 0.01 Hz (60 logarithmically spaced points per decade) at each of four applied
potentials (1.0, 1.5, 2.0, and 2.5 V vs. Ag/AgCl), using a 10 mV RMS sinusoidal AC perturbation superim-
posed on the DC bias. Measurements were performed under open-circuit steady state, confirmed by monitor-
ing the potential drift to below 0.5 mV min~' before acquisition. The linearity and causality of each spectrum
were verified by Kramers—Kronig compliance (residuals <1 % across the full frequency range) using the KK-
test routine in NOVA 2.1 prior to equivalent circuit fitting. Spectra were fitted to the Randles R(Ca(RW))
circuit using a complex non-linear least squares (CNLS) algorithm; goodness-of-fit was assessed by the chi-
squared criterion (x> < 5 x 107*) and visual inspection of Nyquist and Bode representations.
Removal efficiency (RE, %) was calculated as:

RE (%) = [(Co — C))/Co] * 100,
where Cy and C,; are concentrations (mg/L) at time O and ¢ (min), respectively. Apparent rate constants
(kapp, min') were determined from —In(C/Co) vs. ¢ regression. Specific energy consumption Ey, (kWh/m?) for

90 % removal was calculated as E,, = (UxIXty)/V, where U is cell voltage (V), [ is applied current (A), to is
the time for 90 % removal (h), and V is solution volume (m?).

Results and Discussion

3.1 Comparative performance of electrode materials. Figure 1 shows time-resolved degradation profiles
for BDD, DSA, and platinum anodes at 30 mA/cm? pH 3.0, and [MO]o = 200 mg/L. BDD electrodes
achieved 94.3 &+ 2.1 % removal within 120 min, significantly outperforming DSA (87.6 + 3.3 %) and plati-
num (68.7 + 4.5 %), with statistically significant pairwise differences (one-way ANOVA, F(2,6) =38.4,
p <0.001; Tukey HSD). All systems followed pseudo-first-order kinetics (R?> 0.95), with apparent rate con-
stants kapp 0f 0.0315 £ 0.0018 min~! (BDD), 0.0271 = 0.0025 min™! (DSA), and 0.0187 £ 0.0031 min! (Pt).
The 1.68-fold acceleration with BDD relative to Pt reflects the exceptional *OH generation capacity of dia-
mond surfaces at high anodic overpotentials [6, 12]. These kay, values fall within the 0.028-0.038 min™ range
reported for BDD-based degradation of comparable azo dyes [ 13—16]. Electrochemical performance compar-
ison of electrode materials is presented in Table 1.
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Figure 1. Time-resolved degradation of methyl orange using BDD, DSA, and platinum electrodes.
Conditions: 30 mA/cm?, pH 3.0, [MO]o =200 mg/L, 0.1 M Na,SO4, T=25 £ 1 °C, 300 rpm, n = 3.
Error bars represent + standard deviation
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Table 1
Electrochemical performance comparison of electrode materials
. . . TOC Reduction | Energy Consumption
) 1
Electrode Material RE (%) Kapp (min~") too (min) (%) (kWh/m?)
BDD (5x5 mm) 943+2.1 0.0315+0.0018 73 96.8+ 1.5 8.2
DSA (IrO,—Ru0Q,/Ti) 87.6+3.3 0.0271 £ 0.0025 85 89.2+2.8 9.1
Platinum foil 68.7+£4.5 0.0187 £ 0.0031 123 72.4+£32 12.5
Note: Conditions: 30 mA/cm?, pH 3.0, [MO], = 200 mg/L, 0.1 M Na2SOs, 25 = 1 °C, 300 rpm, n = 3. Values are mean + SD.
RE = removal efficiency; kpp = apparent first-order rate constant; t90 = time for 90 % removal; TOC = total organic carbon reduction
at 120 min

3.2 Influence of current density. Figure 2 (panel B) shows that increasing current density from 10 to
30 mA/cm? enhanced MO removal from 76.2 + 3.1 % to 94.3 + 2.1 %, consistent with the linear relationship
between Faradaic charge and *OH flux predicted by Faraday’s law. Beyond 30 mA/cm?, gains were marginal
(96.1 £ 1.8 % at 50 mA/cm?), indicating the onset of mass-transport limitation confirmed by the Warburg
element in EIS data (Section 3.4). Concurrently, specific energy consumption rose from 5.1 to 13.8 kWh/m?
across 10-50 mA/cm?, establishing 30 mA/cm? as the economically optimal operating point. These trends are
in agreement with Butler—Volmer predictions of exponential current—overpotential dependence [9, 12].

3.3 pH-dependent degradation behavior. Solution pH modulates treatment efficiency through three
mechanisms: (1) protonation state of the dye molecule, affecting its adsorption at the anode surface; (2) sta-
bility of electrogenerated *OH, which is scavenged by OH™ at alkaline pH via *OH + OH™ — O+ + H,0; and
(3) competition from oxygen evolution at higher pH. Figure 2 (panel A) shows that maximum removal
(94.3+£2.1%) occurred at pH 3.0, declining to 88.6+2.4% (pHS5.0), 76.4+3.0% (pH 7.0), and
52.1 4.1 % (pH 10.0). Below the pK, of MO (~3.5), the neutral azo form adsorbs more readily at the posi-
tively charged BDD surface, increasing the rate of direct oxidation [17-19].
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Figure 2. Effect of operating parameters on methyl orange removal using BDD electrode (n = 3, error bars =+ SD).
A — Effect of pH (30 mA/cm?, [MO]o = 200 mg/L). B — Effect of current density on removal efficiency
and specific energy consumption (pH 3.0, [MO]o = 200 mg/L)

3.4 Electrochemical impedance spectroscopy analysis. Nyquist plots (Figure 34) display the depressed
semicircle topology characteristic of charge-transfer-controlled kinetics. The Randles R(Ca(RW)) circuit
yielded excellent fits (x> < 5x107*) in all cases. Charge transfer resistance Ry decreased from 385 Q at 1.0 V
to 104 Q at 2.5 V vs. Ag/AgCl (73 % reduction), following exponential decay (R? = 0.982) consistent with
Re; o< exp(—afm/RT) where a is the transfer coefficient, F is Faraday’s constant, 1 is overpotential, and T is
temperature [20, 21]. Double-layer capacitance Cg remained stable at 45-52 pF across the potential range,
confirming no significant electrode fouling or passivation. The Warburg element became prominent at cur-
rent densities >40 mA/cm?, corroborating the mass-transport limitation identified in Section 3.2. Fitted EIS
parameters are summarized in Table 2.
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Figure 3. Electrochemical impedance spectroscopy results for BDD electrode at different applied potentials
(pH 3.0, [MO]o =200 mg/L, 0.1 M Na,SO4). 4 — Nyquist plots (symbols = measured data; lines = R(CM(Rt)) fits).
B — Potential dependence of charge transfer resistance R** with exponential decay fit (R? = 0.982),
showing 73 % reduction from 1.0 to 2.5 V vs. Ag/AgCl

Table 2
EIS-derived equivalent circuit parameters for BDD electrode as a function of applied potential

Potential (V vs. Ag/AgCl) R (Q) Ca (UF) e

1.0 385+ 12 45+2 3.2x10*

1.5 261 +9 47 +£2 2.8x10™*

2.0 162+ 7 49 £3 4.1 x10™*

2.5 104+ 5 52+3 4.7 x 107
Note: Equivalent circuit R(Ca(ReW)); pH 3.0, [MOJo = 200 mg/L, 0.1 M NazSO4, 25 £ 1 °C. Values are mean = SD (n = 3).

3.5 Mineralization and energy efficiency. Figure 4 shows TOC reduction profiles and energy consump-
tion data. BDD achieved 96.8 £+ 1.5 % TOC reduction at 120 min, compared with 8§9.2 + 2.8 % (DSA) and
72.4 £ 3.2 % (Pt). The high TOC removal with BDD confirms conversion of MO to CO, and H,O without
significant accumulation of persistent aromatic amine or quinone intermediates [22]. All TOC values were
obtained in NPOC mode with acidification and sparging to preclude inorganic carbon interference. Specific
energy consumption for 90 % removal was 8.2 kWh/m? (BDD), 9.1 kWh/m? (DSA), and 12.5 kWh/m? (Pt).
These values are competitive with photocatalytic advanced oxidation processes (5-12 kWh/m?) and ozona-
tion (8—15 kWh/m*) while offering substantially simpler operation and zero chemical sludge [19, 22].

SO0 T T
100 +2.8% g uf ® _
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—_ 72.4% .
8 sor +32% E 12
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Figure 4. Mineralization and energy performance comparison (120 min treatment, 30 mA/cm?, pH 3.0, n = 3;
error bars = + SD). 4 — Mineralization efficiency based on total organic carbon (TOC) reduction for BDD, DSA,
and platinum electrodes; B — Specific energy consumption and estimated operating cost
for 90 % pollutant removal (cost calculated at Nigerian electricity rate 3¥45/kWh)

3.6 Electrochemical oxidation versus biological treatment: a mechanistic comparison. The superior
performance of BDD-mediated electrochemical oxidation observed in this study is best understood in the
context of the fundamental biochemical constraints that limit conventional biological treatment of azo dyes.
In aerobic microbial metabolism, aromatic ring degradation proceeds via oxygenase-catalysed hydroxylation

“Physics” Series. 2026, 31, 2(122) 53



D.A. Zakari, G.A. Audu et al.

followed by ring fission, a pathway that depends on the availability of nucleophilic reactive sites on the aro-
matic substrate [3, 23]. The azo chromophore of methyl orange, however, bears strongly electron-
withdrawing sulphonate (—-SOs;Na) and dimethylamino groups flanking the —N=N- linkage, rendering the
molecule electron-deficient and sterically resistant to electrophilic attack by microbial mono- and dioxygen-
ases [3, 4]. Consequently, aerobic activated sludge systems typically achieve only 20—40 % colour removal
for sulphonated azo dyes, with negligible TOC reduction, as the intact aromatic scaffold persists through the
biological reactor [23].

Under anaerobic conditions, azoreductase enzymes in facultative bacteria can reductively cleave the azo
bond, producing colourless aromatic amines [3]. However, these amine products—including sulphanilic acid
and dimethylaniline in the case of methyl orange—are frequently more acutely toxic and potentially carcino-
genic than the parent dye, and themselves resist further microbial catabolism under aerobic conditions [4,
24]. Combined anaerobic—aerobic sequential biological systems have been investigated to couple reductive
decolourization with aerobic mineralization of the amine intermediates, but typically achieve only 60—75 %
TOC removal even under optimized conditions, and require hydraulic retention times of 24—72 h and careful
redox management [23]. By contrast, BDD-mediated electrochemical oxidation in the present study achieved
96.8 £ 1.5 % TOC reduction within 120 min via non-selective hydroxyl radical attack (*OH, E°=2.80 V vs.
SHE), which oxidizes both the azo bond and the aromatic rings simultaneously, irrespective of electron den-
sity or substituent pattern [5, 6]. The *OH radical generated at the BDD surface reacts with the aromatic ring
at diffusion-controlled rates (k= 10°~10'° M's™!), bypassing the biochemical selectivity constraints that ren-
der microbial metabolism ineffective against recalcitrant azo structures [12, 22, 25].

These mechanistic distinctions have direct practical implications. The stable double-layer capacitance
(Ca=45-52 pF) observed across the BDD electrode potential range confirms that electrode surface integrity
was maintained throughout electrolysis, with no fouling by polymeric degradation products—a common op-
erational failure mode in biological reactors treating high-strength dye effluents where biofilm inhibition by
the dye itself disrupts microbial metabolism [4, 24]. Taken together, the EIS kinetic data, TOC mineraliza-
tion results, and mechanistic contrast with biological treatment establish BDD electrochemical oxidation as a
scientifically grounded alternative for treating azo dye effluents where conventional microbial methods are
biochemically inadequate.

Industrial implementation and techno-economic assessment

For Nigerian and sub-Saharan African industrial contexts, electrochemical oxidation offers several
practical advantages that justify the present laboratory-scale characterization as a precursor to scale-up: (i) no
chemical consumables beyond electrical energy; (ii) modular scalability without process redesign; (iii) ap-
plicability across diverse pollutant classes; (iv) minimal sludge generation; and (v) potential integration with
solar photovoltaic sources to reduce grid dependency. It must be noted that the energy and cost figures re-
ported here derive from model MO solutions in a simple electrolyte matrix; real textile or pharmaceutical
effluents contain competing organic loads, suspended solids, and chloride species that will alter energy de-
mand and electrode service life.

Capital equipment cost for a 1,000 L/day electrochemical treatment unit is estimated at USD 18,000—
25,000, compared with USD 45,000—65,000 for membrane bioreactor systems of equivalent throughput. At
the Nigerian industrial electricity tariff of approximately ¥45/kWh, the energy-cost component for BDD-
mediated treatment is N¥369/m? (~USD 0.81/m?), which is economically competitive when lifecycle sludge
disposal costs are included. Priority future work should address: (i) pilot-scale continuous-flow studies to
validate batch-to-flow kinetic translation; (ii) complex matrix effects from co-contaminants; (iii) electrode
lifetime and regeneration; and (iv) renewable energy integration.

Conclusion

This study systematically characterized the electrochemical oxidation of methyl orange as a well-
defined model azo dye in ultrapure water with Na,SO4 supporting electrolyte, integrating kinetic optimiza-
tion, EIS mechanistic analysis, and techno-economic evaluation. The results provide a rigorous quantitative
baseline for evaluating electrode performance and process economics, with validation against real industrial
effluents identified as a key priority for future work. The principal findings are:

1. BDD anodes achieved the highest pollutant removal (94.3 £ 2.1 %) and near-complete mineralization
(96.8 £ 1.5 % TOC reduction) within 120 min under optimized conditions (30 mA/cm?, pH 3.0, 200 mg/L),
significantly outperforming DSA and platinum electrodes.
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2. Pseudo-first-order kinetics were confirmed for all electrode types; the BDD apparent rate constant
(kapp = 0.0315 £ 0.0018 min™') was 1.68-fold higher than for platinum, consistent with the superior *OH gen-
eration capacity of diamond surfaces.

3. EIS analysis using a Randles R(Cu(R.W)) equivalent circuit revealed a 73 % reduction in R
(385Q — 104 Q) over 1.0-2.5V vs. Ag/AgCl, confirming Butler—Volmer-controlled charge-transfer kinet-
ics. Stable Cy (45-52 pF) demonstrated electrode surface integrity throughout electrolysis.

4. Optimal conditions (30 mA/cm?, pH 3.0) were identified, yielding specific energy of 8.2 kWh/m?
with BDD, competitive with photocatalytic and ozonation-based advanced oxidation processes.

5. At Nigerian electricity tariffs (¥45/kWh), an estimated treatment cost of ¥369/m? (~USD 0.81/m?)
indicates promising economic competitiveness for electrochemical oxidation in developing-economy indus-
trial contexts, though cost projections for real effluents will depend on matrix composition, required pre-
treatment, and electrode lifetime under fouling conditions.
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J.A. 3akapu, I A. Ayny, A.A. Amuato, 11.0. Mycrada, K.M. Omarona

Moaeabaik a30009FbIINITHI JIACTAYIIBI PeTiHAe KbI3FbLUIT MeTHJIII
IEKTPXUMHUSIIBIK TOTBIKTBIPY: 3J1€KTPOATAPABIH CAJBICTBIPMAJIbI OHIMILTIT,
IUC sxiciMeH MeXaHU3MIIK TAJIAY KIHE TeXHHUKAJIBIK-IKOHOMHKAJIBIK 0arajiay

JKyMbIcTa TOKBIMA >KOHE OHEPKOCINTIK aFbIH CyJlapFa TOH MOJCTBIIK a3000SFBIMITH JIACTAYIIBl PETiHAEe
KbBBFRUIT MeTHIAIH (MO) anekTpxuMusutbiK TOTBIFYBI (EO) 6op-nerupienren anvas (BDD) xoHe emmeMmik
Typaktel aHoA (DSA) snmekTponaTapblH KYyHeni TypAe OHTaiiIaHIBIPBUIFaH JKarnaiinapia KoiJgaHa OTBIPBIT
3eprrenred. Mojenbaik epitinaiiep 0,1 M NaxSO4 (HOHIBIK 37EKTPOIUTI 0ap yIbTpaXkorapbl Tasa cyjaa
nadeiHmanael.  OkcnepuMentrep 25+ 1°C  Temmeparypana, Typaktel apanmacteipy (300 aiin/mMuH)
JKaFIalbIHIa TaTbBAHOCTATUKAIBIK pexuMIe Kyprizinai. Tok Teirb3abEsl (10—50 MA/cm?), pH (2—10) xone
Gacrankel KoHmeHTpamus (50-500 mr/m) esreprimmi. BDD amograper 120 mumyt imiame 94,3 +£2,1 %
nmacraymbiHel korael (30 MA/em?, pH 3,0, 200 wmr/m), o6yt DSA (87,6 £3,3 %) >koHe IUIaTHHA
anekTpoarapeiHan (68,7 £4,5 %) alrapiblkTail KOFapbl HOTIDKE Oepai. ODIEKTPXUMISUIBIK HMIIETaHC
cnekrpockomuscel (EIS) Randles R(Ca(Rc:W)) SKBHBaNEHTTIK CXEMAachlH KOJJaHA OTBIPHIN, aHOATHIK
norernuanabie (1,0-2,5 B Ag/AgCl) aprtybiMeH 3apsa TackiManiay KeaepriciniH 73 % TeMeHaereHiH
kepceTTi (Rer: 385 Q — 104 Q), 6yn batnep—®onbpMep TeHAeyiMeH 0acKapbhUIaThIH TOTHIFY KHHETHKACHIH
pactaiizpl. BDD yimid THiMai KbUIIAMIBIK KOHCTAHTACH Kapp = 0,0315 £ 0,0018 Mun~! matunara kaparanna
1,68 ece xorapsl 60mbl. JKanmer opranukansik kemiptek (TOC) tangaysr BDD konmanFaHma TOJBIK ASPITiK
muHepanmany sl (96,8 + 1,5 % TOC Temenneyi) kepceTTi. MeHUTKTI SHeprus MBFBHEL 8,2 KBT:car/m?
0ouB1, OYI1 OOSFBINI aFbIH CYJIAPABl OHACY/IE dICTIH THIMALIITIH aHBIKTalAbl. HUrepusnarsl SJIeKTp SHEPTust
tapudi (N45/kBt-car) GoifblHIIa eHAEy KyHbl IIamaMeH N369/M°, 6yl JaMyIbl elfepie ©HEpPKICINTiK
KOJIZIaHy YIIIH QJIEYeTTi THIMIUTIKTI KepceTei.

Kinm ces30ep.: 3neKTPXUMHUSIIBIK TOTBIFY, OOp-JIETHPJICHTeH aiMa3, a3000sFbIIITapAbIH bIABIPAYbI, KBI3FBUIT
METHJI, OJIILIEeMIIK TYPaKThl aHOJ, SJIEKTPXUMHUSUIIBIK UMITEIAHC CIIEKTPOCKOMHSCH, MUHEPAIAaHy, MOJICIbIIK
JacTaylibl, 3apsa TackMaijay KeIeprici, THAPOKCHI paauKaigapbl, IMCEeBHO-OIpiHII peTTi KHHETHKa,
TEXHHUKAJIBIK-DKOHOMHKAIBIK Oaranay
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J.A. 3akapu, I A. Ayny, A.A. Amuto, 1.0. Mycrtada, K.M. Omarona

3J’ICKTPOXI/IMI/I‘ICCKOC OKHCJICHHE MECTHUJI0BOI'0 OPAH’KEBOTI0 KAK MOJI€CJIbHOI0
3arpA3HUTEIsA a30Rpache.11e171: CpaBHUTE/IbHasA 3(1)(l)eKTI/IBHOCTL IJICKTPOa0B,
MEXaHUCTHYECKUI aHATIHU3 METOA0M IUC H TeXHUKO-IKOHOMHYeCKasi OI€CHKAa

JlaHHOE HccliefoBaHue MOCBSILIEHO IeKTpoxummdeckomy okucienuto (EO) metunoBoro opankeBoro (MO)
KaK MOJETBHOTO 3arpsI3HUTENS a30KpacuTenel, XapakKTepHOTo ISl TEKCTUIBHBIX ¥ TPOMBIIUIEHHBIX CTOYHBIX
BOJI, C UCIIOJIb30BAaHUEM aHOAOB M3 Oop-ierupoBanHoro anmasza (BDD) u pa3mepHO-cTaOMIBHBIX aHOZOB
(DSA) B cucremarnyecky ONTHMU3UPOBAHHBIX YCIOBHSIX. MOMEIBHBIE pacTBOPHI TOTOBHINCH B yIbTPadH-
croii Bozte ¢ ucnons3zoBanneM 0,1 M NaSOs B kauecTBe GpoHOBOrO 31mekTponuTta. IlakeTHbIe 3KCIIEPUMEHTHI
MPOBOJIIINCH B TAIbBAHOCTATHIECKOM PEXUMe HpH Temreparype 25 + 1 °C npu oCTOSIHHOM ITepeMeIBa-
Hun (300 06/MuH) ¢ BapbupoBaHHeM ILIOTHOCTH Toka (10-50 MA/cm?), pH (2-10) 1 HavanbpHON KOHIIEHTpa-
MU METHIIOBOTO opamxeBoro (50-500 mr/i). Anoast BDD o6ecnieunin 94,3 + 2,1 % ynaneHus 3arpsi3HUTE-
nst 32 120 MuH npu ontUManbsHbEIX yenoBusx (30 mA/em?, pH 3,0, 200 mr/m), 3HauutensHo npeBocxons DSA
(87,6 + 3,3 %) u mnatuHOBBIE 37eKTPOAbI (68,7 + 4,5 %). DaekTpoXxuMHUYecKas UMIIEIAHCHAS CIIEKTPOCKOIH
(EIS) ¢ ucnonp3oBanueM >KkBUBasieHTHOH cxeMbl Panmiica R(Cai(ReW)) moka3ana CHHKEHHUE CONPOTUBICHHS
nepeHoca 3apsiga Ha 73 % (Rct: 385 Q — 104 Q) npu yBenuueHnn aHogHoro noteHnuana (1,0-2,5 B otro-
curenbHOo Ag/AgCl), 4TO MOATBEpXKIaeT KMHETUKY OKHCICHWs, KOHTPOIMpPYeMylo ypaBHeHHeM batiepa—
®onbmepa. Koncranra kaxymielics ckopocTn kapp = 0,0315 £ 0,0018 mun! s BDD 6bita B 1,68 pasa BbI-
IIe, YeM Uit IUTaTHHBL. AHanu3 obmiero opranmdeckoro yriaepona (TOC) moarBepaAnt NOYTH MOJIHYIO MHHE-
pamuzanuio (96,8 + 1,5 % cumkenns TOC) npu ucnons3oBanun BDD. Y aensHOE 3HEpromoTpedieHue co-
craBwio 8,2 kBT-u/M?, 4TO yKa3bIBaeT Ha KOHKYPEHTOCIIOCOOHOCTh METOJa Ul OYMCTKU Kpacureneil. [Ipu
Tapude Ha 51eKTposHepruio B Hurepun (N¥45/kBT-4) pacyeTHas CTOMMOCTh 00pabOTKH cocTaBiseT N369/m3,
YTO CBHUAETENHCTBYET O MOTEHIHATbHONH MPHUMEHMMOCTH B IIPOMBIIIICHHOCTH Pa3BHBAIOLIUXCS CTPaH IIPU
YCIIOBHH NIPOBEPKH HA PEANbHBIX CTOYHBIX BOAAX.

Knrouesvie cnosa: QJIEKTPOXUMUHYECKOE OKHCIICHUE, 60p-ﬂeFHpOBaHHBIﬁ ajMas, pasjIoKECHUE a30KpaCHT€J’Ieﬁ,
METHJIOBBII OpaHXCBLIﬁ, pa3MepH0-CTa6HJ’IBHBIfI aHO/[l, DJICKTPOXHUMHYCCKAass UMII€AAHCHasA CIICKTPOCKOIIU:,
MUHEpaIM3alusl, MOZ[CJ'II:HI:Iﬁ 3arpsA3HUTEIIb, COIIPOTUBIICHUE IIEPEHOCA 3apsa/a, THAPOKCUIIBHBIE paJluKallbl,
KUHETHKA ICEBAOIICPBOIo NopsaKa, TCXHUKO-3KOHOMUYECKas OLICHKa

Information about the authors

Zakari, David Adeiza (corresponding author) — PhD, Associate Professor, Department of Microbiol-
ogy, Prince Abubakar Audu University, Anyigba, Nigeria; e-mail: david.z@ksu.edu.ng; ORCID:
https://orcid.org/0000-0002-7111-6065

Audu, Godwin Amoka — MSc, Research Officer, Department of Biochemistry, Prince Abubakar Au-
du University, Anyigba, Nigeria; e-mail: audu.ga@ksu.edu.ng; ORCID: https://orcid.org/0009-0001-6987-
9442

Aliyu, Abdulbasit Anoze — PhD, Senior Lecturer, Department of Pure and Industrial Chemistry,
Prince Abubakar Audu University, Anyigba, Nigeria; e-mail: abdulbasit.a@ksu.edu.ng; ORCID:
https://orcid.org/0000-0002-0166-1228

Mustapha, Idris Omenesa — Postdoctoral Fellow, Interdisciplinary Research Center for Membranes
and Water Security, King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia; e-mail: idris-
mustapha710@gmail.com; ORCID: https://orcid.org/0000-0003-4799-1959

Omatola, Kingsley Makoji — PhD, Associate Professor, Department of Physics, Prince Abubakar
Audu University, Anyigba, Nigeria; e-mail: omatola.k@ksu.edu.ng; ORCID: https://orcid.org/0009-0008-
5756-1251

“Physics” Series. 2026, 31, 2(122) 57


mailto:david.z@ksu.edu.ng
https://orcid.org/0000-0002-7111-6065
mailto:audu.ga@ksu.edu.ng
https://orcid.org/0009-0001-6987-9442
https://orcid.org/0009-0001-6987-9442
mailto:abdulbasit.a@ksu.edu.ng
mailto:idrismustapha710@gmail.com
mailto:idrismustapha710@gmail.com
https://orcid.org/0000-0003-4799-1959
mailto:omatola.k@ksu.edu.ng
https://orcid.org/0009-0008-5756-1251
https://orcid.org/0009-0008-5756-1251

XbUTYPUIUKACDHI XSHE TEOPUATNDBIK XXbINMYTEXHUKACHI
TENNO®PU3UKA U TEOPETUYECKAA TEMIIOTEXHUKA
THERMOPHYSICS AND THEORETICAL THERMOENGINEERING

Article

UDC 621.793
d - https://doi.org/10.31489/2026PH2/58-67

Received: 12.02.2026
Accepted: 02.04.2026

M. Maulet'™, Zh.B. Sagdoldina', N.N. Yusof?, A.K. Khassenov?

Sarsen Amanzholov East Kazakhstan University, Ust-Kamenogorsk, Kazakhstan;
2University Sains Malaysia, 11800 Pulau Pinang, Malaysia;
3Buketov Karaganda National Research University, Karaganda, Kazakhstan

Investigation of Detonation-Sprayed NiCr—Al Coatings
Tested under Real Operating Conditions of a Thermal Power Plant

This study presents the experimental results of high-temperature oxidation testing under actual operating con-
ditions in a thermal power plant of gradient and homogeneous composite NiCr—Al coatings produced by the
detonation spraying method. To characterize the degradation mechanisms of the tested coatings, systematic
analyses were performed, including phase composition evaluation, and detailed microstructural examination
using scanning electron microscopy (SEM). The evolution of oxide layers and elemental redistribution across
the coating thickness were also assessed to clarify the influence of coating architecture on protective perfor-
mance. The experimental results demonstrated that the gradient composite NiCr—Al coatings exhibit superior
resistance to high-temperature oxidation compared to homogeneous coatings. The gradient architecture effec-
tively preserved structural integrity and promoted a more uniform distribution of aluminum and chromium
within the coating thickness. This compositional optimization facilitated the formation of continuous and ad-
herent protective oxide layers, predominantly Al2O3 and Cr203, which significantly reduced oxidation kinet-
ics and inhibited coating degradation. In contrast, the homogeneous NiCr—Al coatings showed noticeable
aluminum depletion, crack formation, and oxide scale spallation after prolonged exposure to high-
temperature industrial conditions. The findings of this study confirm that gradient NiCr—Al coatings deposit-
ed by detonation spraying represent a promising protective solution for components operating in severe high-
temperature and corrosive environments, offering improved durability and extended service life for industrial
and energy related applications.

Keywords: NiCrAl coatings, detonation spraying technology, high temperature properties, thermal power plant
*Corresponding author: Maulet, Meruyert, mauletmeruert@gmail.com

Introduction

Structural steel components used in modern energy and heavy industrial sectors, particularly in coal-
and biomass-fired thermal power plants, are subjected to complex degradation phenomena such as high-
temperature oxidation, hot corrosion, erosion, and abrasive wear [1]. Boiler tubes, water walls, economizers,
and superheaters, when operated for prolonged periods in aggressive gas environments containing sulfur,
chlorine, alkali metal salts, and fly ash particles, undergo accelerated degradation, leading to a reduced
service life of the equipment, increased maintenance and repair costs, and decreased efficiency of power
generation systems. The synergistic nature of these degradation processes accelerates the breakdown of
protective oxide layers, ultimately resulting in premature material failure [2—4].
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One of the effective approaches to addressing these issues is the application of protective coatings on
steel surfaces, which has become widely adopted. In recent years, coatings produced by thermal spraying
techniques have gained particular importance for protection against high-temperature corrosion and
oxidation. HVOF, HVAF, detonation, and plasma spraying technologies enable the deposition of dense
coatings with high adhesion and relatively low porosity using metallic, ceramic, and cermet materials. In
particular, FeCr-, NiCr-, and NiCrAl-based alloys, as well as carbide-based composite coatings (Cr;C>—NiCer,
WC—Co—Cr), are considered effective protective solutions against erosion and corrosion in power plant
boilers [5-6]. In carbide-based systems, the protective effect is primarily provided by the physical barrier role
of hard carbide phases (Cr:C,, WC, W>C), and such coatings exhibit high effectiveness under short- and
medium-term cyclic exposure conditions [7]. However, during long-term high-temperature service, oxidation
or decarburization of carbides may limit their protective performance. Consequently, recent studies have
placed particular emphasis on aluminum-forming coatings, as the Al,Osz layer formed on their surface can
significantly suppress oxidation and hot corrosion [8]. However, long-term tests conducted under industrial
operating conditions have shown that, although pure Ni and nickel aluminide (Ni2Als) coatings provide
effective protection in the initial stages, their service life is limited due to the chemical instability of the
v-Al,O3 layer under the influence of KCl present in biomass combustion products, selective aluminum
depletion, and the subsequent breakdown of the protective layer [9]. This indicates that the long-term
stability of aluminum-forming systems is not determined solely by the formation of Al,Os and that additional
elements are required to enhance the chemical stability of the protective layer.

From this perspective, chromium-containing NiCrAl coatings are regarded as an intermediate and
promising protective system. In such coatings, the Cr,Os layer provides initial protection at low and
intermediate temperatures, while the formation of an Al,Os layer at higher temperatures enhances long-term
stability. The presence of chromium partially compensates for the chemical instability of y-Al,O3 and helps
mitigate chlorine-induced corrosion. In addition, the dense microstructure and low porosity of NiCrAl
coatings produced by detonation spraying and HVOF methods form an effective barrier against erosion-
induced corrosion [10—12].

At present, it is becoming evident that the performance of single-layer coatings is limited in energy
systems subjected simultaneously to high temperature, corrosion, and erosion. Consequently, multilayer and
functionally graded thermally sprayed coatings are being considered as a promising approach. Such
architectures reduce the thermal and mechanical mismatch between the coating and the substrate, improve
adhesion, and decrease residual stresses [13]. The aim of this work is to test and comparatively investigate
homogeneous and gradient NiCrAl coatings produced by detonation spraying under industrial operating
conditions.

Materials and Methods

NiCr—Al coatings were deposited onto 12Kh1MF heat resistance steel substrates (ISO 4955 standard).
The steel was machined into discs measuring 50 mm in diameter and 3 mm in thickness. Before the coating
process, the substrate surfaces were sequentially ground with SiC sandpapers of 120-2000 grit size to obtain
a uniform finish. To enhance the adhesion of the coatings, the prepared substrates were additionally
subjected to sandblasting treatment. Composite powders were prepared using Ni75Cr25 alloy powder and
high-purity Al powder (99.99 %). The powder mixture was homogenized and mechanically activated in a
BML-6 ball mill. The average particle size of the NiCr—Al composite powder is 68 um.

Homogeneous and gradient NiCr—Al coatings were produced using the CCDS2000 detonation spraying
system. The study demonstrated that gradient-composition NiCr—Al coatings can be obtained by adjusting
the filling volume of the detonation barrel with the explosive gas during detonation spraying [14-15]. The
technological parameters for producing the coatings are presented in Table 1.

Table 1
Technological parameters for producing the NiCr—Al detonation coating
Coating structure 0,/CyH, Spray Distance, mm Barrel Filling Volume,% Number of Shots
Homogeneous 1.856 150 50 40
50 10
. 40 10
Gradient 1.856 150 30 10
25 10
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For the high-temperature tests, specimens with geometric dimensions of 15x15x3 mm were prepared.
The samples were fabricated by detonation spraying and fully coated with NiCr—Al on all six surfaces.

The high-temperature oxidation testing of the coatings was conducted in an industrial environment at
the Sogra Thermal Power Plant (TPP) in Ust-Kamenogorsk, Kazakhstan. In this test, NiCr—Al coated
specimens were placed in the high-temperature zone of the TPP (=700 °C) and exposed to actual service
conditions for a period of two weeks. The duration of exposure was selected based on literature data [16].
The industrial atmosphere of the thermal power plant is characterized by the presence of oxygen, water
vapor, and combustion products, including sulfur- and chlorine-containing species, as well as fly ash
particles. These factors create an aggressive high-temperature environment that promotes oxidation and
corrosion processes. To ensure the reliability of the results, at least three coated samples were tested under
identical conditions. The obtained results demonstrated good repeatability, as consistent trends in phase
composition, oxide formation, and microstructural evolution were observed across all samples.

The phase composition of the coatings was examined using an X’Pert PRO X-ray diffractometer (PAN-
alytical, Netherlands). X-ray diffraction analysis was performed with CuKa radiation under the following
conditions: 40 kV accelerating voltage, 30 mA tube current, 1 s exposure time, step size of 0.02°, and a 260
range of 10°-90°. The obtained diffractograms were processed using HighScore software in conjunction with
the PDF2 database. The surface microstructure and cross-sectional morphology of the coatings were investi-
gated by scanning electron microscopy (SEM, SEM3200, China), while the elemental composition was de-
termined by energy-dispersive X-ray spectroscopy (EDX, Bruker, USA).

Results and Discussion

Figure 1 presents the X-ray phase analysis results for the structure of homogeneous-composition and
gradient-composition NiCr—Al coatings. It can be observed that the homogeneous-composition NiCr—Al
coating consists mainly of the CrNiz phase. During the deposition process, the elevated temperatures
prevented the formation of Al phases on the homogeneous-composition NiCr—Al coating surface. In contrast,
the gradient-composition NiCr—Al coatings contains both CrNiz and Al phases. The appearance of the Al
phase is attributed to the reduced filling volume of the detonation barrel with the explosive gas mixture
during deposition [17].
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Figure 1. Results of the X-ray diffraction phase analysis for NiCr—Al coatings: a) Gradient; b) Homogeneous

Figure 2 presents cross-sectional micrographs of the homogeneous-composition and gradient-
composition NiCr—Al coatings. In the microstructure of the homogeneous-composition NiCr—Al coating,
distinct phase separation of the components can be observed. By progressively reducing the detonation

60 Bulletin of the Karaganda University



Investigation of Detonation-Sprayed NiCr—Al Coatings ...

energy (from 50 % to 25 %), a gradient-composition NiCr—Al coatings was produced with an increased Al
content in the surface layer, which contributed to a relatively high coating density (Fig. 2a). In contrast, the
surface layer of the homogeneous-composition NiCr—Al coating exhibited a lower microstructural density.
The study revealed that the coating obtained at a 50 % filling of the detonation barrel with explosive gases
contained only a limited amount of Al. Consequently, the insufficient quantity of molten Al between CrNis;
particles hindered the formation of a dense matrix, leading instead to a porous NiCr—Al coating
(Fig. 2b) [18].
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Figure 2. Cross-sectional microstructure of NiCr—Al coatings: a) Gradient; b) Homogeneous

Figure 3 shows the X-ray phase analysis results of homogeneous-composition and gradient-composition
NiCr—Al coatings after high-temperature testing under industrial conditions. As can be seen, the gradient-
composition NiCr—Al coating (Fig. 3@) is dominated by the CrNis intermetallic phase, which indicates its
high thermal stability. In addition, protective oxides such as Cr,Os and Al,O; were formed on the coating
surface. This phase composition demonstrates the enhanced oxidation and corrosion resistance of the gradi-
ent-composition NiCr—Al coatings. Furthermore, the CrO; oxidized chromium phase, which typically forms
under aggressive oxidation conditions, was also detected on the coating surface. In contrast, for the homoge-
neous-composition NiCr—Al coating, although the CrNi; phase was retained, oxidation-resistant oxides
(Al>O3, Cr203) were either scarce or not detected at all. This indicates the weaker ability of the homogene-
ous-composition NiCr—Al coating to form a protective layer.
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Figure 3. X-ray phase analysis results of NiCr—Al coatings after high-temperature testing
under industrial conditions: @) homogeneous; b) gradient
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Figure 4 presents the SEM cross-sectional images of homogeneous-composition and gradient-
composition NiCr—Al coatings after high-temperature testing under industrial conditions. These results pro-
vide an assessment of the internal structure and structural changes of the coatings after thermal exposure. In
the cross-section of the homogeneous-composition NiCr—Al coating (Fig. 4a), cracks, porosity, and frag-
mented regions are clearly visible within the coating. In some areas, structural disintegration is observed.
These changes indicate that oxidation and thermal fatigue processes occurred intensively under high temper-
ature and aggressive atmospheric conditions. In contrast, the gradient-composition NiCr—Al coating (Fig. 4b)
exhibits fewer microcracks and pores, and no signs of fragmentation or delamination are observed in the in-
ternal regions of the coating. A certain degree of surface oxidation is present, but this is attributed to the for-
mation of a protective oxide layer, which helps to suppress coating degradation.

100pum 100pum

Figure 4. SEM cross-sectional image of NiCr—Al coatings after high-temperature testing
under industrial conditions: @) homogeneous; b) gradient

Figure 5 shows the EDS results of the cross-section of the homogeneous-composition NiCr—Al coating
after high-temperature testing under industrial conditions. Within the coating, Cr and Ni elements are uni-
formly distributed, representing the main constituents of the coating. According to the spectral analysis, the
Al content in the coating is relatively low, with a noticeable concentration only near the surface. This indi-
cates the formation of a protective Al,O; oxide layer on the surface during high-temperature oxidation. The
elemental mapping results reveal that oxygen (O) and aluminum (Al) are concentrated in the upper region of
the coating, confirming the presence of an oxide layer. Based on the line scan analysis, Fe content sharply
increases within ~100 pm from the coating surface, which marks the boundary between the coating and the
substrate. Overall, the EDS analysis demonstrates that, after high-temperature exposure under industrial con-
ditions, the homogeneous-composition NiCr—Al coating underwent oxidation and formed a surface oxide
protective layer. However, the low aluminum content in the coating suggests insufficient capability for long-
term protection of the substrate.

Figure 6 presents the EDS results obtained from the cross-section of the gradient-composition NiCr—Al
coatings after high-temperature testing under industrial conditions. The analysis reveals the elemental distri-
bution between the coating and the substrate, the oxidation process, as well as the advantages of the gradient
structure. According to the line scan profile, aluminum (Al) and chromium (Cr) are highly con-centrated in
the surface layer of the coating, which facilitates the formation of protective oxides such as Al,O3 and Cr20s.
Spectral analysis taken at different points from the substrate toward the coating surface shows that the alu-
minum content gradually increases toward the surface. Elemental mapping demonstrates that nickel (Ni) and
chromium (Cr) are uniformly and predominantly distributed within the inner regions of the coating, while
iron (Fe) is localized in the bottom region, clearly indicating the boundary between the substrate and the
coating. These EDS results confirm that the gradient-composition NiCr—Al coatings possesses high oxidation
resistance and good structural integrity under industrial high-temperature conditions.
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Figure 5. Cross-sectional EDS analysis of the homogeneous-composition NiCr—Al coating
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after exposure to high-temperature testing in an industrial environment
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Figure 6. Cross-sectional EDS analysis of the gradient composition NiCr—Al coating
after exposure to high-temperature testing in an industrial environment

Conclusion

Based on the results following conclusions can be drawn:

— After high-temperature oxidation testing under industrial operating conditions, the homogeneous
composite NiCr—Al coating exhibited a pronounced reduction in aluminum concentration accompanied by
structural degradation, including crack formation and oxide scale spallation. In contrast, the gradient compo-

site NiCr—Al coating showed a more favorable elemental distribution along the coating thickness, particular-
ly for aluminum and chromium.
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— The optimized compositional gradient promoted the formation of continuous and adherent protective
oxide layers, primarily Al,O; and Cr,0s, on the coating surface. These oxides acted as effective diffusion
barriers, significantly improving oxidation resistance and mitigating further material degradation at elevated
temperatures.

— The superior performance of the gradient composite NiCr—Al coating can be attributed to the com-
bined effect of its tailored chemical architecture and enhanced thermomechanical compatibility between
coating layers, which reduces thermal stresses and improves long-term stability under severe service condi-
tions.
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M. Mayner, X.b. Carnonauna, H.H. FOcyd, A K. Xacenos

ZKbL1y 371eKTP CTAHUUSICBIHBIH HAKTHI )KYMBIC KaFIail1apbIHIa ChIHAJIFAH
AeTOHAUMSJIBIK OYpPKY apKbLIbl ajblHFaH NiCr—Al :ka0bIHapbIH 3epTTEY

JKympicta neToHamMSsUIBIK OYpKY omiciMeH ajblHFaH I'paJieHTTI koHe OipTekTi Kommo3umusuiblk NiCr—Al
JKaOBIHAPBIHBIH JKBUTY JICKTP CTAHUMACBHIHBIH HAKThI )KYMBIC JKaFJalllapblH/a KOFAaphl TEMIIEPATyPabIK
TOTBIFYFa TO3IMIUIIrT OOHBIHIIA >KYPri3UIr€H S3KCIHEPUMEHTTIK 3epTTEyJCepAiH HOTHXKENEpi YCHIHBUIFaH.
ChIHaKTaH OTKEH >XaOBIHAAPIbIH Ierpajalys MEXaHM3MJEPiH CHUIATTay MakcaTblHIa (asaiblk Kypamuasl
Oaranay >KOHE CKaHEpJeyIli SJIEKTPOHABIK MUKPOCKONHS OAiCiH KOJJaHa OTBIPBIN, MHKPOKYPBUIBIM/IBI
TaNlay CHUSKTHI XKYHeni 3epTreynep Kyprizingi. KopFaHBIITHIK THIMALTIKKE jKa0bIH KYPBUIBIMBIHBIH 9CepiH
HaKTBUIAy MaKCaThIH/A )KaObIH KAJIBIHIBIFEI OOWBIHINA OKCHUATIK KaOaTTapAblH e3repici MeH 3JIeMEHTTEpIiH
Tapanysl OaraJlaHIbl. DKCIICPUMEHTTIK HOTHXKeNep rpaaueHTTi KoMno3uiusuiblK NiCr—Al xaObIHIapbIHBIH
OipTekTi >kaOBIHIAPMEH CaNBICTHIPFAHA BICTHIK KOPPO3MSFA JKOHE JKOFaphl TEMIEPATypalblK TOTBIFyFa
TO3IMILTIr] )KOFaphl eKeHiH KopceTTi. ' pagneHTTi %a0blH KYPBUIBIMIBIK TYTACTBIFBIH THIMII TYPHAE CaKTayFra
MYMKIHAIK Oepir, >kaOblH KaJbIHABIFEl OOMBIMEH aTIOMUHHNA MEH XPOM 3JIEMEHTTEPiHIH HEFYPIbIM OipKenKi
TapalxyblH KamTamachl3 erTi. MyHpmail KypamIslK oHTainmannelpy HerisiHeH Al2Os xone Cr203 TumTec
Y3IIKCi3 opi aAre3wsAchl KOFapbl KOPFAHBII OKCUATIK KaOaTTapAblH KaJbIITACYbIHA BIKMAN €Till, TOTHIFYIbI
TOMEHETTI oHE XKaOBIHHBIH JerpafaiisuianybiH Texeai. An 6iprekti NiCr—Al jxaObiHIapeIHAA JKOFaphI
TeMIlepaTypajibl ©HEPKACINTIK JKargailapia y3aK YakbIT acep €Ty HOTIDKECIHIEe AaJIOMHHUIIIH alKbIH
CapKBUTYBI, JKapBIKIIAKTAPIBIH TY31LTyl KOHE OKCHITIK KaOAaTThIH KaOBIPIIAKTAHBIN O6eiHyi OailKayibl.
3epTTey HOTIKeNepi JeTOHAMSIBIK OYpKy oaiciMeH ansiHFaH rpagueHTTi NiCr—Al jxaObIHIapBIHBIH )KOFaphl
TeMIlepaTypajbl >KOHE KOPPO3WSIIBIK acepi KYLITI OpTaja >KYMBIC ICTEHTiH OejmiekTepii KOpray YIUiH
MEPCIEKTUBAIBI CKeHIH KOPCETTi, OYJI ©HEPKICINTIK KOHE SHEPreTHKAIBIK KONmaHOazapaa ONapiblH y3aK
MEP3IMIITITiH apTTHIPBIT, KBI3MET €Ty MEP3iMiH y3apTabl.

Kinm coe30ep: NiCr—Al xa0bIHBI, JETOHAIMSIIBIK OYPKY TEXHOJIOTHUSACHI, KOFaphl TEMIIEPATyPaJIbIK KacueTTep,
XKIC

M. Mayuner, X.b. Carnonnuna, H.H. FOcyd, A.K. Xacenos

HccaenoBanne nokpbiTuii NiCr—Al mosry4eHHbIX
METO/I0M /ICTOHALIHOHHOI'0 HANIBIICHUS UCIIBITAHHBIX
B PeaJIbHBIX YCJIOBHAX IKCIUIYATAUMH TEII03JIEKTPOCTAHIIUH

B nanHO# paboTe mpencTaBIeHBI 3KCIIEPUMEHTAIbHBIE Pe3yJbTaThl HCIBITAHUA Ha BBICOKOTEMIIEPATypHOE
OKHCJIEHHE B PEaNIbHBIX YCIOBUAX IKCILIyaTaIllH TEITUIOSJIEKTPOCTAHIIMY TPAIHEHTHHIX U OJHOPOJHBIX KOM-
NO3UIMOHHBIX TOKPEITHH NiCr—Al, mojy4eHHBIX METOIOM JETOHAI[MOHHOTO HambuleHus. VccaenyeMble no-
KPBITHUSI TIO/IBEPTAIIICH BO3EHCTBUIO arpeCCHBHBIX MPOMBIIIICHHBIX CPeJ| C ENbI0 OLCHKU UX CTPYKTYPHOM
CTaOWIIBHOCTH, CTOWKOCTH K OKHCJICHUIO U KOPPO3HOHHON CTOMKOCTH B YCIIOBHSX MOBBIIICHHBIX TEMIIEpaTyp.
Jlnst XapakTepuCTUKH MEXaHH3MOB JAErpajalliy HCCIEAYyEeMBIX IMOKPHITHH OBUIM MPOBEIEHBI CHCTEMaTHue-
CKHE aHAIN3bI, BKIIOUAIOIINE OLEHKY ()a30BOTO COCTaBa M JIETAIbHOE HCCIETOBAHUE MUKPOCTPYKTYPHI C HC-
MOJIb30BAaHUEM CKaHUPYIOIIEH 3JeKTpoHHON Mukpockomud (SEM). [lns yTodHeHHs BAMSHUS apXUTEKTYpHI
MOKPBITHS Ha €T0 3aIIUTHYIO 3()()EKTHBHOCTH TaKKe OBLIH OI[CHEHBI ABOIOLH OKCHIHBIX CIIOEB U Tepepac-
npeeIeHue SJIEMEHTOB 10 TOJIIUHE MOKPBITHS. DKCIIEPUMEHTABHBIC PE3YIbTaThl IIOKa3alli, YTO TPaHeHT-
HbIE KOMIO3HIIHOHHBIC MOKPBITHS NiCr—Al 10 CpaBHEHHIO ¢ OJHOPOJHBIMHU TOKPHITHSIME 00aaar0T OoJice
BBICOKOIl CTOMKOCTBIO K BBICOKOTEMIIEPaTYpPHOMY OKHCJIEHHMIO. ['pajueHTHass apXuTekTypa 3Q(eKTHBHO co-
XpaHsula CTPYKTYpPHYIO LEJIOCTHOCTh HMOKPBITHS M CIIOCOOCTBOBajia Gojiee paBHOMEPHOMY pacIpe/eeHHIO
TIOMHHHS ¥ XpOMa M0 BCeil TONIINHE MOKPBITHS. [laHHas ONTUMHU3ALKs COCTaBa COCOOCTBOBaa GOpMHUPO-
BaHHIO HEMPEPHIBHBIX M XOPOIIO a/IT€3UPOBAHHBIX 3alIUTHBIX OKCHIHBIX CIOEB, MpenmMymecTBeHHO Al2Os u
Cr203, 9TO CyIIECTBEHHO CHU3WIO KHHETHUKY OKHCIICHHUS U MOJABHIIO JIETPAJalHIo TTOKPEITUS. B oTimame ot
3TOTO, 0MHOPOAHBIE TIOKPEITHS NiCr—Al mocine MTeTpHOTO BO3AEHCTBHS BEICOKOTEMIIEPATYPHBIX MPOMBIIII-
JICHHBIX YCIIOBUH JIEMOHCTPHPOBAIN 3aMETHOE UCTOIICHNE AIFOMHUHUS, 00pa3oBaHKE TPEIIUH U OTCIIAHBaHUE
OKCHIHOHM OKaIWHBI. Pe3ynbTaThl HACTOSIIETO HCCIENIOBAHUS ITOATBEPXKIAIOT, YTO TPAJUEHTHBIC MOKPBITHS
NiCr—Al, HaHec€HHbIE METOJOM JCTOHAIIMOHHOTO HAMBUICHHS, MPEICTABIAIOT COOOI TMEepCIEeKTHBHOE 3a-
HIATHOEC PCIICHUE NJId KOMIIOHEHTOB, pa60Taloumx B yCJ'[OBPIﬂX BBICOKHX TeMHepaTyp U arp€CCUBHBIX KOPPO-
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3MOHHBIX Cpejl, 00ecTieunBast MOBBILIEHHYIO JOJITOBEYHOCTh U YBEINYEHHE CPOKA CIIyKOBI B IPOMBIIITIEHHOM
Y 9HEPTeTHYECKOM NTPUMEHEHHUH.

Kniouesvie cnosa: nokpoitus NiCr—Al, TeXHOJIOTHS IETOHAIIMOHHOTO HAIBLICHUS, BBICOKOTEMIIEpATypHBIC
cBoiicTBa, TOI]
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The Accurate Evaluation of the Intermolecular Potential Parameters
and its Applications

Accurate determination of intermolecular potential parameters is essential for predicting thermophysical
properties of real gases, particularly heavy polyatomic fluorides of industrial relevance. In this study, Morse
potential parameters for MoFs, IFs, and WFe gases were obtained using a nonlinear least-squares fitting algo-
rithm based on Lennard—Jones (12—6) interaction energy data, where the root-mean-square error (RMSE) was
used as the minimization criterion. The obtained parameters were validated by calculating the second virial
coefficient, heat capacity at constant pressure, and speed of sound, and comparing the results with available
experimental data over the temperature range 298—400 K. Quantitative accuracy was assessed using RMSE,
mean relative error (MRE), and correlation coefficient (R). For the second virial coefficient, RMSE values
were 31, 264, and 149 cm?* mol™! for MoFs, IFs, and WFs, respectively, with corresponding MRE values of
3.3 %, 11 %, and 18.5 %, and strong correlations (R > 0.978). In addition, deviations for speed of sound and
heat capacity remained within 1-2 % and below 1 %, respectively, with R > 0.996. These results demonstrate
that the proposed approach provides a reliable and computationally efficient framework for modeling inter-
molecular interactions and predicting thermophysical properties of such gases.

Keywords: intermolecular interaction potential, Morse potential, second virial coefficient, heat capacity,
speed of sound

HCorresponding author: Somuncu, Elif, elf smnc@hotmail.com

Introduction

Understanding the thermodynamic behavior of gases is of great importance for both theoretical research
and industrial applications [1-4]. Although the ideal gas law is valid under limited conditions such as low
pressure and high temperature, it is inadequate to explain the behavior of real gases [5, 6]. Therefore, meth-
ods have been developed to more accurately determine the molecular interactions between gases [7, 8]. One
of these models, the virial equation of state, is an effective method of expressing the pressure, volume and
temperature relationships of gases by considering intermolecular interactions [9, 10].

The virial equation of state, consisting of virial coefficients, provides information about the attractive
and repulsive forces between molecules [11]. These coefficients vary depending on temperature and intermo-
lecular interaction potentials and are usually calculated by experimental or theoretical methods. In the virial
equation of state, the second virial coefficients consider the deviation of the gas from the ideal state and the
interactions between two atoms or molecules [12]. Many theoretical and experimental methods have been
proposed to investigate the second virial coefficients for different intermolecular potentials [13—16]. As can
be understood, to calculate the second virial coefficient theoretically, it is necessary to determine the inter-
molecular interaction potential parameters accurately and precisely. Many intermolecular interaction poten-
tials have been proposed depending on the structures of atoms or molecules. Lennard—Jones (2n — n), Kihara,
Stockmayer and Morse potentials can be given as examples [17]. Intermolecular interaction potentials play
an important role in the prediction of thermodynamic and transport properties of gases [18]. Analytical po-
tential functions such as the Lennard—Jones and Morse potentials are widely used to describe these interac-
tions in theoretical and computational studies [19]. While the Lennard—Jones potential provides a simple and
computationally efficient representation of intermolecular forces, the Morse potential offers greater flexibil-
ity in describing both short-range repulsive and long-range attractive interactions [20]. It is very important to
be able to determine the potential parameters accurately and precisely. To date, experimental and theoretical
methods and computer programs have been used to determine the interaction potential parameters of atoms
or molecules [21-24]. Recent developments in intermolecular potential modeling include ab initio—based

68 Bulletin of the Karaganda University


https://doi.org/10.31489/2026PH2/68-82
mailto:elf_smnc@hotmail.com

The Accurate Evaluation of the Intermolecular Potential Parameters ...

potential energy surfaces and analytical potential functions fitted to high-level quantum chemical data
[25-28]. For example, recent studies have employed coupled-cluster calculations combined with
Morse/long-range analytical functions to construct accurate multidimensional potential energy surfaces for
molecular complexes. These models have been successfully used to predict spectroscopic and thermodynam-
ic properties, including the second virial coefficient and rovibrational energy levels. In addition, modern
computational approaches such as density functional theory (DFT)-based parameter estimation have been
proposed to determine intermolecular potential parameters for analytical potentials including the Morse and
Lennard—Jones forms [29, 30]. In recent years, significant progress has been made in the development of in-
termolecular potential models for molecular systems. Modern studies frequently combine high-level ab initio
quantum chemical calculations with analytical potential functions to construct accurate potential energy sur-
faces [31-33]. For instance, multidimensional Morse/long-range potentials have been fitted to large sets of
coupled-cluster interaction energies to describe intermolecular complexes and to predict spectroscopic prop-
erties and second virial coefficients with good accuracy.

In the determination of Morse potential parameters, several approaches have been proposed, including
direct fitting to experimental thermophysical data, semi-empirical parameter estimation, and modern ab ini-
tio quantum chemical calculations [34—36]. Semi-empirical methods, which combine experimental observa-
tions with analytical functional forms, remain widely used due to their computational efficiency and applica-
bility to complex molecular systems [37, 38]. However, their predictive capability is often limited by the
availability, accuracy, and temperature range of experimental data, and their transferability to different ther-
modynamic conditions is not always guaranteed. In recent years, significant progress has been achieved
through ab initio—based approaches, where high-level electronic structure methods such as coupled-cluster
theory and density functional theory (DFT) are employed to construct accurate potential energy surfaces
[39-43]. Recent studies (2021-2026 years) have demonstrated that machine learning—assisted potentials and
data-driven many-body simulations can reproduce intermolecular interactions with high precision and im-
proved scalability [44—47].

In recent years (2021-2025 years), several studies have demonstrated the effectiveness of Morse-type
and Morse/long-range (MLR) potentials in describing intermolecular interactions [45, 48]. For example,
high-accuracy MLR potentials fitted to ab initio data have been successfully applied to rare-gas complexes,
yielding reliable predictions of rovibrational energy levels, second virial coefficients, and transport proper-
ties. In addition, DFT-based approaches have been proposed to determine intermolecular potential parame-
ters for both Lennard—Jones and Morse models, providing a systematic and transferable framework for a
wide range of atomic and molecular systems.

The closely, ab initio—based Morse-type potentials have been applied to rare-gas complexes such as
Xe—X, Xe—X, and Xe—X mixing gases, showing that analytical potentials can reproduce thermophysical and
spectroscopic properties in well agreement with available experimental data [48—50]. Also, the ab initio and
the semi-empirical methods have been offered for estimating intermolecular potential parameters. For exam-
ple, density functional theory (DFT) calculations have been used to determine Morse and Lennard—Jones
potential parameters for atomic and molecular systems that combined with fitting procedures. These devel-
opments demonstrate that the Morse potential remains a significant implementation for modeling intermo-
lecular interactions due to its relatively simple functional form and computational efficiency.

These approaches enable accurate prediction of thermophysical and spectroscopic properties, including
second virial coefficients and transport properties. Nevertheless, despite their high accuracy, such methods
are computationally expensive, particularly for heavy polyatomic systems like MoFs, IFs, and WFg, and often
require further analytical fitting to be practically used in engineering calculations. Analytical and semi-
analytical potentials, such as Lennard—Jones and Morse functions, therefore, continue to play an important
role as efficient alternatives. The Lennard—Jones potential provides a simple representation of intermolecular
interactions but is limited in describing bond anharmonicity and medium-range behavior. In contrast, the
Morse potential offers greater flexibility in representing both short-range repulsion and long-range attraction,
making it more suitable for molecular systems with complex bonding characteristics. Despite these ad-
vantages, recent literature indicates that systematically optimized Morse potential parameters for heavy
fluorinated molecules remain scarce, and comparative studies evaluating their accuracy against experimental
thermophysical data are limited [50-52]. Therefore, the present study addresses this gap by employing a non-
linear fitting procedure based on reference interaction potentials and validating the obtained Morse parame-
ters through comprehensive comparison with experimental data and quantitative accuracy metrics. This ap-
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proach aims to provide a reliable and computationally efficient framework for modeling intermolecular in-
teractions in heavy polyatomic gases.

Today, there is still a need to determine the intermolecular interaction potential parameters according to
the structural properties of the molecule. Heavy polyatomic fluorides such as MoF, IF5, and WFg are of par-
ticular interest because of their applications in gas-phase chemistry and industrial processes. However, relia-
ble intermolecular potential parameters for these systems are still limited in the literature. Therefore, deter-
mining accurate potential parameters is important for improving the prediction of thermodynamic and acous-
tic properties of these gases. Lennard-Jones (2n — n) potential parameters have been proposed in the literature
for the structures of MoFs, IFs and WF¢ molecules [53, 54]. The Lennard-Jones (2n — n) potential is generally
a suitable potential for noble gases. However, the Morse potential more describes the molecular vibrational
features observed especially in bond lengths. The Morse potential provides a smooth transition in intermo-
lecular bonds in real gases down to the potential depth. While the Lennard-Jones potential involves a very
hard push at short distances, the Morse potential is more in line with physical reality with softer transitions.
Therefore, the Morse potential is more suitable for MoFe, IFs and WF¢ molecules. To our knowledge, the
Morse potential parameters of these molecules have not been determined.

In this study, Morse potential parameters for MoFs, IFs, and WFes gases were obtained using a fitting
procedure based on Lennard—Jones potential energy data. To the best of our knowledge, no comprehensive
study has reported Morse potential parameters for MoFs, IFs, and WFs in a form suitable for thermodynamic
property calculations. In this context, the present work provides new reference parameters for these systems.
The obtained parameters are then validated by calculating thermodynamic properties such as the second viri-
al coefficient, heat capacity, and speed of sound, and comparing the results with available experimental data.
This approach provides a consistent and reliable framework for describing intermolecular interactions in
these systems. Therefore, the present work provides new reference parameters for describing the intermolec-
ular interactions of these systems.

Materials and Methods

The Morse potential is known to be a widely used model for determining interactions between mole-
cules. The Morse potential can more accurately model bond extensions and constraints, especially between
molecules, compared to the Lennard-Jones interaction. The Morse potential is defined following as [17]:

u(r)= D(e_za("_"’") —2¢ ) ) ) (1)

Here D is depth energy of potential, a is the speed of propagation of potential and 7., is equilibrium dis-
tance. Determination of Morse potential parameters is usually done with experimental data or computational
simulations. The use of Lennard-Jones interaction energies was very useful in this fitting process. The Len-
nard-Jones parameters are generally powerful in modeling interactions between molecules, and these values
provided a starting point for accurately determining the parameters of the Morse potential.

The fitting method has been applied to MoFs, IFs, and WF¢ molecules. The interaction parameters of
these molecules, their physical properties, and chemical structures were considered and modeled using the
Morse potential. The parameters obtained by the fitting process will help to understand the physical proper-
ties of these molecules more accurately, such as their bond structures, vibration frequencies, interaction en-
ergies, virial coefficients, and thermodynamic properties.

To demonstrate the accuracy and precision of the obtained Morse potential parameters, second virial
coefficients, heat capacity at constant pressure and speed of sound have been calculated. The second virial
coefficient is written following form [12]:

B(T)= —2TtNAI:(e”(")/kBT —l)rzdr. 2)

Here N4 is Avagadro number, kz is Bolztmann constant and u(r) is intermolecular interaction potential.
If we consider the Morse potential in the second virial coefficient, we obtain the following formula:

D et g7

B(T)=-2aN, | : e r ~1 |dr. 3)
The heat capacity at constant pressure and speed of sound are defined following as [26]:
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C,—C)=— PM—GJZ (B(T)—TdB—(T)jz ; 4)

dT*? dTr

_YRT| P

e 28(r)+ 2(y-1yr BU), (=1 o (T

dT v dr?

C; (5)

Here, C is heat capacity of ideal gases, P is pressure, R is universal gas constant, y=C5/C is rate

heat capacities of ideal gases and B(7) is second virial coefficient. In Egs. (5-6), the superscript small zero °
refers to the property of a gas in its ideal state.

The numerical evaluation of the integrals appearing in the second virial coefficient calculations was
performed using a numerical integration scheme implemented in Mathematica. The integration over the in-
termolecular separation distance 7 was carried out within a range that ensures the convergence of the integral.
The lower limit was selected close to the repulsive region of the potential, while the upper limit was extend-
ed to sufficiently large distances where the intermolecular interaction becomes negligible. The numerical
integration algorithm was employed to achieve reliable convergence of the results. The computational accu-
racy was controlled using the obtained parameters, ensuring that the numerical error remained within ac-
ceptable limits. The numerical evaluation of the integrals appearing in the second virial coefficient calcula-
tions was performed using a high-precision numerical integration scheme implemented in the Mathematica
environment. The integration over the intermolecular separation distance » was carried out using an adaptive
quadrature method (Global Adaptive Strategy), which ensures both efficiency and accuracy for rapidly vary-
ing potential functions. The lower integration limit was chosen as 7, = 2.0 A, corresponding to the strongly
repulsive region of the potential, while the upper limit was set to 7. = 50 A, where the intermolecular inter-
action becomes negligible. Convergence tests were performed by extending the upper limit up to 80 A, and
no significant change (less than 0.1 %) was observed in the calculated second virial coefficients. The integra-
tion step size was not fixed explicitly, as the adaptive algorithm automatically refines the grid in regions
where the integrand exhibits rapid variation. However, for verification purposes, additional calculations were
performed using fixed step sizes in the range Ar = 0.001-0.01 A, and consistent results were obtained.

Results and Discussion

The Morse potential parameters for MoFs, IFs and WFs gases were derived using the fitting method in
this study for the first time. Morse potential parameters were obtained for MoFs, IFs and WF¢ gases by taking
the Lennard—Jones (12-6) potential energy into account in the Mathematica program fitting method. Morse
potential parameters of MoFg, IFs and WFs given in Table 1 [53, 54].

Table 1
Intermolecular potential parameter

Lennard—Jones
Morse potential for this work (12-6) poten-
tial [24, 25]
i 490 e o o no .
E 90 og
t; 490 o Jo » -
Molecules :é N e e (303 re(4°) elkg (K) o(4°) o(4°)
b " ey
MoFs 419.069 0.889001 | 6.41437 427.335 5.65
IFs 487.431 0.649668 | 9.34985 478.036 8.25
WFg 393.76 0.932059 | 6.4333 388.223 5.67

To demonstrate the accuracy and precision of the obtained Morse potential parameters, second virial
coefficients, speed of sound and heat capacity at constant of MoF, IFs and WFs were calculated. The ob-
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tained calculation results were compared with the data previously presented based on the Lennard—Jones po-
tential in the literature [55], theoretical method [56] and available experimental data [56—58].

The experimental data used for validation of the proposed model were obtained from reliable and wide-
ly accepted sources in the literature. The second virial coefficient data for MoFs, IFs, and WFs gases were
primarily taken from the comprehensive compilation reported by Dymond et al. (2002), which provides criti-
cally evaluated thermophysical properties of pure gases and mixtures over a wide range of temperatures. In
addition, thermodynamic property data, including heat capacity and speed of sound, were obtained from the
NASA CEA (Chemical Equilibrium with Applications) database, which is based on validated experimental
measurements and standardized calculation procedures. The experimental datasets cover temperature ranges
approximately between 298 K and 400 K for the second virial coefficient, and up to 500 K for heat capacity
and speed of sound, depending on the specific gas and property considered. The measurements were general-
ly performed under controlled laboratory conditions at low to moderate pressures, where real gas effects are
significant but remain within the validity limits of virial expansions. Reported experimental uncertainties in
the second virial coefficient are typically within £2—5 %, while uncertainties in heat capacity and speed of
sound measurements are generally below £1-2 %. These uncertainty ranges were considered when evaluat-
ing the agreement between calculated and experimental results. The use of these well-documented datasets
ensures the reliability and consistency of the validation process and enables a meaningful quantitative as-
sessment of the proposed theoretical model.

The calculation results are given in Tables 2—6. As seen from Table 2, the second virial coefficients ob-
tained of MoFs are closer to the experimental data than the Lennard—Jones potential in the temperature range
(298-400 K). The calculation results based on Lennard—Jones (12-6) potential showed larger deviations
compared to experimental data. The negative values of the calculation results indicate that the Morse poten-
tial models the intermolecular attractive forces for MoF¢ weaker than they are.

Table 2
Second virial coefficient of MoFe

7(K) This work | Lennard-Jones (12-6) [55] | Theoretical [S6]| Experimental [S6] | Percentage Deviation
298.15 —849.297 —1077.68 —923 7.98516
300 —839.32 —1066.06 —861
313.20 —773.183 —988.815 =790 2.12873
310 —788.447 —1006.67 —800
320 —742.234 —952.552 =745 713 4.10014
329.30 =702.913 —906.365 —679 3.5218
333.20 —687.37 —888.07 —690 0.381159
338.10 —668.574 —865.919 —647 3.33447
340 —661.496 —857.568 —649
350.60 —624.011 —813.269 —588 6.12432
353.20 —615.305 —802.962 —600 2.55083
360 —593.376 —776.964 —568
365.70 —575.878 —756.185 =550 4.70509
373.20 —553.993 —730.15 =530 4.52698
374.40 —550.605 —726.116 —514 7.1216
380 —535.188 —707.739 —499
387.50 —515.506 —684.24 —486 6.07119
393.20 —501.24 —667.179 —450 11.3867
394.60 —497.822 —663.089 —486 2.43251
400 —484.949 —647.668 —440
413.20 —455.403 —612.199 —400 13.8508
420 —441.163 —595.065 —389
433.20 —415.233 —563.796 —330 25.8282
450 —385.152 —527.406 —324
453.20 —379.759 —520.867 -320 18.6747

As seen in Table 3, the second virial coefficients calculated for IFs revealed that the values obtained
with the Morse potential are in very good agreement with the experimental data [56].
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Second virial coefficient of IFs

Table 3

T(K) This work | Lennard—Jones (12-6) [55] [ Theoretical [56]| Experimental [S6] [ Percentage Deviation
319.80 —2776.66 -3612.71 —2574 7.87335
320 —2773.21 —3608.72 —2547
329.96 —2609.75 —3418.99 —2813 7.22538
330 —2609.13 —3418.26 —2347
331.60 —2584.28 —3389.34 —2222 16.3042
333.30 —2558.29 —3359.06 —2305 10.9887
338.40 —2482.69 —3270.87 —2203 12.6959
340 —2459.69 —3243.99 —2172
348.20 —2346.78 -3111.79 —1975 18.8243
350 —2323.06 —3083.96 —2020
360 —2197.72 —2936.51 —1887
365.20 —2136.56 —2864.34 —1760 21.3955
370 —2082.35 —2800.25 —1772
379.40 —1982.0 —2681.28 —1641 20.78
380 —1975.84 —2673.96 —1671
390 —1877.23 —2556.6 —1584
392.20 —1856.51 —2531.89 —1638 13.34
400 —1785.7 —2447.27 —1509
409.10 —1707.94 —2354.09 —1383 23.4953
410 —1700.52 —2345.18 —1444
411.20 -1690.7 —2333.38 —1511 11.8928

As seen in Table 4, for WFs, the results obtained with the Morse potential provided values closer to the
experimental data than the Lennard—Jones potential.

Second virial coefficient of WF¢

Table 4

T(K) This work | Lennard—Jones (12-6) [55] [ Theoretical [56]| Experimental [56] Percentage Deviation
298.15 —697.43 -921.412 -923 24.4388
300 —689.052 —911.589 —861
313.20 —633.436 —846.157 —790 19.8182
310 —646.285 —861.308 —800
320 —607.36 —815.346 —754 —713 14.8163
329.30 —574.116 —776.012 —679 15.4468
333.20 —560.988 —760.405 —690 18.6974
338.10 —545.101 —741.487 —647 15.7495
340 —539.116 —734.349 —649
350.60 —507.388 —696.428 —588 13.7095
360 —481.422 —665.279 —568
365.70 —466.576 —647.422 —550 15.168
373.20 —447.992 —625.019 -530 15.4732
374.40 —445.114 —621.544 —514 13.4019
387.50 —415.269 —585.432 —486 14.5537
393.20 —403.125 —570.694 —450 10.4167
394.60 —400.216 —567.159 —486 17.651
400 —389.25 —553.822 —440
413.20 -364.06 —523.101 —400 8.985
420 —351.908 —508.238 —389
433.20 —329.76 —481.075 -330 0.0727273
450 —304.037 —449.401 —324
453.20 —299.421 —443.703 —320 6.43094
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The results of the second virial coefficient used for comparison were taken from experimental data
available in the literature for MoFs, IFs, and WFs gases. The temperature dependence of the second virial
coefficient is given in Figures 1-3.
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These data typically cover temperature ranges between approximately 298 K and 400 K. Also, experi-
mental data of heat capacity at constant pressure and speed of sound were used to further assess the reliabil-
ity of the fitted Morse potential parameters. The determined experimental uncertainties were also considered
in the discussion of the results.

As seen in Table 5, the speed of sound for WFs gas gave results close to the experimental data in wide
temperature and pressure ranges [58].

Table 5
The speed of sound of WFe
- _ Percentage
T(K) P(kpa) u (m.s™) u (m.s™") exp. [58] Deviation
290 96.46 88.9856 90.6767 1.86498
88.85 89.1901 90.8967 1.87752
78.69 89.4624 91.1883 1.89268
72.50 89.6279 91.3610 1.89698
66.84 89.779 91.5191 1.90135
59.13 89.9844 91.7327 1.90586
52.27 90.1667 91.9213 1.90881
46.20 90.3277 92.0865 1.90994
300 119.81 90.1541 91.8800 1.87843
114.89 90.2764 92.0096 1.88372
105.69 90.5045 92.2492 1.89129
93.32 90.8104 92.5688 1.89956
85.82 90.9954 92.7604 1.90275
75.64 91.2459 93.0173 1.90438
69.54 91.3956 93.1704 1.9049
58.77 91.6594 93.4394 1.90498
49.67 91.8817 93.6651 1.90392
310 130.39 91.6586 93.4326 1.89869
119.86 91.8999 93.6840 1.90438
110.00 92.1253 93.9153 1.90597
100.96 92.3315 94.1265 1.90701
92.57 92.5224 94.3202 1.90606
84.93 92.696 94.4963 1.90515
74.62 92.9296 94.7313 1.90191
62.80 93.1968 94.9996 1.89769
55.18 93.3686 95.1719 1.89478
46.42 93.5657 95.3665 1.88829
320 162.32 92.7002 94.5072 1.91202
150.40 92.9541 94.7650 1.91094
138.00 93.2174 95.0363 1.9139
126.43 93.4625 95.2850 1.91268
115.82 93.6867 95.5112 1.91025
106.07 93.8922 95.7179 1.90738
92.98 94.1675 95.9929 1.9016
81.45 94.4092 96.2335 1.8957
71.32 94.6211 96.4428 1.88889
62.45 94.8063 96.6260 1.88324
50.07 95.0641 96.8806 1.87499
330 196.31 93.7499 95.5961 1.93125
187.90 93.9168 95.7669 1.93188
171.93 94.2328 96.0900 1.93277
157.10 94.5253 96.3841 1.92853
143.60 94.7908 96.6511 1.92476
131.21 95.0339 96.8936 1.91932
119.88 95.2556 97.1136 1.91322
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Continuation of Table 5

- _ Percentage
T(K) P(kpa) u (m.s™) u (m.s™') exp. [58] Deviation
330 104.76 95.5506 97.4053 1.90411
91.52 95.8082 97.6591 1.89527
76.42 96.1012 97.9458 1.88329
63.72 96.3469 98.1849 1.87198
50.83 96.5956 98.4268 1.86047
340 202.80 95.3595 97.2571 1.95112
185.42 95.6789 97.5759 1.94413
169.16 95.9768 97.8723 1.93671
154.25 96.2491 98.1419 1.92864
140.69 96.4962 98.3852 1.92
122.57 96.8252 98.7079 1.90734
111.69 97.0223 98.8999 1.89849
97.33 97.2818 99.1519 1.8861
84.74 97.5087 99.1519 1.65726
73.77 97.706 99.5626 1.86476
61.35 97.9289 99.7767 1.85194
48.74 98.1547 99.9939 1.83931
360 223.77 98.3538 100.3337 1.97332
203.78 98.6719 100.6460 1.96143
185.17 98.9672 100.9319 1.94656
168.17 99.2361 101.1906 1.9315
152.72 99.4798 101.4244 1.91729
132.32 99.8008 101.7307 1.89707
120.13 99.9921 101.9129 1.88475
104.02 100.244 102.1523 1.86809
94 41 100.395 102.2943 1.8567
77.91 100.652 102.5370 1.83836
64.26 100.864 102.7366 1.82272
50.52 101.078 102.9373 1.80625
380 243.42 101.299 103.3468 1.98148
220.80 101.613 103.6445 1.96007
209.67 101.767 103.7891 1.94828
189.63 102.043 104.0504 1.92926
171.57 102.292 104.2837 1.90989
147.67 102.62 104.5915 1.88495
127.00 102.903 104.8557 1.86227
120.67 102.989 104.9361 1.85551
109.09 103.147 105.0838 1.8431
98.62 103.29 105.2154 1.82996
84.88 103.477 105.3894 1.8146
73.05 103.637 105.5378 1.80106
62.86 103.775 105.6663 1.78988
48.98 103.963 105.8398 1.77325
400 306.91 103.631 105.7644 2.01712
278.44 103.978 106.0920 1.99261
264.21 104.151 106.2538 1.97904
238.65 104.461 106.5414 1.95267
215.53 104.741 106.8010 1.92882
194.67 104.993 107.0336 1.9065
175.75 105.221 107.2439 1.88626
151.07 105.518 107.5162 1.85851
143.51 105.608 107.5998 1.85112
129.69 105.774 107.7506 1.83442
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Continuation of Table 5

- _ Percentage
T(K) P(kpa) u (m.s™) u (m.s™') exp. [58] Deviation
400 111.61 105.99 107.9489 1.81465
100.96 106.117 108.0655 1.80307
86.98 106.284 108.2174 1.78659
75.11 106.425 108.3472 1.77411
61.86 106.583 108.4911 1.75876
51.14 106.71 108.6076 1.74721
420 309.89 105.121 108.8377 3.4149
293.98 105.299 108.9957 3.3916
264.05 105.633 109.2874 3.34384
249.82 105.792 109.4251 3.32017
224 .48 106.073 109.6708 3.28055
191.33 106.44 109.9905 3.22801
171.90 106.655 110.1761 3.19588
146.43 106.936 110.4197 3.15496
131.52 107.099 110.5618 3.132
118.11 107.247 110.6889 3.10953
106.17 107.378 110.8021 3.09028
95.29 107.497 110.9053 3.07316
85.59 107.603 110.9973 3.058
72.93 107.741 111.1167 3.03798
62.13 107.859 111.2189 3.02098
50.19 107.99 111.3322 3.00201

As seen in Table 6, the speed of sound for IF5 gas gave results close to the experimental data in wide
temperature and pressure ranges [57].

Table 6
The heat capacity at constant pressure and speed of sound of IFs
TK) | Ppa) | CmolK) |Gumol-K)[s7)| Fereentage | o o1y | w(moms ) | Percentage
Deviation exp. [57] Deviation
0.1 400 0.513493 0.5121 0.272017 126.603 127.2 0.46934
420 0.520041 0.5189 0.219888 129.745 130.2 0.349462
440 0.525543 0.5249 0.1225 132.814 133.2 0.28979
460 0.531204 0.5303 0.17047 135.802 136.2 0.292217
480 0.535696 0.5351 0.111381 138.731 139.1 0.265277
500 0.535621 0.5396 0.737398 141.637 141.9 0.185342
0.08 400 0.512913 0.5121 0.158758 126.901 127.2 0.235063
420 0.519544 0.5189 0.124109 130.01 130.2 0.145929
440 0.525113 0.5249 0.0405792 133.049 133.2 0.113363
460 0.530828 0.5303 0.0995663 136.013 136.2 0.137298
480 0.535366 0.5351 0.0497103 138.919 139.1 0.130122
500 0.539997 0.5396 0.073573 141.76 141.9 0.098661
0.01 400 0.512449 0.5121 0.0681508 127.14 127.2 0.0471698
420 0.519147 0.5189 0.0476007 130.221 130.2 0.016129
440 0.52477 0.5249 0.0247666 133.237 133.2 0.0277778
460 0.530528 0.5303 0.0429945 136.181 136.2 0.0139501
480 0.535102 0.5351 0.000373762 139.07 139.1 0.0215672
500 0.539764 0.5396 0.0303929 141.896 141.9 0.00281889

In addition, heat capacity at constant pressure for IFs gas in wide temperature and pressure ranges gave
results close to experimental data. The good agreement of the obtained sound speed values with the experi-
mental data shows the accuracy of the method and potential function. This fit is more evident especially at
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low pressure and high temperatures. In addition, the consistency of heat capacity at constant pressure values
with the calculated and experimental data confirms the validity of the proposed method.

The percentage deviation results presented in Tables 2—6 and Figures 4-6 indicate that the proposed
Morse potential provides a generally reliable description of thermodynamic properties.
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Figure 6. % deviation of second virial coefficient of WF¢

For MoFs, deviations remain relatively small at low and moderate temperatures but increase at higher
temperatures, suggesting limitations in capturing temperature-dependent interactions. In the case of IFs, larg-
er and more irregular deviations are observed, reflecting the complexity of its molecular structure and
stronger intermolecular forces. For WF, the deviations are moderate but systematic, indicating that the mod-
el consistently underestimates intermolecular interactions. In contrast, the very small deviations obtained for
the speed of sound and heat capacity demonstrate that the proposed potential is highly successful in predict-
ing macroscopic thermodynamic properties. Overall, the model shows good predictive capability, although
its performance varies depending on molecular complexity and temperature range.

To ensure an objective evaluation of the proposed theoretical approach, quantitative indicators of ap-
proximation quality were systematically calculated and included in the analysis. To quantitatively determine
the reliability of the obtained Morse potential parameters, the root-mean-square error (RMSE), the mean rel-
ative error (MRE) and correlation coefficient (R) were calculated by comparing the second virial coefficient,
heat capacity at constant pressure and speed of sound with available experimental data. The RMSE provides
a measure of the absolute deviation between calculated and experimental values, while the MRE reflects the
relative accuracy of the model. The R was employed to assess the degree of linear agreement between calcu-
lated and experimental datasets over the 298-500 K temperature range. The obtained results are summarized
in Table 7.
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Table 7
Accuracy Metrics (RMSE and Relative Error)
Temperature Mean Relative Correlation

Molecule Property Ranpge (K) RMSE Error (%) Coefficient (R)
MoFs Second virial coefficient 298-360 31 cm® mol™! 3.3 0.995
IFs Second virial coefficient 320-370 264 cm?-mol™! 11.0 0.982
WFs Second virial coefficient 298-340 149 cm?-mol™! 18.5 0.978
WF¢ Speed of sound 290420 1.5ms™! 1-2 0.996
IFs Heat capacity 400-500 0.002 J-mol'K~! <1 0.997

For the second virial coefficient of MoFs, the RMSE value was found to be approximately 31 cm*-mol ™,
corresponding to a mean relative error of about 3.3 % in the temperature range 298—-360 K. This relatively
small deviation indicates that the proposed Morse potential provides an accurate representation of the inter-
molecular interactions in MoFs gas. For IFs, the calculated second virial coefficients show a larger RMSE
value of about 264 ¢cm3-mol™! and a mean relative deviation of approximately 11 %. This difference can be
attributed to the more complex molecular structure and stronger intermolecular interactions of IFs gas. Nev-
ertheless, the agreement with experimental data remains satisfactory. For WFs, the RMSE of the second viri-
al coefficient was calculated to be approximately 149 cm*-mol ™!, corresponding to an average relative devia-
tion of about 18.5 %. Although the deviations are somewhat larger than those observed for MoFs, the results
still agree with the experimental data with accuracy. Also, the second virial coefficient, the calculated speed
of sound for WFs, shows very good agreement with experimental data, with deviations of approximately 1—
2 % over a wide range of temperatures and pressures. Similarly, the calculated heat capacity at constant pres-
sure of IFs differs from experimental data by less than 1 %, indicating a high level of accuracy in predicting
thermodynamic properties derived from the proposed potential. These quantitative results clearly demon-
strate that the proposed Morse potential provides a reliable and improved representation of intermolecular
interactions compared to the reference model. The statistical analysis confirms that the fitted Morse potential
parameters provide a reliable definition of intermolecular interaction parameters for MoFs, IFs, and WFs gas-
es. The relatively low RMSE, MRE and R values show that the offered model can reproduce both thermody-
namic and transport properties with satisfactory accuracy, supporting its applicability in theoretical and prac-
tical studies of real gas behavior.

Conclusion

In this work, Morse potential parameters for MoFs, IFs, and WFs gases were determined using a fitting
procedure based on Lennard—Jones interaction energy data. The obtained parameters were applied to calcu-
late the second virial coefficient, heat capacity at constant pressure, and speed of sound over a range of ther-
modynamic conditions. The calculated results show good agreement with available experimental data,
demonstrating the capability of the proposed model to accurately represent intermolecular interactions.
Quantitative error analysis based on RMSE and mean relative error further confirms the reliability of the fit-
ted parameters. Overall, the results indicate that the Morse potential provides an effective and computational-
ly efficient framework for modeling thermodynamic properties of heavy polyatomic fluorides. The parame-
ters reported in this study can serve as reference data for future theoretical investigations and practical appli-
cations involving these gas systems.
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E. Somuncu

9. COMyHIKY

MoJsiekyaaapajbIK NOTEHIIMAJ apaMeTPJIePiH 1271 0aFajay
’KOHE OHbIH KOJJIAHBLIYbI

MorekynaapanblK HOTSHIMAT IapaMeTpiiepiH [oJ aHBIKTAay HAKTHl Ta3lapAblH  TepMO(U3UKAIBIK
KacHeTTepiH Ooipkay VINIH aca MaHBI3IBI, ocipece OHIIpICTe KONIAHBIIATHIH ayblp KOMaTOMIbI (GTOPUATED
yurin. byn 3eprreyne MoFs, IFs sxone WF¢ razgaps! yiin Mop3e noTeHIHaNbIHBIH NapaMeTpiiepi JleHHapa-
Ixone (12—-6) e3apa oceprecy SHEpPIUsACH JEPEKTEPIHE HETI3NENTeH CHI3BIKTHIK €Mec €H Killli KBaIpaTTap
ofici apKbUIBl aHBIKTANIbl, MYHJAa MUHMMH3AIMsA KpUTEpUii peTiHze opTamia kBaapaTlThlK Kate (RMSE)
KOJIAHBUIABL. AJIBIHFAaH IapaMeTpiep eKiHIN BUPMSUIBIK KO3()(UIMEHTTi, TYPaKTHl KBICEIMAAFEI
JKBUTY CBIMBIMIBUTBIKTEI JKOHE JIBIOBIC JKBUIAMIIBIFBIH €CENTeY apKbUIBI TeKcepimimn, HoTmkenep 298—400 K
TeMIlepaTypa apajbIFBIHIAFBl KODKETIMII TOXIpHOETiK JepeKTepMeH CalBICTRIPhULIbl. CaHIBIK JQIITIK
RMSE, oprama cansicteipmansl kate (MRE) sxone xoppemsmus kosdduimenti (R) apKbUIbl GaraiaHIbL
Exinmi Bupusiblk ko durment ymin RMSE mornepi MoFs, IFs sxone WFe ymin coiikecinme 31, 264 sxone
149 cm* monb ! Gonmbl, an MRE monzepi 3,3 %, 11 % xone 18,5 % kyparl, xorapsl koppessmus (R > 0,978)
Oaiikanasl. COHBIMEH KaTap ABIOBIC KBUITAMIBIFBI MEH JKbUTYCBIHBIMABUIBIK OOMBIHIIA ayBITKYyJIap THICIHIIE
1-2 % xone 1 %-gan TeMeH AeHredae 6ombi, R > 0,996 monaepin kepceTTi. by HoTwkenep yChIHBUIFAaH
TOCUIIH MOJIEKyJIaapaliblK ©3apa dcepliecyliepli MOAECNbICY JKOHE OCBIHAAHN ra3mapAblH TepMO(U3UKAIBIK
KacHeTTepiH 0oJpKay YIIIH CEeHIMII opi ecernTey TYPFBICBIHAH THIMII 9/IiC eKeHIH KOpCeTei.

Kinm ce30ep: MolleKynaapalblK e3apa dcepiieCy MOTCHIMaNbl, Mop3e NOTCHIUANBI, CKIHII BHPHUAIIBI
K03 QUIIHEHT, KBUTY CBINBIMABLTBIK, TBIOBIC JKBUTIAMTBIFBI

3. ComyHIKY

To4Has OlleHKA MapaMeTPOB MEKMOJICKYJISIPHOT0 MOTEHI[MAJIA
U €€ IpUMeHeHHe

TouHoe onpezneneHne napaMeTpoB MEKMOIEKYIIPHOTO TTOTEHI[HANA IMEET BaKHOE 3HAUECHHE IS IIPOTHO3HU-
pOBaHUs TePMO(U3UIECKUX CBOHCTB PEANBHBIX I'a30B, OCOOCHHO TSHKENBIX MHOIOaTOMHBIX (hTOPUIOB, UMe-
IOLIMX [POMBIIUIEHHOE 3HaueHue. B JaHHOM HcclieoBaHUM NapaMeTpbl NoTeHuuana Mop3e 1 rasos
MoFs, IFs m1 WFe ObUIM NOy4YeHBI C HCIOJIB30BAaHUEM HEJIMHEHHOTO METO/1a HaUMEHBIINX KBaJpaToB Ha OC-
HOBE JIAaHHBIX SHeprun B3ammonelictBus JlenHapn—/lxoHca (12—6), Tae B Ka4ecTBe KPUTEPHsT MUHUMHU3AINH
UCTIONIB30BajIack cpenHekpagpaTnynas ommoOka (RMSE). [lomy4yenHsie mapamMeTpbl OBUTH MPOBEPEHBI My TEM
pacdéra BTOPOTO BHPHAIBHOTO KO (HUIMEHTa, TeIIIOEMKOCTH IIPU MOCTOSHHOM JaBJICHUN U CKOPOCTH 3BY-
Ka, a TaKXKe COIOCTABJICHHS DPE3yNbTATOB C MMEIOIIMMHUCS SKCHEPHMEHTAIbHBIMH JTAHHBIMH B JHANa3oHe
temnepatryp 298—400 K. KommdecTBeHHas TOYHOCTH OLIEHUBANIACH ¢ UcTionb3oBanueM RMSE, cpenHeii oTHO-
curenpHoi ombOku (MRE) n koaddunmenta koppensamuu (R). s BTOporo BUPHATBHOTO KO3(PQHUITHEHTA
snauennss RMSE cocraunu 31, 264 u 149 cm?-monb~! ains MoFs, IFs 1 WFs cOOTBETCTBEHHO, TIPU COOTBET-
ctBytomux 3HadeHusix MRE 3,3 %, 11 % u 18,5 %, a Takxke Bbicoko# koppensiuu (R > 0,978). Kpome Toro,
OTKJIOHEHHUS JUI CKOPOCTH 3ByKa U TEIJIOEMKOCTH OCTAaBalIUCh B mpenenax 1-2 % u menee 1 % cooTser-
cTBeHHO mpH R > 0,996. DT pe3ynpTaThl AEMOHCTPHPYIOT, YTO MPEIOKEHHBIH MOJAX0J OoOecreynBaeT
HaJEXKHYI0 U BBIUUCIUTENHHO 3()(EKTUBHYIO OCHOBY A MOAETUPOBAHUS MEXMOJEKYISIPHBIX B3aHMOJCH-
CTBHUI ¥ IPOTHO3MPOBAHUS TEPMODU3MIECKIX CBOHCTB TaKUX T'a30B.

Kuiouegvie cnosa: moteHIMan MEXMOJIEKYISIPHOTO B3aUMOJEUCTBUS, MOTEeHIMan Mop3e, BTOpOi BUpHalb-
HBIH KO3 PHUIIUEHT, TETNIOEMKOCTD, CKOPOCTH 3ByKa
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Numerical Investigation of the Blowing Effect
on Laser Rayleigh Scattering Temperature Measurements
via a Coupled Method of Lines Formulation

Laser Rayleigh Scattering (LRS) serves as a critical non-intrusive diagnostic for boundary layer thermometry;
however, its accuracy is significantly compromised near pyrolyzing surfaces due to transient shifts in gas
composition. In Poly(methyl methacrylate) (PMMA) environments, the rapid efflux of high-molecular-weight
fuel vapor displaces the inert calibration gas, leading to a systematic bias that is frequently misinterpreted as a
physical temperature decrease. This research resolves this diagnostic ambiguity by developing a transient,
one-dimensional coupled thermo-kinetic framework. The model integrates solid-phase Arrhenius degradation
kinetics (£ = 230 kJ/mol) with gas-phase species transport equations, utilizing the Method of Lines (MOL) to
solve the resulting stiff system of partial differential equations. Quantitative results demonstrate that the dis-
placement of the helium tracer by Methyl Methacrylate (MMA) monomer increases the effective Rayleigh
scattering cross-section by a factor of 3.1. It is shown that failing to account for this compositional shift leads
to a temperature underestimation of approximately 650 K during the quasi-steady gasification phase
(TS = 593.4 K). Furthermore, the simulation confirms that the characteristic “temperature dip” observed in
raw LRS experimental data at the onset of ignition is a compositional artifact rather than a thermal phenome-
non. This work establishes a physics-based protocol for de-biasing optical measurements through dynamic
correction factors (a), providing a scalable methodology for high-fidelity thermometry in variable-
composition pyrolyzing systems.

Keywords: PMMA pyrolysis, Rayleigh scattering, compositional bias, blowing effect, method of lines, ther-
mal boundary layer, numerical modeling, species transport, methyl methacrylate, optical diagnostics, heat
conduction, thermometry
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Introduction

Solid fuel combustion, particularly involving polymers like PMMA, is governed by the intricate cou-
pling between solid-phase pyrolysis and gas-phase transport. Accurate characterization of the thermal
boundary layer is critical for predicting flame spread; however, traditional intrusive probes suffer from ther-
mal inertia and flow disruption [1]. Consequently, non-intrusive techniques like Laser Rayleigh Scattering
(LRS) are preferred for their high temporal and spatial resolution. The fundamental validity of LRS ther-
mometry relies on the inverse proportionality between scattered light intensity (/z) and temperature (7), as-
suming a known effective scattering cross-section (omix) [2, 3]. In reacting flows, however, the rapid injec-
tion of fuel vapor—specifically Methyl Methacrylate (MMA) monomer—into the inert calibration gas (typi-
cally Helium or Air) drastically alters omix [4—6]. Since the scattering cross-section of MMA is significantly
larger than that of air or helium, failing to account for this compositional shift leads to substantial measure-
ment errors, often interpreted falsely as a temperature drop. Existing models often decouple kinetics from
species transport or rely on steady-state assumptions impractical for transient ignition studies. This research
addresses this gap by developing a transient, fully coupled thermo-kinetic model using the Method of Lines
(MOL) to predict instantaneous species profiles (X;) and quantify the systematic LRS temperature bias.

The modeling of solid fuel combustion is built upon foundational studies of polymer degradation. Pitts
& Kashiwagi (1982) [7] and Gong & Yang (2024) [8] established the essential kinetic and thermophysical
parameters for PMMA, characterizing its single-step thermal degradation into methyl methacrylate (MMA)
monomer. Building on this solid-phase understanding, recent works by Morrisset et al. (2023) [6] and
W. Hittini et al. (2024) [9] have investigated flame spread mechanisms, utilizing temperature reconstruction
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methods to highlight the experimental difficulty of resolving thermal gradients near the pyrolyzing surface
due to the intrusiveness of physical probes.

To address these measurement limitations, the field has increasingly adopted non-intrusive optical tech-
niques. B. Wu et al. (2025) [10] established the rigorous methodology for Laser Rayleigh Scattering (LRS)
in turbulent non-premixed systems, emphasizing that accurate thermometry requires accounting for species-
dependent Rayleigh cross-sections (omix). While, M. Nasf (2023) [11] & Gupta et al. (2023) [12] successfully
applied advanced laser diagnostics to study boundary layer stabilization, their work focused on flow structure
rather than resolving the transient compositional ambiguity of the fuel vapor itself. Furthermore, while
F.L. Tabares & I. Junkar (2021) [13] & Peters (2001) [14] provided the theoretical basis connecting mixture
fractions to temperature, existing numerical models often decouple solid pyrolysis from gas-phase transport.
This research bridges that gap, integrating the kinetic models of Kashiwagi with the diagnostic framework of
Pattron to quantify the specific compositional bias introduced by fuel blowing.

Materials and Methods

The physical domain consists of a finite-thickness PMMA slab coupled to a gaseous boundary layer.
The model assumes one-dimensional transport normal to the surface, constant thermophysical properties, and
single-step zero-order Arrhenius kinetics. The transport of fuel vapor (MMA) from the surface and the back-
ground species (Air and Helium) within the boundary layer is governed by the principles of convection and
diffusion. The numerical simulation of this process is essential to determine the local gas composition (X)),
which is a prerequisite for accurate Rayleigh scattering diagnostics. Figure 1 illustrates a Gas-Species
Transport Model focused on the Pyrolyzing Surface Interface of a solid fuel (PMMA), showing the coupled
mass and energy transfer between the solid and gas phases.
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Figure 1. Schematic of the one-dimensional coupled solid-gas domain illustrating the interaction
between external heat flux, solid-phase pyrolysis, and gas-phase species transport [13, 14]

Solid Phase Pyrolysis

The transient heating of the PMMA slab is governed by the heat conduction equation with an internal
heat sink representing the endothermic pyrolysis reaction [15]:
or , o'T

P, p,55=kS¥—Lgm"', (1)
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E

RT] . The surface

where /" is the mass loss rate per unit volume, defined by the Arrhenius law: 7’ = pSAe[
energy balance at x=0 couples the phases, accounting for external flux (g",, ), radiative/convective losses,
and the latent heat of gasification (L, ). The gas phase transport for species i (Fuel Vapor, Helium tracer,
Air) is described by the transient convection-diffusion equation (2) [13, 15, 16]:
oX o’ X,
+p,v,, —=p,D,, —.
pg conv ax pg i,mix axz

is not constant but is driven by the “blowing effect” of the py-

i i

o

Crucially, the convective velocity v

Pe 2

conv

rolysis mass flux: v, =m"ow/p, .

The system is discretized spatially using central finite differences (N = 40 nodes per phase), converting
the PDEs into a stiff system of Ordinary Differential Equations (ODEs). Due to the high stiffness introduced
by the exponential Arrhenius term and distinct timescales of conduction vs. diffusion, the system is solved
using the MATLAB odel5s solver with a maximum time step of 0.001 s to capture the rapid ignition transi-
tion. Table 1 shows the kinetic properties for PMMA and Gas species.

Table 1
Thermophysical and Kinetic Properties for PMMA and Gas Species
Parameter Symbol Value Unit
Solid Phase (PMMA)
Density P, 1190 kg/m?
Thermal Conductivity k, 0.05 W/m-K
Specific Heat Chs 1420 J/kgK
Pre-exponential Factor A 2.57x107 st
Activation Energy E 230,000 J/mol
Heat of Gasification L, 1.6x10° J/kg
Gas Phase (at 300 K)
Helium Cross-section (" 0.015 Relative to Air
MMA Cross-section O viaa 4.52 Relative to Air
Binary Diffusivity D, 2.1x107 m?/s

Results and Discussion

Thermal Response & Pyrolysis Onset
The numerical model successfully captures the non-linear relationship between the external heat flux

(q..,) and the pyrolysis onset time (t,, ), adhering to the theoretical relation ¢,, o (q;xt )_2. As detailed in
Table 2, increasing the flux from 10 kW/m? to 40 kW/m? reduces the onset time from 43.7 s to 2.7 s.

Table 2
Comparative Pyrolysis Characteristics across Varying External Heat Fluxes

Heat Flux (gex), kW/m? | Pyrolysis Time (4,), s | Steady Temperature (Titeaay), K
10 437 577.7
20 10.7 587.8
30 4.7 593.4
40 2.7 597.3
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Figure 2. Transient temperature profiles at the PMMA surface and varying depths
for an external heat flux of 30 kW/m?

As illustrated in Figure 2, the simulation reveals a physically realistic thermal transition. The internal
profiles show a steep gradient from the ambient interior to a maximum at the surface. For a baseline flux of
30 kW/m?, the surface temperature (7) stabilizes at a quasi-steady value of ~593.4 K. This stabilization con-
firms the dominance of the endothermic gasification term (L, m") in the surface energy balance, acting as a

thermal “heat sink” that prevents further sensible temperature rise.

Numerical Stability and Kinetic Sensitivity
Solving the PMMA pyrolysis model presents a computational challenge due to system stiffness. The

ODEs are stiff because the Arrhenius mass loss rate, m"=p A4 exp(—E / RY;), is exponentially sensitive to

Ts. The high activation energy (£ =230 kJ/mol) acts as a “kinetic switch”. As shown in Figure 3, once the
surface reaches the pyrolysis threshold, the mass loss rate increases exponentially. The model demonstrates
that a marginal increase in Tyeady (approximately 20 K when doubling the flux from 20 to 40 kW/m?) is suffi-
cient to achieve energy equilibrium.

i
550 £ sesssses 40 KW/M*

2
3

450

Surface Temperature (K)

S

350

0 50 100 150 200 250 300 350 400 450 500
Time (s)

Figure 3. PMMA surface temperature evolution
with respect to gex (@); 10 kW/m? (b); 20 kW/m? (c); 30 kW/m? (d) 40 kW/m?
Fuel Blowing & Species Displacement Effect
A critical outcome is the quantification of the “blowing effect” and its impact on gas composition. Dur-
ing the pre-heat phase (¢ <¢,, ), the boundary layer is dominated by the inert tracer ( X, ~1). Upon pyroly-

sis onset, the rapid efflux of MMA vapor acts as a jet, physically displacing the helium tracer.
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Figure 4. Coupled Thermal-Mass Feedback Mechanism with respect to fuel temperature and mass blowing

As seen in Figure 4, the coupling between surface temperature and mass blowing rate is nearly instanta-
neous. The influence of injection velocity (Vi) is explored in Figure 5. Higher injection velocities provide
marginal convective cooling, but their primary role is the significant dilution of the fuel mole fraction (Xr) at
the surface. In the absence of high injection velocities, Xu. drops precipitously as the high-molecular-weight
fuel vapor floods the boundary layer. This phenomenon is vital for correctly calibrating LRS diagnostics.
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Figure 5. LRS Bias Sensitivity to Species Composition

Quantification of Laser Rayleigh Scattering (LRS) Bias

The central objective was to quantify the systematic error in Rayleigh thermometry caused by this spe-
cies displacement. The effective scattering cross-section (omix) Was calculated dynamically. Because the scat-
tering cross-section of MMA is approximately 4.5 times that of air (while Helium is only 0.015 times that of
air), the flooding of fuel vapor causes a drastic shift in omix. Table 3 shows the LRS bias quantification at

30 kW/m?,

Table 3
Quantification of LRS Temperature Bias at 30 kW/m?
Time (s) Phase Actual T (K) Apparent T7zs (K) Error (AT) a (Mix Ratio)
1.0 Initial 315.0 21,000 +20,685 0.015 (Pure He)
4.7 Onset 550.0 550.0 0 1.00 (Crossover)
100.0 Steady 593.4 1,243.4 —650 0.48 (Fuel Rich)
87
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If this compositional shift is ignored, the LRS diagnostic yields an “apparent” temperature (7zrs) that
deviates significantly from the physical temperature (75). As quantified in Table 3, the LRS diagnostic un-
derestimates the steady-state temperature by 650 K. This confirms that the characteristic “temperature dip”
observed in raw LRS experimental data is a compositional artifact caused by the fuel vapor’s large cross-
section, rather than a physical cooling phenomenon.

Conclusion

This study successfully established a transient, one-dimensional coupled thermo-kinetic framework to
resolve the intrinsic compositional bias in LRS thermometry during PMMA pyrolysis. By integrating solid-
phase Arrhenius kinetics (£ =230 kJ/mol) with gas-phase species transport via the MOL, the “blowing ef-
fect” and its impact on the local scattering cross-section (omix) were quantified across incident heat fluxes of
10-40 kW/m?2. Quantitative analysis demonstrates that the rapid efflux of MMA vapor displaces the helium
tracer, causing omix to increase by a factor of approximately 3.1. The model reveals that if uncorrected, LRS
diagnostics underestimate the true thermodynamic surface temperature by as much as 650 K during the qua-
si-steady gasification phase (7s = 593.4 K). Furthermore, this research provides a definitive physical explana-
tion for the “temperature dip” frequently observed in raw LRS data at ignition onset. The simulation con-
firms this phenomenon as a compositional artifact caused by the fuel vapor’s high scattering cross-section,
not a physical thermal event. By utilizing the derived correction factors (o) researchers can now recover
high-fidelity thermal boundary layer data in variable-composition environments. This work enhances diag-
nostic accuracy for PMMA pyrolysis and provides a scalable, physics-based methodology for de-biasing op-
tical measurements in pyrolyzing solid-fuel systems.
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ChI3bIKTap JiCiHIiH 0allIAHBICKAH TY/KBIPHIMIAMACHIH KOJAaHY
apKbLIbI J1a3epJiik PaJeli mamsbipaybl HeriziHae TeMnepaTypaHbl
eJieyre ypJey dcepiHiH CAaHAbIK 3epTTeyi

Jlazepunik Paneii mamsipays! (LRS) mekapaiblk kabaTTarsl TeMIepaTypaHbl aHBIKTAyFa apHAJFaH MaHBI3bI
WHBA3UBTI €MeC AMarHOCTHKAJBIK 9JIiC, anaiga MUpOJM3re YIIBIPAHTHIH OeTTep MaHBIHIA Ta3 KypaMbIHBIH
yakKpITIIa ©3TepicTepiHe OaillaHBICTBI OHBIH JQJIITT alTapiblkTail TeMmeHaeini. [lomuMeTnamerakpunaT
(PMMA) oprachlHIa >KOFapbl MOJIEKYJIAJIBIK Maccajbl jKaHapMail OyJapbIHBIH JKbUIIAaM OelliHyi WHEpTTi
KaJMOpIIeyIi ra3pl BIFBICTBHIPEII, KoOiHece TeMIepaTypaHblH HAKTHl TOMEHJIEY1 peTiHe KaTe TYCIHAipiIeTiH
JKYHeIiK KaTenmikke okeneni. KyMpIicTa aTanFaH AMArHOCTHKAJIBIK aHBIKCBI3ABIK Oipermemui OelcTaruoHap
GaiiiaHbICKaH TEPMOKHHETHKAIBIK MOJETb KYPY apKbUIbl jKOifblIaabsl. Mozaenb KaTTsl (ha3aHbH AppeHHyc
OofipiHIIA BIABIpay KHHETHKAchH (£ = 230 k/[x/Monp) ra3 ¢a3zachlHOarsl KOMIOHEHTTEPAl TachIMajiay
TeHaeyIepiMeH OipiKTipeli )koHe allbIHFaH KaTaH JaepOec TYBIHABUTE AU hepeHIHANIbIK TeHACYep XKyieciH
mrenry ymriH cbibikrap onicin (MOL) xonnanansl. CaHIBIK HOTIDKENEp T'eIMi TpaccepiHiH METHIIMETaKpHiaT
(MMA) MoHOMepIMEH BIFBICTBIPBUTYBI Pasiel ImamibpaybIHBIH THIMII KMMacklH 3,1 ece apTThIpaThIHBIH
kepcereni. bynm Kypam e3repiciH eckepMeyJlie KBa3HCTAllMOHapAblH rasgaHy keseHinme (7s~593,4 K)
Temrneparypanbl maMmamen 650 K-re Temen Oaranmayra okeneTiHi kepceTiimi. COHbIMEH KaTap MOCIbICY
TyTraHy OactamFaH corte LRS skcnepuMeHTTIK aepekrepinae OailKalaThlH «TEeMIIEpaTypalblk TOMEHACY
KYOBUIBICHI JKBUIYJBIK €MeC, KYpaMJIBIK OCEpHAiH HOTIDKEC] eKEHIH nonenaeiai. Byn >KYMbIC ONTHKAJIBIK
eJIeyJepAeri KYHemiKk KaTeliKTepal TUHAMHUKAIBIK TY3eTy KOd(QUIMEHTTepi apKbUIBl KOIFa apHAIFaH
(bUBMKANBIK HETI3NEeNTeH TOCUINI YCBIHAABI JKOHE KYpaMbl ©3TepMelli MHUPOJM3IIK Kyielepae >KOFapsl
TIOITIKTI TEPMOMETPHS JKYPTi3yAiH MAaCIITA0TaaThIH 9/1iICHAMACHIH KaJIbIITACTHIPA B

Kinm ce30ep: PMMA muponusi, Panell mambipaybl, KypaMIbIK KaTeliK, Ypiey acepi, ChI3BIKTap 9ici,
JKBUTYJIBIK IIEKapalibIK Kabat, CaHIbIK MOJIeNbeY, KOMIOHEHTTEP TaChIMalIbl, METHIIMETAKPHJIIAT, ONTHKAIBIK,
JIMarHOCTHKA, )KbUTYOTKI3TIIITIK, TEPMOMETPUSI

A. Mamnuk, C. M.A. Xoccaiin, M.P. Paxman, M. Hypyuszaman

YucieHHoe ucciegoBaHue d(PPeKTa NPpoayBKH
Ha U3MEpPEeHUe TeMIIepaTypbl METOA0M JIA3€PHOI0 PIJIEEBCKOI0 paccestHus
C UCIOJIb30BAHUEM CONPSKEHHON GOPMYTHMPOBKHM METOAA JIMHUMI

JlazepHoe paseerckoe paccesiaue (LRS) siBisieTcss BaXXKHBIM HEMHBA3MBHBIM TUATHOCTUYESCKAM METOIOM IS
U3MEpEeHHs TeMIIepaTypbl B IOTPaHUYHOM CJIO€; OJHAKO €ro TOYHOCTb CYLIECTBEHHO CHMDKAeTCs BONU3U MU-
POIM3YIOIIUXCS TIOBEPXHOCTEH 13-3a BpEeMEHHBIX U3MEHEHUI cocTaBa ra3a. B cpepax moauMeTuiaMeTakpuia-
ta (IIMMA) OBICTpBIi BBIXOA TapOB TOIUTMBA C BHICOKOW MOJIEKYJISIPHOW MacCO BBITECHSET HHEPTHBIN Ka-
TMOPOBOYHBIHN T'a3, YTO MPUBOAUT K CHCTEMATHIECKOH MOTPEIIHOCTH, YacTO OMHUOOYHO HHTEPIPETHPyeMOit
Kak (pu3nMUecKoe CHIKEHHE TemIepaTypsl. B maHHON paboTe 3Ta AmarHOCTHYECKas HEONPEIEIEHHOCTDH
yCTpaHseTcs myTéM pa3pabOTKH HECTAlMOHAPHOW OJHOMEPHOU COMPSHKEHHONW TEPMOKHHETHIECKOW MOJIEIH.
Monens 00beUHACT KHHETHKY pasjiokeHust TBEpmo dasel mo Appenuycy (E =230 x/[»x/Monb) ¢ ypaBHe-
HHUSMH [IEpEeHOCa KOMIIOHEHTOB B Ta30BOi (ase, ucnonb3ys merox qunaui (MOL) mist penieHus: BO3HHKArO-
el sx€cTkoi cucteMsl nuddepeHIanbHbIX YpaBHEHHI B YacTHBIX MPOW3BOAHBIX. KonnuecTBeHHbIE pe-
3yJIbTaThl IOKA3bIBAIOT, YTO BHITECHEHHE TeJINEBOT0 Tpaccepa MOHOMEpoM MeTwiMmeTakpuiaata (MMA) yse-
mU4rBaeT 3QQEKTHBHOE CEUSHUE PIICEBCKOTO paccessHus B 3,1 pasa. IlokasaHo, YTO HTHOPHPOBAHUE 3TOTO
M3MEHEHUs COCTaBa MPUBOJNUT K 3aHIDKCHUIO TeMITepaTypsl puMepHo Ha 650 K B kBasucTanuonapHoii daze
razudukarmn (7s =~ 593,4 K). Kpome Toro, MozmenupoBaHue MOATBEPXKAACT, YTO XapaKTEPHOE «IIPOBAIIMBA-
HHE TEeMIIepaTypb», HAOMOAaeMOe B UCXOAHBIX 3KCIEPUMEHTANBHBIX JaHHBIX LRS B MomeHT Hawama BoC-
TUTAMEHEHUS, SIBJSIETCS CIIEACTBHEM H3MCHEHHS COCTaBa, a HE PeajbHBIM TEIUTOBBIM dddekrom. anHas pa-
6ota GopmupyeT pu3nIecKr 000CHOBAHHBII MOJX0/] K YCTPAHEHHUIO CMEIICHUSI B ONTHYSCKUX U3MEPEHUSIX C

“Physics” Series. 2026, 31, 2(122) 89


https://doi.org/10.31489/2022ph2/133-140
https://doi.org/10.31489/2024ph4/46-53

A. Mallik, S.M.A. Hossain et al.

HCHOJIb30BAHUEM JTMHAMHYECKHUX IONPAaBOYHBIX KOd((UIMEHTOB, oOecrieynBas MacliTabUpyeMylo METO0-
JIOTUIO JUIsl BRICOKOTOYHON TEPMOMETPHHU B MTUPONU3YIOIINXCSA CUCTEMAX C MEPEMEHHBIM COCTABOM.

Kniouesvie cnosa: mmpormnz IIMMA, poaneeBckoe paccesiHUE, KOMITO3MLHOHHAs MOTPEIIHOCTh, ekt
OPOMYBKHM, METOJ JMHUI, TEIUIOBOM IOrpaHUYHBIM CIIOH, YHCICHHOE MOJECIUPOBAHUE, IIEPEHOC
KOMIIOHEHTOB, METHIMETaKpUIIAT, ONTHYECKAask AUArHOCTHKA, TEIUIONPOBOJHOCTD, TEPMOMETPUSL

Information about the authors

Mallik, Avijit (corresponding author) — Researcher, Department of Mechanical Engineering, Rajshahi
University of Engineering & Technology, Rajshahi-6204, Bangladesh; e-mail: avijitmel3@gmail.com;
https://orcid.org/0000-0003-3063-7152

Hossain, Asif — Senior Researcher, Department of Electronics & Telecommunication Engineering,
Rajshahi University of Engineering & Technology, Rajshahi-6204, Bangladesh; e-mail: asi-
fruete(@gmail.com; https://orcid.org/0000-0003-3652-7632

Rahman, Mohammad Rahat — Researcher, Department of Mechanical Engineering, Rajshahi Uni-
versity of Engineering & Technology, Rajshahi-6204, Bangladesh; e-mail: rrgm29@gmail.com

Nuruzzaman, Md. — Researcher, Department of Industrial & Production Engineering, Rajshahi Uni-
versity of Engineering & Technology, Rajshahi-6204, Bangladesh; e-mail: nzzamanipe@gmail.com;
https://orcid.org/0009-0001-3530-9003

90 Bulletin of the Karaganda University


mailto:avijitme13@gmail.com
https://orcid.org/0000-0003-3063-7152
mailto:asifruete@gmail.com
mailto:asifruete@gmail.com
https://orcid.org/0000-0003-3652-7632
mailto:rrgm29@gmail.com
mailto:nzzamanipe@gmail.com
https://orcid.org/0009-0001-3530-9003

Article

UDC 621.314; 621.926.9; 621.927.08; 537.528; 537.529
d https:/doi.org/10.31489/2026PH2/91-99

Received: 12.02.2026
Accepted: 22.04.2026

A.K. Khassenov, D.Zh. Karabekova™, M.M. Bolatbekova,
R. Orazbayev, L.V. Chirkova, R.M. Seitov

Buketov Karaganda National Research University, Karaganda, Kazakhstan

Design of the Electrode System of the Working Channel of the Electric
Pulse Installation for Producing Water-Coal Fuel Raw Materials

The article discusses the application of the electric pulse method of coal grinding for obtaining raw materials
for water-coal fuel. It is noted that the combustion efficiency of water-coal fuel is largely determined by its
granulometric composition, which is traditionally formed using mechanical mills. Despite their widespread
use, such systems are characterized by high energy consumption, intensive wear of working parts, and signif-
icant operational costs. Therefore, the use of electric pulse discharges as an alternative method of coal disin-
tegration is of particular interest. The study analyses the physical principles of electric pulse grinding, which
is based on the impact of short-term high-voltage discharges that cause local micro-explosions, shock waves,
and destruction of the material’s structure. Special attention is given to the electrode system of the electric
pulse installation operating in a heterogeneous “water-coal” environment, including the selection of materials,
electrode geometry, and discharge parameters. The design and operating principle of the experimental electric
pulse installation are described. The aim of the study is to justify and develop an effective electrode system
for the working channel of the electric pulse installation for obtaining water-coal fuel raw materials with min-
imal energy consumption and increased equipment reliability. It has been established that using the inner sur-
face of the working channel as the negative electrode increases the yield of the finished product with a pow-
der diameter ranging from D <0.04 mm to D < 0.2 mm. Additionally, there is a decrease in the size of the
coal powder with a diameter of 0.4 mm < D < 0.7 mm. The obtained results allowed us to choose the optimal
variant of the electrode system in the working channel during the grinding of raw materials using the electric
pulse method.

Keywords: electric pulse discharge, high-voltage discharge, raw materials, water-coal fuel, working electrode,
carbon powder, disintegration, discharge voltage, yield of the finished product, raw material of water-coal
fuel
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Introduction

The use of fuel in thermal power plants significantly impacts their performance, as the correct process
and particle size distribution of the fuel facilitates more complete and efficient combustion [1-3]. Water-coal
fuel production involves grinding the feedstock coal to the required particle size distribution. Various types
of mills, such as ball mills, rod mills, and vibration mills, are used for this purpose. They operate in both dry
and wet modes, providing flexibility in the technological process. However, they have certain disadvantages
associated with the complexity of the design, high maintenance costs, and wear of the working parts. Wear is
particularly sensitive under intense mechanical stress, requiring replacement of parts and increasing costs. In
connection with the above, active research is being conducted aimed at developing new methods and tech-
nologies for coal grinding [4, 5].

From a scientific point of view, there is a number of experimental studies on the use of electric pulse
discharges for grinding raw materials and subsequent production of powdered materials. This technique is
based on the application of high-voltage short-term discharges, which create powerful electromagnetic pulses
that can induce extreme conditions in the material, such as rapid heating, expansion, and intense mechanical
stress. During this process, local microexplosions are created within microscopic pores and structural defects
in the material, leading to the destruction of aggregates and the separation of particles [6, 7].

Some types of electric pulse crushing devices have certain similarities (in terms of appearance and
electrode system), such as an electrode system consisting of a positive and a negative electrode. However,
the physical characteristic of electric pulse crushing is the high pulse voltage applied at intervals of 107 s or
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less, which significantly changes the approach to justifying the design and parameters of a high-voltage
electrode. Comparative indicators of energy consumption at the initial stage of electrical load allow us to
propose electrodes with increased working area and the range of action of electrodes for modes typical of
electric pulse grinding [8].

The electrode system of an electric pulse device for coal grinding is the main component of the system
that interacts with the electric discharge to form fragments of material in a medium consisting of a mixture of
raw materials and processed water. These systems are designed to transmit high-voltage pulses through the
coal pieces to break them into small particles. They are typically made of metal alloys that are resistant to
electrocorrosion and high temperatures, ensuring reliable operation and a long service life of the device.

The choice of electrode material and geometry is crucial for ensuring stable operation and preventing
wear and damage. It is also important to properly position the electrodes relative to the material being
processed and adjust the discharge parameters (voltage, frequency, and duration) to achieve optimal results
with minimal energy consumption. The purpose of this research is to present an effective electrode system
for the working channel of an electric pulse installation for extracting water-coal fuel raw materials.

Materials and Methods

The electric pulse installation consists of the following main components: a control unit for monitoring
the unit’s operating modes; a generator for converting the input alternating voltage into a constant voltage at
the output; a capacitor for storing energy; a protection system for disabling the unit when the capacitor’s
voltage exceeds the set safe discharge voltage; an ignition gap (forming gap) consisting of two conductive
hemispherical electrodes separated by an air gap, designed to generate an electric spark between the conduc-
tors; and a working chamber (working channel) for grinding coal [9].

Coal grinding by the electric pulse method is carried out as follows. Pieces of coal mixed with water are
placed in the working channel. After the generator is powered by the control unit, the high voltage at the
generator output is supplied in parallel to the capacitor. The voltage accumulated on the capacitor increases
to a value at which the air space between the hemispherical electrodes in the forming gap spontaneously
breaks down. Then, all the energy stored in the capacitor is instantly transferred to the positive electrode of
the working channel. Coal grinding occurs under the influence of electric pulse discharges formed between
the positive and negative electrodes in a heterogeneous medium, as well as when shock waves are generated
in the water by these discharges [10-14].

In order to provide an effective version of the electrode system in the working Channel, a metal rod
with a diameter of 6 mm corresponding to GOST ISO 3506 was used as a positive electrode. The upper part
of the positive electrode was powered by a switching power supply unit, which included a control unit, a
pulse generator, a pulse capacitor, and an air-cooled converter gap. The lower part of the electrode was
placed in a medium consisting of a mixture of coal and water.

In experimental studies, the preparation of pre-processing material was performed as follows:

— mechanical disassembly of a large piece of coal (Fig. 1);

— extraction of the necessary fractions from pieces of coal;

— determination of the mass of the coal fraction of the required granulometric composition.

Figure 1. Large piece of coal

Mechanical disassembly of a large piece of coal was carried out in a simple way. For this purpose, tools
that are widely used in everyday life were used. To dismantle the material, a large piece of coal was placed
in a special large-scale container and struck with a mechanical tool from the open part of the container. After
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each blow, pieces of coal in the range d = 13-28 mm were separated (Fig. 2, Table 1). To separate the
necessary fractions from the pieces of coal, a digital caliper was used, which has the simplest structure, one
of the most common measuring instruments and is distinguished by its versatility, high accuracy.

Figure 2. Pieces of coal between 13-28 mm

Determination of the mass of the coal fraction in granulometric composition was performed using elec-
tronic scales (maximum load — 1000 g; discreteness 0,001 g). d — in the table is the average diameter of the
coal fraction, mm; m is the average mass of the sorted coal fractions, g.

Table 1
Granulometric composition of the original product and mass of sorted pieces
Coal fragments Ne d, mm m, g |Coal fragments No| d,mm | m,g
1 7.326 26 6.265
2 7.727 27 7.827
3 6.215 28 6.443
4 6.412 29 6.892
5 6.947 30 7.364
6 8.768 31 7.767
7 6.037 32 6.095
8 7.044 33 6.564
9 7.330 34 8.028
10 7.181 35 6.934
11 6.166 36 6.362
12 6.355 37 8.146
13 13-28 7.163 38 13-28 | 7.861
14 7.889 39 7.384
15 8.762 40 7.576
16 8.282 41 8.343
17 7.273 42 8.124
18 8.937 43 7.565
19 7.099 44 8.129
20 6.129 45 6.662
21 6.902 46 6.433
22 6.831 47 6.927
23 7.917 48 8.851
24 6.761 49 7.744
25 6.386 50 6.583

In the work, the sorting of coal fractions in the range of 13-28 mm allows you to determine the yield of
the finished product after grinding the studied raw materials in electric pulse technology, select electrical and
geometric parameters of the material processing technology, design the structure of the disassembly and
grinding device. The mass of the coal fractions was assumed to be approximately the same before
processing.
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Results and Discussion

For the design of the working channel electrode system, various options for electrodes were considered.
The negative electrode was offered in variants such as:

— sole of the inner surface of the working channel made of steel;

— negative electrode height 4 = 4 mm, diameter d = 10 mm;

— negative electrode height 4 = 8 mm, diameter d = 10 mm.

The tests were performed at the following parameters: pulsed capacitor capacity C = 0.4 uF; pulsed
discharges formed in the air converter interval voltage U =25 kV, number of pulsed discharges N = 1000
discharges (Fig. 3).

After coal crushing works by the electric pulse method, the crushed raw materials were separated from
the water and dried. The granulometric composition of coal powder was determined by Standard sieves
according to GOST 12536-2014 “Methods for laboratory determination of Granulometric and micro-unit
composition”. The yield of the finished product was calculated as follows: K = (m/M). 100 %, where M is the
mass of the primary raw material, m is the mass of the powder material obtained by the electric pulse
method). The mass of the initial raw materials was constant for each experiment (M = 100 g).

The function of the negative Negative electrode height h=4 mm, Negative electrode height h=8 mm,
electrode is performed by the base of diameter d=10 mm diameter d=10 mm
the inner surface of the working
channel

0,02<D<0,04 mm

K, %

PNV

w

The function of the negative Negative electrode height h=4 mm, Negative electrode height h=8 mm,
electrode is performed by the base of diameter d=10 mm diameter d=10 mm
the inner surface of the working
channel

0,04<D<0,06 mm

K, %

The function of the negative electrode Negative electrode height h=4 mm, Negative electrode height h=8 mm,
is performed by the base of the inner diameter d=10 mm diameter d=10 mm
surface of the working channel

0,06<D<0,1 mm
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12,55

The function of the negative electrode Negative electrode height h=4 mm,  Negative electrode height h=8 mm,
is performed by the base of the inner diameter d=10 mm diameter d=10 mm
surface of the working channel

0,1<D<0,2 mm
K., %
93 9.27
92 -
9,1 +——

89 -
8,8 -
87 -
8,6 -
8,5 -
8.4 -

The function of the negative electrode Negative electrode height h=4 mm, Negative electrode height h=8 mm,
is performed by the base of the inner diameter d=10 mm diameter d=10 mm
surface of the working channel

0,2<D<0,4 mm
K, %

76,24
76

4 723
72

70

68

66

o 63,6

62

60

58

56 .

The funetion of the negative Negative electrode height h=4 mm, Negative electrode height h=8 mm,
electrode is performed by the base diameter d=10 mm diameter d=10 mm
of the inner surface of the working
channel

0.4 <D<0,7 mm

Figure 3. The output of the finished product, which depends on the type of negative electrode
in the working channel for crushing coal by the method

From the results of the research, it follows that the yield of the smallest product (0.02 <D < 0.04 mm)
when the base of the inner surface of the working channel performed the negative electrode function was
1.25 %, for the largest product (0.4 <D < 0.7 mm) — 63.6 %. When the negative electrode function was
performed by a metal rod with a height of #=4 mm d =10 mm, the smallest coal yield was 0.64 %, the
largest — 72.3 %. When increasing the height of the negative electrode # = 8 mm, these indicators changed
at intervals as follows: 0.71 % for coal powder 0.02<D<0.04 mm, 76.24 % for coal powder
0.4<D<0.7mm.

Experimental studies show that the configuration of the electrodes is important for the formation of fa-
vorable discharges in an environment consisting of a mixture of water and coal. In particular, when creating
such a discharge, the active area of the positive electrode is minimized, and the active area of the negative
electrode is increased. Such a circuit makes it possible to develop long and extensive electrical circuits—the
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so-called ultra-long discharges between the electrodes. The basic idea is that by reducing the active part of
the positive electrode (that is, the part where direct contact with the liquid occurs) and simultaneously in-
creasing the area of the negative electrode, conditions are created to maintain a stable long discharge. This
change allows the discharge to “germinate” over long distances inside the liquid, and also promotes the for-
mation of thin luminous channels called streamers. These processes make it possible to form discharges with
a long length and a significant channel area capable of intensively releasing energy into the surrounding
space [11, 15-17].

Conclusion

Coal was crushed under the influence of electric pulse discharges, and the granulometric composition of
the resulting powdered product was analyzed. The yield of the finished product was determined and the coal
grinding was studied depending on the type of electrode in the working channel for coal grinding using the
electric pulse method. According to experimental data, it was found that using the bottom of the inner
surface of the working channel as a negative electrode increases the yield of the finished product with a
powder diameter from D < 0.04 mm to D <0.2 mm. At the same time, a decrease in the amount of coal
powder with a diameter of 0.4 mm <D < 0.7 mm was observed. The results obtained made it possible to
choose the optimal version of the electrode system in the working channel for grinding raw materials using
the electric pulse method. Analysis of experimental data has shown that the intensity of grinding of raw
materials can be increased using the proposed electrode system. The results of the study can be used in the
design of new types of devices that improve the energy efficiency of the technology of electric pulse
processing of natural raw materials.
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A K. Xacenos, JI.)K. Kapabekoa, M.M. bonat6ekoBa,
P. Opazbaes, JI.B. Unpkosa, P.M. Ceuron

KeMmip-cy 0TBIHBI IIMKI3aTHIH AJTYAbIH 3JIeKTPUMIYJbCTI KOHIBIPFBICHI
JKYMBIC aPHACBIHBIH JJIEKTPOATHIK KYHeCiH ko0anay

Makanana KeMip-Cy OTBHIHBIHBIH INHKI3aTHIH ajy YIIiH KeMIpAi YHTaKTayAblH JJIEKTPUMITYJIBCTI 9iciH
KOJIIaHy KapacThIpbUIbl. KeMip-Cy OTHIHBIHBIH JKaHy THIMIUIIrT KeOiHece OHBIH T'PaHyJIOMETPHUSIIBIK
KYpPaMBIMEH aHBIKTAIAbl, OHBIH KAJIBIITACYbl JOCTYPIL TYPAE MEXaHUKAIBIK AUIPMEHAEPAl KOIIaHy apKbUIbI
JKy3ere acelpbuiafpl. KeH TapanraHblHa —KapaMacTaH, MyHAAall KOHABIPFBUIAD JKOFapbhl HEPIHUs
CBHIMBIMABUIBIFBIMEH, JKYMbIC OOJIKTepiHiH KapKbIHABI TO3YBIMEH JKOHE aHTapiblKTail maiijamaHy
HIBIFBIHAAPBIMEH cunatTanansl. OceiFaH OaiiyIaHBICTHL KOMIp/i Je3MHTETpalusUIaydblH Oanama ofici peTiHae
JNIEKTPUMITYJIBCTI  Pa3psATapAbl KOJJAHy epeKIle KbI3BIFYIIBUIBIK Tynslpyna. JKymbIcTa JKeprilikTi
MHKPOYKapbUIBICTAp/IbI, COKKBI TOJKBIHIAPHIH XKHE MaTeprall KYPbUIBIMBIHBIH OY3bUTYBIH TYIIBIPATBIH KBICKA
Mep3iM/i JKOFaphbl BOJBTTHI Pa3psITapIbIH dCEpiHe HETi3AeNreH 3JIeKTPHUMITYIIBCTI YCaKTayAbIH (DH3HKAIBIK
Herizzepi Tanmangsl. «Kemip-Cy» TeTeporeHai opTachlHIa OpHATACATHIH AIEKTPUMITYJIBCTI KOHIBIPFBIHBIH
SMEKTPOATHIK KyHeciHe, COHTal-ak MaTepHalAapAbl TaHAAyFa, SIEKTPOATAPIBIH TE€OMETPHICHIHA >KOHE
paspsan mapaMeTpliepiHe epeKmle Hazap aynapeUIabl.  TOXKIPHOETIK 3IEKTPUMITYJIBCTI KOHABIPFBIHBIH
KYPBUIBIMBI JKOHE OHBIH XXYMBIC MPUHIUII CHINATTAIIBl. 3epPTTeyAiH MaKCaThl MHHHMAJABl YHEPTeTHKAIBIK
IIBIFBIHAAPMEH KOHE KaOIBIKTBIH CEHIMIUTTIH apTThIpa OTHIPHIN, KOMip-Cy OTBHIHBIHBIH IIHKI3aTBIH ary
YILIH 3JIeKTPHUMITYJIBCTI KOHIBIPFBIHBIH JKYMBIC apHACHIHBIH 3JIEKTPOJ KYHECIHIH THIMIII HYCKAaCBhIH Herizaey
JKoHe d3ipiey. JKyMbIc apHACBIHBIH iMIKI OCETiH Tepic AJIEKTPOJ PETiHAC MaiiianaHFaH Ke3ae YHTaK AuameTpi
D <0,04 mm-nen D <0,2 MM-re JeiiHTi JallblH OHIMHIH IIBIFBIMBI apTATHIHBI aHBIKTANAbL. CoHmaii-ak,
muametpi 0,4 MM <D <0,7 MM KeMip YHTaFbIHBIH MOJILIEPiHIH a3arobl OaiKanbl. AJIBIHFaH HOTHKeJep
HIMKI3aTTHl AJIEKTPOMMITYJIBCTI OMICIICH YHTaKTay Ke3iHIe >KYMBIC apHACBIHAAFBI MIIEKTPOATAP KYHeciHiH
OHTAIJIBl HYCKACKIH TaHAayFa MYMKIHIIK Oepi.

Kinm ce30ep: 3mMeKTpUMYJBCTI paspsiji, KOFaphl BOIBTTHI Pa3psil, MIMKi3aT, KOMIP-Cy OTBIHBI, JKYMBIC
ANEKTPO/IbI, KOMIP YHTAFbl, AC3UHTErPALUs, Pa3psi KepHeyi, JalblH OHIM MIBIFBIMBI, KOMIP-CY OTHIHBIHBIH
HIUKI3aThI

A K. Xacenos, JI.K. KapabexoBa, M.M. bonat6ekoa,
P. Opaz6aes, JI.B. Uupkosa, P.M. Ceuros

IIpoexkTHpoOBaHMe YJIEKTPOAHOM cCCTeMbl padouyero KaHajaa
JIEKTPOUMITYJILCHON YCTAHOBKH /IJISl MOJIYYEHUSA ChIPbS
YIOJIbHO-BOASIHOTO TOIJIMBA

B crathe paccMaTpuBaeTCsl NPUMEHEHUE 3JIEKTPOUMITYJIBCHOTO METOJa M3MENbYEHUs YIJIA Ul MOJTy4eHHs
CBIPBSI YTOJIBHO-BOASHOTO TorumiBa. OTMedeHO, YTO 3(GPEKTHBHOCTE CrOPAHHS yrOJNHO-BOASHOTO TOIUIMBA
BO MHOTOM ONpEJeNseTcs ero IpaHyJIOMETPHYECKHM COCTaBOM, (POPMHPOBAHHE KOTOPOTO TPaJHIHOHHO
OCYIIECTBIIIETCS C UCTIONb30BAHIEM MEXaHWIECKHX MeNIbHUIL. HecMOTps Ha MIMPOKOe pacipocTpaHeHHe, Ta-
KHE YCTAaHOBKM XapaKTE€PU3YIOTCS BBICOKOW PHEPTOEMKOCTBHIO, HHTEHCHBHBIM H3HOCOM PAabOYHMX OPTaHOB H
3HAUUTENBHBIMHU HKCILTyaTallMOHHBIMH 3aTpaTaMy. B CBsI3M ¢ 3TUM 0COOBIH MHTEpeC MpeCTaBIsIeT HCIIOIb-
30BaHUE HJIEKTPOHMITYJIbCHBIX Pa3psoB KaK albTEPHATUBHOTO CIIOc00a Je3uHTerpauu yris. B padore npo-
AQHANM3UPOBaHbl (PU3UUECKUE OCHOBBI DJICKTPOMMITYJILCHOTO H3MENIbUCHHUS, OCHOBAaHHBIC Ha BO3JCHCTBHU
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KPaTKOBPEMEHHBIX BBICOKOBOJILTHBIX Pa3psoB, BBI3BIBAIOIINX JIOKAIbHBIC MHKPOB3PBIBBI, YIaPHBIC BOJIHbBI 1
paspylieHue CTpYKTypbl Matepuaia. Oco0oe BHUMaHHE YIENCHO 3IEKTPOJHON CHCTEME JICKTPOUMILYJIbCHOM
YCTaHOBKH, ()YHKLIMOHUPYIOIIEH B FeTEPOreHHON cpelie «yrojib—BoJa», a TaKXkKe BBIOOPY MaTepHasioB, Ieo-
METpPHUH JIEKTPOJOB U HapaMeTpoB paspsaa. Omucana KOHCTPYKIHS SKCIIEPUMEHTAILHOH JIEKTPOUMITYIIbC-
HOHM yCTaHOBKH M NPHHIHUI €€ paboThl. Llenpio nccnenoBanus siBiseTcs 000CHOBaHHE U pa3paboTka dddex-
THUBHOT'O BapHaHTa JIEKTPOTHON CHCTEMBI pabodero KaHasia MJIeKTPOUMITYIECHOW YCTaHOBKH IS ITOTYICHUS
CBIPBS YTOJIBHO-BOJSTHOTO TOIUIMBA C MHHHMAIIBHBIMH 3HEPTeTUUSCKUMH 3aTPaTaMH U ITOBBIIICHHONW HaIEX-
HOCTBIO 000pYIOBaHHsA. Y CTAHOBIICHO, YTO IPH UCIOJIb30BAHWH BHYTPEHHEH MOBEPXHOCTH pabouero KaHaia
B KQueCTBE OTPHIATEIHLHOTO 3JIEKTPOia YBEINUHBACTCS BHIXOJ FOTOBOTO IPOAYKTA AUAMETPOM IOPOLIKA OT
D<0,04mm o D <0,2mm. Takke OTMEUEHO YMEHBIIECHHE Pa3MEpOB YTOJIBHOTO MOPOIIKA THAMETPOM
0,4 Mmm < D < 0,7 mM. [ToyueHHble pe3yabTaThl HO3BOJIMIN BEIOPAaTh ONTUMANIBHBIA BAPHAHT CHCTEMBI HJICK-
TPOJIOB B paboueM KaHajle IIPH U3METbYCHHH CHIPhS SIEKTPOUMITYIECHBIM METOIOM.

Knrouesvie cnosa: 3HeKTpOHMyHBCHBIfI paspian, BBICOKOBOJIBTHBIN pa3pan, CeIpbE, YTOJIbHO-BOAAHOC TOIIUBO,
pa60q14171 DJIEKTPOX, yFOHLHLIfI TIOPOIIOK, NE3UHTECTpallnsd, HAIPSDKCHUE paspsia, BbIXOJ TOTOBOTO NPOAYKTa,
CBIPEE YT'OJIbHO-BOASTHOI'O TOILIIMBA
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