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KOHOEHCALMUANAHFAH KYUOIH ®U3UKACHI
®U3NKA KOHOEHCUPOBAHHOI'O COCTOAHUA
PHYSICS OF THE CONDENSED MATTER
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D. Soldatkhan!, A. Morzabayev'™, B. Mauyey'?

IL.N. Gumilyov Eurasian National University, Astana, Kazakhstan;
2Joint Institute for Nuclear Research, Dubna, Russia

The analysis of the elastic scattering of the SHe+2"Pb nuclear system
using the new B3Y-Fetal potential

At energies close to the Coulomb barrier, a semi-microscopic analysis of the angular distribution of elastic
scattering of the halo nucleus °He on the heavy nucleus 2°Pb was performed. In this analysis, the effective-
ness of the new B3Y-Fetal folding potential for the large asymmetric *He+?%8Pb system was investigated. The
effective NN interactions, M3Y and B3Y potentials, were constructed taking into account the distribution fea-
tures of the weakly bound neutrons of the °He halo nucleus in the strong Coulomb field of the 2%®Pb nucleus.
These density-dependent folding potentials were used as the real part of the optical model potential. The ob-
tained results successfully reproduce the experimental data on elastic scattering. The new B3Y-Fetal potential
provides a more accurate description of the NN interaction at large distances in highly asymmetric systems,
thereby yielding a more precise prediction of the angular distributions of elastic scattering. The density-
dependent modified CDM3Y6-Paris and CDB3Y6-Fetal potentials offer a more realistic description of NN
interactions in nuclear matter, since the density-dependent parameters C, a, B, and y were chosen based on the
value of the incompressibility coefficient K calculated at the saturation point. For the “He+2*8Pb system at en-
ergies Elb = 22 and 27 MeV, a set of optimal parameters for elastic scattering cross sections near the Cou-
lomb barrier was determined. The effectiveness of the new B3Y-Fetal potential in describing the angular dis-
tribution of elastic scattering was confirmed. The results of the semi-microscopic analysis are characterized
by the renormalization factor Nr and the ¥*/N coefficients. The obtained results may contribute to nuclear as-
trophysics, particularly to studies of halo nuclei structures and the mechanisms of nuclear interaction process-
es.

Keywords: elastic scattering, ‘He — halo nucleus, >°Pb — heavy nucleus, folding potential, B3Y-Fetal, K —
incompressibility coefficient

*Corresponding author: Morzabayev, Aidar, morzabayev_ak@enu.kz

Introduction

The *He+*®Pb system is one of the widely studied topics in modern nuclear physics. Such investiga-
tions are important for understanding the structure of exotic nuclei and the mechanisms of their interactions.
The *He+**Pb system also aids in modeling nucleosynthesis processes occurring in stars, which is essential
in nuclear astrophysics. Studies involving the ‘He nucleus make a significant contribution to understanding
neutron density distributions (neutron halo), particularly in providing deeper insight into the r-process [1].

In systems with large asymmetry, effects such as the nuclear rainbow, weak absorption, and pronounced
oscillations in the scattering cross section can be observed. The strong Coulomb field of the heavy 2**Pb nu-
cleus, along with the ability to incorporate the density distribution of weakly bound halo nuclei (such as °He,

Cepus «dusukay. 2025, 30, 4(120) 7
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"Be, and ®B), plays an important role in studying their breakup into fragments. This is due to the fact that
their neutron halo structure differs significantly from that of standard nuclei [2]. In this regard, a microscopic
investigation of the breakup of the *He nucleus scattered from a 2%8Pb target is of great interest.

The elastic scattering of the *He+?**Pb system was studied using a microscopic analysis based on the
newly developed B3Y(Botswana-3 Yukawa)-Fetal folding potential [2]. We aimed to investigate this system
using the double folding model (DFM), which accounts for the nucleon densities of both interacting nuclei.
The microscopic effective nucleon-nucleon (NN) interactions, such as the M3Y (Michigan-3-Yukawa) real-
istic potentials, are constructed by taking into account the nucleon density distributions [3]. Additionally, we
aimed to comparatively evaluate our results obtained using the B3Y-Fetal potential against the data reported
by other authors [4]. In the folding model, the effective NN interaction potential is constructed microscopi-
cally by taking into account the density distribution of nucleons. This approach makes it possible to integrate
over the interactions of each nucleon, providing a more accurate description of the mean field inside the nu-
cleus. As a result, the obtained folding potential accounts for the saturation properties of nuclear matter and
the density distribution at the nuclear surface. Such features allow for more reliable predictions of the angu-
lar distribution in elastic scattering, refinement of nuclear characteristics, and more accurate calculations of
reactions. Therefore, the results of such an analysis are of great importance in nuclear astrophysics and ther-
monuclear energy research.

The halo structure of the *He nucleus, characterized by a wide spatial distribution of neutrons, was cal-
culated in the strong field of the heavy 2®*Pb nucleus, and the results were tested against experimental data.
In the study of the “He+***Pb system, the M3Y-Reid, M3Y-Paris, and B3Y-Fetal potentials are modified to
more accurately describe the NN interactions within nuclear matter [5].

The delicate balance between the Coulomb and nuclear potentials is clearly manifested in the DFOM
(Double Folding Optical Model) framework. The M3Y-Reid, M3Y-Paris, and B3Y-Fetal potentials allow
these processes to be described based on realistic density distributions and NN interactions [6]. The approach
of using density-dependent potentials is well-suited for the theSHe+2"Pb system, as it provides a better op-
portunity to account for the diffuse density characteristic of the halo structure [7]. In the folding model, real-
istic NN interactions are combined with accurate nuclear matter density functions, offering a more precise
description [8]. The difference between this work and the studies by Khoa et al. lies in the use of the new
B3Y-Fetal potential for the NN interaction and the introduction of density-dependent parameters into this
potential.

The new B3Y-Fetal potential differs from the traditional M3Y-Reid and M3Y-Paris potentials in that it
is derived from the calculation of nuclear matrix elements of the two-body interaction within the variational
method with lowest-order constraints (LOCV) [2]. In semi-microscopic analysis, the accuracy of the folding
potential is determined by the renormalization coefficient Nr. The coefficient Nr is obtained during calcula-
tions with the FRESCO code by comparing theoretical cross sections with experimental data. The closer the
value of N; is to 1, the more accurately the applied folding potential describes the real nuclear force. Mean-
while, the ¥*/N comparison coefficient reflects the degree of agreement between the calculated and experi-
mental cross sections. The combination of these two parameters makes it possible to assess the reliability of
the folding potential.

The main reason why the B3Y-Fetal potential provides good results is that, when introducing correc-
tions to the density-dependent formula, it takes into account the saturation density of the binding forces in
the nuclear medium, namely the incompressibility coefficient K. From a physical point of view, this model
can be explained as follows: first, the calculation is performed from the center of the ®He nucleus based on
the nucleon density distribution of the 2*Pb nucleus. Second, the calculation is performed from the center of
the 2%Pb nucleus based on the nucleon density distribution of the ®He nucleus. For this reason, the method is
called the double-folding model

The two-parameter density model (Fermi or Woods—Saxon) describes the nucleus in a simple form
through the central density distribution and the surface thickness (radius, diffuseness). In contrast, in the
DFM, the nucleon density distributions of two nuclei (pi(r1), p2(r2)) are taken and folded with the effective
NN interaction to construct a fully microscopic potential. In other words, this is a more complex microscopic
method that takes into account the complete density distribution of both nuclei, rather than just one. Cluster
models (for example, a-cluster models) play an important role in describing the correlation of nucleons in-
side the nucleus and their grouped interactions. For instance, DWBA is used in reaction theory models to
describe inelastic processes (transfer reactions) in nuclear reactions. In the future, just as we have applied
this approach to other systems, we will also apply it to the “He+2%Pb system.
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The analysis of the elastic scattering ...

As a result of this study, the elastic scattering of the *He+***Pb system is successfully described based
on density-dependent folding potentials. The weakly bound nature of the halo-structured 6He nucleus pro-
vides deeper insight into the specific features of nucleus—nucleus interactions. This not only expands the
boundaries of nuclear physics but also enhances the accuracy of astrophysical models.

Theoretical formalisms and procedures

Based on the DFM, a modified effective NN interaction potential (M3Y) is obtained by taking into ac-
count the nucleon density distributions of the ‘He+?%Pb system. The resulting folding potential constitutes
the real part of the optical potential (OP). Using this OP, we evaluate the accuracy of the theoretical model
by describing the angular distribution of elastic scattering in comparison with experimental data on nucleus—
nucleus interactions.

Since 6He is a weakly bound nucleus prone to breakup, it induces a pronounced cluster structure of
neutrons and alpha particles at energies near the strong Coulomb barrier of the 2%Pb nucleus [9]. Therefore,
to clarify the pure elastic scattering cross sections of neutrons, an analysis was carried out at near-barrier en-
ergies of Eip = 22 and 27 MeV. The nucleus—nucleus realistic potential is obtained in the following
form [10].

V(R) = Pone () Paose (75) Oy (‘R +7 - ﬁ‘)d3}3d3r2 (1)

Here, 9, is the effective NN interaction potential of the M3Y type.

The formula for calculating the direct and exchange parts of the NN effective interaction based on the
M3Y-Reid potential is given in [11].

v, (5)=7999.0 e: ~2134.25 ’3225: )
e%s e—2,5s e—0,7072x
Uy (5)=4631.4 v 1787.1 2.5 —7.8474 0.7072 3)
for M3Y-Paris potential [11]:
v, (s)=11061.6 64: 25375 e;;s @)
64” -2,5s —-0,7072s
Uy (5)=-1524.0 T 518.8 255 —7.8474 0.70725 (5)
for the new B3Y-Fetal potentials [12]:
674S -2,58
v, (5)=10472.13 . —2203.11 255 (6)
e™ e 070728
Uy (5)=499.63 o 134177 555 —7.8474 070725 (7)
The B3Y and M3Y type potentials are modified to be dependent on both energy and density [13].
l)D(E)()(p’r’s):F(E’p)g(E)U‘D(EX)(S) (8)
The density-dependent function (F(p)) is given as [14]:
F(p)=C(1+0e™)——yp) 9)
The energy-dependent factor (g(E)) is given as [14]:
g(E)=(1-0.003E/ A4) (10)

The density-dependent parameters are chosen to reduce the K-value in accordance with the saturation
property of nuclear matter (as shown in Table 1). The CDM3Y6 parameters were applied to the B3Y-Fetal
potential to construct the CDB3Y6-Fetal version.

Cepus «dusukay. 2025, 30, 4(120) 9
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Table 1
The parameters of the M3Y-Reid, M3Y-Paris, and B3Y-Fetal potentials are presented [10]

Density dependence C a B (fm?) y (fm%) K (MeV)
CDM3Y6-Reid
CDM3Y6-Paris 0.2658 3.8033 1.4099 4.0 252
CDB3Y6-Fetal

In the region near the saturation point, the curvature of the binding energy per nucleon curve depends
on the K — incompressibility of nuclear matter [10].
The nuclear compressibility coefficient is calculated using the following equation [11]:
3n’k,
K =— 5 L+57,CB()p™ ., (11)
m

oc

The dependence curve of the binding energy per nucleon on the nuclear matter density allows for the
determination of the actual saturation density po of the nucleus [15]. The saturation density po represents the
density per unit volume that characterizes the “natural” arrangement of nucleons inside the nucleus where the
binding energy reaches its maximum value. In this case, the binding energy of nuclear matter can be approx-
imated in the following form [16].

g(p)m 1-%£—”;”0] , (12)

where Z is the binding energy per nucleon; p is the nuclear matter density; po is the saturation density, and

ay is the volume binding energy coefficient. To find the point where the binding energy reaches its maxi-
mum, we write it in the following form.

iv

——2=0.

dp

For the 2®*Pb nucleus, the normal saturation density has a value of approximately pp=0.16 fm, accord-
ing to both experimental and theoretical studies [17].

Determining the exact saturation density for the ®He nucleus is a special case, as it has a halo structure
composed of 6He — 4He +2n. The two neutrons are spatially extended away from the core, meaning its
structure is characterized by a broadly distributed, diffuse density. This expands its overall density distribu-
tion, reduces the average density, and the corresponding calculated results can be approximated using the
following formula [18].

(13)

———=%0.09 fm™ (14)

Here, R is the mean radius of the nucleus. For °He, the experimental radius is approximately R = 2.5 fim,
with mass number 4 = 6.

We express the nucleon density distribution of each colliding nucleus using the two-parameter Fermi
(2pF) model [19] and the result of the calculation is shown in the following Table 2:

P
p(r)=—P (15)
1+exp (j
z
Table 2
2pF-model, ¢, z, <r*>'%, p, — parameters of the distribution of substance density of the nucleus [19]
Nuclear c, fm z, fm <r>12 fm Do, fim 3
‘He 1.8 0.75 2.5 0.08
208pp 6.624 0.549 5.521 0.16
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Analysis Section

Folding potentials were calculated in the DFPOT code. Semi-microscopic analysis was carried out us-
ing the FRESCO code [20]. For the ‘He+2%Pb system at Ej;5=22.0 MeV, the calculated DF potentials using
CDM3Y6-Reid, CDM3Y 6-Paris, and CDB3Y6-Fetal interactions are shown in Figure 1.

0

*He+***Pb , Real DF potential
207 E_=22 MeV

40
-60

-804

V, (MeV)

-100
CDM3Y6-Reid

—— CDM3Y6-Paris

-120 +
—— CDB3Y6-Fetal

140

R, (fm)
Figure 1. The generated real DF potentials for the He+2%Pb system at Ejp = 22.0 MeV

The depth and characteristics of the DF microscopic potentials obtained for our “He+***Pb system are
consistent with the results reported in the literature [21]. Due to the large asymmetry in the *He+*"Pb sys-
tem, constructing the CDM3Y6-Reid, CDM3Y 6-Paris, and CDB3Y6-Fetal potentials within the DFM was
challenging. It was observed that the CDM3Y6-Paris and CDB3Y6-Fetal potentials, being density-
dependent, are noticeably deeper in the radial regions up to 3 fm.

Table 3
OM and DFOM parameters for the *He+2%Pb elastic scattering
at Eiap=22.0 MeV and Eiap = 27.0 MeV energy, r.=1.25 fm
Type of real potential Imaginary potential parameter (WS)
E Model Vo Rv av W rw aw or
2
MeV MeV fin fim N MeV fin fim XN mb
OM 0.77
Exp: [22, 23.24] 170.7 0.9 0.55 - 20.4 1.4 0.74 22.809 1099
22.0 DFOM CDM3Y6- Reid 079 | 204 | 14 | 074 | - 1357
DFOM CDM3Y6-Paris 0.8 20.4 14 0.74 - 1378
DFOM CDB3Y6- Fetal 0.85 20.4 14 0.74 - 1365
OM 170.7 0.9 0.55 - 20.4 1.4 0.74 0.06 1940
270 (s exp: [25])
) DFOM CDM3Y6-Paris 0.8 204 14 0.74 - 1876
DFOM CDB3Y6- Fetal 0.84 204 14 0.74 - 2011

Based on the experimental data at Ei., =22 MeV from references [22—24], a common optimal set of pa-
rameters was obtained within the framework of the OM analysis (Table 3). The value of ¥*/N-indicates the
relative error between the theoretical calculation and the experimental data of the angular distribution for
elastic scattering.

The result of the OM analysis is shown in the following Figure 2.

Cepust «dusmkar. 2025, 30, 4(120) 11



D. Soldatkhan, A. Morzabayev, B. Mauyey

°He+**Pb - system, E_ =22 MeV

01
001
9
()
L2 e . *4A2
1E-3 S ;10
¢ EXP, (AMSanchez-Benitez, et al.) -
OM, x*/N=0.77
1E4 4 EXP, (G.Marquinez-Duran, et al.)
OM, X’/N=2.0
=  EXP, (L.Acosta, et al.)
1E5 —— OM, X’/N=2.89

T T

% 1 & L * I & 1 == ]
0 20 40 60 80 100

0, deg

T T T

T T 1
120 140 160 180

Figure 2. OM results of the “He+2%Pb system at Ej., = 22 MeV

In the following analysis, we replace only the real part of these refined OM parameters with a micro-
scopic folding potential. In this semi-microscopic analysis, the parameters of the imaginary part (Wo, rw, aw)
remain in the Woods—Saxon form. The stability of the imaginary parameters in the DFOM analysis confirms
the reliability of the tested DF real potential. The results of the DFOM model analysis for the experimental
data at E.n= 22 MeV [22] and Ei.s =27 MeV [25] are presented in Figure 3.

°*He+""*Pb
E =22 MeV

o)
o
[3)
© 014
] ® EXP, (G.Marquinez-Duran, et al.)
CDM3Y6-Paris, Nr=0.79
—— CDB3Y6-Reid, Nr=0.8
——— CDB3Y6-Fetal, Nr=0.85
0,01 d T ) T v T v T v T
0 20 40 60 80 100
0, deg

Figure 3. DFOM results of the He+2%Pb system at Ejp = 22 MeV
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°He+**Pb - system, E_ =27 MeV

15 N L CaN N

o 013
Lo
[9)
©
® EXP, (O.RKakuee, et al.)
OM, x*/N=0.06
0,01+ —— CDM3Y6-Paris, Nr=0.8
1 - CDM3Y6-Fetal, Nr=0.84
1E3 T T T T T T T 1
0 20 40 60 80

6, deg
Figure 4. OMand DFOM results of the *He+2%Pb system at Ejp = 27 MeV

In the semi-microscopic analysis, the DF real potential primarily influences the angular distribution of
elastic scattering at forward angles (up to 90°). At energies near the Coulomb barrier, cluster transfer effects
in the elastic scattering distribution are clearly observed at angles between 60° and 80°. Correspondingly, the
density-dependent CDM3Y 6-Paris and CDB3Y6-Fetal potentials provided a successful description of this
behavior (Figs. 3 and 4).To characterize nuclear reactions and to verify the accuracy of the performed calcu-
lations, the ogr- total reaction cross-sections were determined.

Conclusion

The angular distributions of elastic scattering for the *He+?%Pb system near the Coulomb barrier at
Eib =22 and 27 MeV were analyzed using the DFOM model. Real folding potentials CDM3Y 6-Paris and
CDB3Y6-Fetal were constructed based on neutron density distributions for this system. The obtained poten-
tials account for the density distribution of the weakly bound neutrons in the ®He halo nucleus in the presence
of the strong Coulomb field of the ***Pb nucleus.

The density-dependent modified M3Y-Paris and B3Y-Fetal potentials contribute to a more accurate de-
scription of nucleon-nucleon interactions in nuclear matter. The structures observed in the angular distribu-
tions were successfully explained by the characteristics of these potentials and were evaluated using adjusta-
ble normalization coefficients — Nr. A distinctive feature of the DF real potentials was their consideration of
the asymmetric nature of the studied system and the calculation at energies near the Coulomb barrier.

In this study, the newly developed CDB3Y6-Fetal potential was successfully applied to the *He+2*Pb
nuclear system, which exhibits significant asymmetry in terms of mass and isotopic composition. The effec-
tiveness of this new potential in describing the angular distribution of elastic scattering was demonstrated.
Such research results can contribute to nuclear astrophysics, particularly in studying the structure of halo nu-
clei and the mechanisms of nuclear interaction processes.
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SHe+2%8Pb siapoabIK KyiieciHin cepmiMai mambipaybia
skaHa B3Y-Fetal norenuuansbl apKbLIbI TAJAIAY

KyJIOHIBIK TOCKaybUIFa jkakblH dSHeprusiiapaa °He rano saponsi 2%Pb aywelp sapocwhiMen cepmimai
IIANIBIPYBIHBIH OYPBIIITHIK TApaTybIHA )KapThUlail MUKPOCKONMSUIBIK Tanaay xKyprizinmi. Tannay OapsicbiHaa
xana B3Y-Fetal gponaunr norennuanabsiy *He+2%°Pb acuMMeTpuschl yiKeH xyiie YIIiH THIMILIIT 3epTTeni.
Tuimai NN e3apa opekerrecy M3Y sxone B3 Ynoreniumanaaps! 2Pb sapoHbIH KYLITI KyJIOHIBIK ©picinieri
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The analysis of the elastic scattering ...

He rajio sApOHBIH 9JICi3 GaliIaHbICKAH HEUTPOHAADP THIFBI3IBIFBIHBIH Tapaly EPEKIUENriH eCKepY HeTi3iHue
KypbU1abl. THIFBI3ABIKKA TOYEN Ol Oyl (OJIIMHT MOTEHIMANAAP ONTUKAIBIK MOJICIbIIH HAKThl O6Jiri peTinie
KOJIIAHBUIABL. AJIBIHFaH TajlAay HOTIDKENEp CepIiMAl MIAIIBIpayablH AKCIIEPUMEHTTIK AEPEKTEpiH COTTI
cunarraid angsl. JXKaHa B3Y-Fetal moTeHnmansl acnMMETpHSCH! YIIKeH KyHelaepaeri YIIKeH KallbIKTBIKTap/aa
SpOJIap apachIHAAFEI ©3apa 9peKeTTeCy Il AIIPeK CHIATTal, CepIiMIi IanbIpay IslH OYPHIITHIK TapalyblH
HaKTHI 00JDKayFa MYMKIHAIK Oepemi. ThFbI3ABIKKA Toyenai MoaudukanusuianFan CDM3Y 6-Paris, CDB3Y6-
Fetal noTeHnmanmaps! sIpoJbIK MaTepusl HyKJIOHIapBIHBIH ©3apa acepiH OapblHIIa HAKTHl CHIATTayFa yiec
Kocanpl. Cebebi ThIFBI3ABIFBIHA Toyendi C, o, B, Y — mapaMmeTpiep KaHBIKTBUIBIK HYKTECiHE KaTBICTHI
ecentenred K ChIFBUIMaymbUIBIK KOG GHUINEHTI MOHIHE OalnaHBICTBI TaHAANIbl. KyJOHABIK TOCKaybLIFa
xakplH Elb =22 sxone 27 MeV sueprusmapaa *He+?%Pb sxyifeci ymiiH cepmimpi Imamsipay KUMAachiHa
apHaJFaH OHTAMJIbl MapaMeTpiep >KUBIHTBIFBI aHBIKTANAbl. CepmiMai IIambIpayablH OYpBIITHIK TapaTyblH
cunatTaya xaHa B3Y-Fetal moteHnmanapH THIMITIT alfiKpiHaaA6L. JKapThuiaii MEKPOCKOMHSUTBIK TalIay
HoTIDKeciH Nr — peHopManm3anus ¢pakTtopsl MeH x2/N — ko3 dunprenTepi kopcereai. ANbIHFAH HOTIDKENIepl
SOAPOJBIK acTpopH3MKaNa, acipece rajo sAPOJIApHIHBIH KYPBUIBIMBIH JKOHE SIIPONBIK ©3apa opeKeTTecy
HpoLeCTePiHIH MEXaHU3M/IEPIH 3epPTTeyTe Yiec Koca aTambl.

Kinm ce30ep: cepnimpi mamsipay, ‘He — rano sapo, 2%Pb — aywip sypo, donauur norenmnuais, B3Y-
Fetal, K — coirpuiMaymsuiblik ko3 dunnenTi

. Conpnarxan, A.K. Mopzabaes, b. Mayeit

AHAJIN3 yIIPYroro paccesinus sigepuoii cucrembl SHe+2%Pb
C HCIOJIb30BaHNEM HOBOIro norenuuaaa B3Y-Fetal

IIpn sHeprusix, 6IM3KHMX K KyJIOHOBCKOMY Oapbepy, MPOBEAEH IOIYMHKPOCKOIMYECKHH aHAIHM3 YTJIOBBIX
pacIpeneneHuii ynpyroro paccesaus sapa-rano ‘He na sape 2°°Pb. B pamkax uccie0BaHus OPUMEHEH HO-
BB QonmuHrossiii noreniman B3Y-Fetal mns onucanus acummerpuunoii cucrembl ‘He+2%Pb. D dextus-
Hble HyKJIOH-HYKJIOHHbIE B3auMoAeicTBUS B oTeHuuanax M3Y u B3Y nocrpoens! ¢ yu4éToM pacrnpenesneHus
IJIOTHOCTH ¢J1ab0 CBS3aHHBIX HelTpoHOB B ®He B KysoHOBCcKOM mosie sapa 2%®Pb. 3aBucuUMbBIE OT IUIOTHOCTH
(O TMHTOBBIE MOTEHIMAIBI UCIIOIB30BAIUCH B KAYECTBE PEANLHOH YacTH ONTHYECKONH MOZAENIH ¥ ITO3BOJIMIIH
YCIICTITHO BOCIIPON3BECTH YKCIIEpUMEHTANIbHBIE IAaHHBIC 110 YIIPYTOMy paccesiHuIo. [Toka3aHo, 4T0O HOBBI 1O-
teHuuan B3Y-Fetal obecrieunBaeT Gojee TOUHOE ONMMCAHUE B3aUMOJCHCTBHSA AAep Ha OONBIINX PACCTOSHHIAX
B CHJIBHO aCHMMETPUYHBIX CHCTeMax H JaéT Hama&XKHOe Mpe[cKa3aHHe YIIOBBIX PACTpPENeNeHHi yIpyroro
paccesaus. MoanduuupoBanHsie oTeHaasl CDM3Y 6-Paris 1 CDB3Y 6-Fetal BHOCAT BKIag B 6onee Kop-
PEKTHOE OIMCaHNE HyKJIOH-HYKJIOHHBIX B3aMMOACIHCTBHI B SEPHOM MaTepHH, MMOCKOJIbKY napamerps! C, a,
B, Y BBIOMpaINCh B 3aBUCHUMOCTH OT Koddduimenrta cxumaemoctr K, paccuntanHoro BOIM3M TOYKH HAacChI-
mwenus. Jis cucrembr *He+2%Pb nipu sueprusix Eip =22 u 27 MaB onpeenens onTuMabHbIe TapaMeTphl
CeYeHHs YNpPYroro paccesHus, 4To HoaTBepauio 3¢ ¢exTuBHOCTh noteHimana B3Y-Fetal. PesynbraTsl mo-
JYMHKPOCKOIIMYECKOTO aHAIM3a OTpaxkatoTcs koddduuuentamu nepeHopMupoBkr Nr 1 ¥*/N. IlomydeHHbIC
pe3yJIbTaThl MOTYT BHECTH BKJIAJL B SIAEPHYIO aCTPO(H3NKY, B YACTHOCTH B U3yUIEHHE CTPYKTYPHI Talo-saep U
MEXaHI3MOB IPOIECCOB SAIEPHOTO B3aNMOJICHCTBHSL.

Kmiouesvie crosa: ynpyroe paccesuue, ‘He — rano-aapo, 2°°Pb — tsxenoe aapo, poaaunrnorenuuai, B3Y-
Fetal, K — k03¢ ¢unueHT HecKMMaeMOCTH
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Investigation of the Functional Characteristics
of Pri_xSrxFe1yCo,03_5 Perovskite Cathodes for Reversible Solid Oxide Fuel Cells

A systematic investigation was conducted on perovskite-type cathode materials of the composition
Pri.SriFe14Coy03-5, synthesized via self-propagating high-temperature synthesis, with the aim of optimizing
their performance in reversible solid oxide fuel cells (RSOFCs). Particular attention was given to the influ-
ence of Sr and Co substitution on thermal expansion, electrical conductivity, and polarization resistance under
operating conditions. Detailed analyses using dilatometry, four-probe conductivity measurements, and elec-
trochemical impedance spectroscopy revealed that moderate strontium substitution (x = 0.2—0.3) provides the
most favorable balance between enhanced oxygen vacancy concentration, optimized lattice parameters, and
structural stability. These factors jointly promote higher conductivity while maintaining low polarization re-
sistance. The incorporation of cobalt was shown to boost electronic transport, although excessive Co levels
(e.g., y = 0.5) resulted in increased thermal expansion and interfacial resistance due to phase interactions with
the electrolyte. Among the studied compositions, PSFC-2020, PSFC-3020, and PSFC-4020 demonstrated su-
perior electrochemical performance, with conductivities up to ~186 S-cm™ and polarization resistances as
low as 1.9 Q-cm? at 850 °C. The findings confirm the potential of Pr—Sr-Fe—Co perovskites as high-
performance cathode candidates for advanced RSOFCs systems, combining favorable thermomechanical
compatibility, efficient charge transport, and long-term durability.

Keywords: reversible solid oxide fuel cells (RSOFCs), perovskite cathodes, Pr—Sr—Fe—Co oxides, thermal ex-
pansion, electrical conductivity, polarization resistance, electrochemical performance
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Introduction

Reversible Solid Oxide Fuel Cells (RSOFCs), which can also operate in reverse as solid oxide fuel
cells, are increasingly regarded as one of the most promising technologies for high-temperature energy con-
version. These systems are not only capable of efficiently generating electricity from hydrogen and a variety
of hydrocarbon fuels, but can also be employed for their electrochemical synthesis through steam electroly-
sis. The combination of high efficiency, flexibility in fuel choice, and significant environmental advantages
positions RSOFCs as a key avenue for the advancement of hydrogen-based energy solutions [1-3].

The durability and long-term stability of such devices are largely governed by the properties of the
cathode materials. These materials must combine high mixed ionic-electronic conductivity with resistance to
chemical interactions and thermomechanical stresses under conditions of cyclic temperature fluctuations and
varying gas atmospheres. Equally critical is their compatibility with solid electrolytes, the most widely em-
ployed of which are yttria-stabilized zirconia (YSZ) and gadolinium-doped ceria (GDC) [4-6].

Among the wide range of oxide compounds, particular attention has been drawn to complex perovskite-
type materials based on rare-earth ferrite-cobaltites with the general formula Pr;_.SriFe;,Co0,035. Their dis-
torted perovskite lattice with GdFeOs-type orthorhombic symmetry provides a unique combination of high
electrical conductivity and pronounced catalytic activity in oxygen reduction processes. The partial substitu-
tion of strontium and cobalt into the crystal structure enables deliberate tuning of oxygen non-stoichiometry,
unit cell parameters, thermal expansion coefficients, and overall electrophysical properties. This flexibility
offers valuable opportunities for tailoring such materials to the specific operating conditions of RSOFCs
[7-9].
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One of the major challenges lies in ensuring the long-term stability of cathodes under high-temperature
electrolysis and repeated reversible cycling, which inherently involves alternating oxidation and reduction
processes. Addressing this issue requires a comprehensive investigation of how cation composition influ-
ences the crystal structure, thermal expansion behavior, electrical conductivity, polarization resistance, and
chemical compatibility of cathodes with solid electrolytes [10-12].

The present study is devoted to a comprehensive investigation of cathode materials with the composi-
tion Pri_Sr.Fe;,Co,0s5 synthesized by the self-propagating high-temperature synthesis (SHS) method. The
primary objective is to identify the optimal ratios of Sr and Co that ensure maximum electrocatalytic activity,
low polarization resistance, and strong resistance to degradation within high-performance RSOFCs systems.
In addition, the work aims to determine the key factors governing the long-term durability and operational
characteristics of these cathodes [13—15].

Materials and methods

In this work, a series of praseodymium ferrite—cobaltite perovskites with the general formula
Pri_SrFei,Co,035 (0 < x < 0.4; y = 0.2; 0.5) was prepared using high-purity reagents to ensure accurate
stoichiometry and reproducibility. The starting chemicals were praseodymium nitrate hexahydrate
Pr(NOs);3-6H-0, iron nitrate nonahydrate Fe(NO3);-9H»0, cobalt nitrate hexahydrate Co(NO3),-6H,O (purity
> 98-99 %), and strontium carbonate SrCOj3 (purity > 98 %). All components were used without further puri-
fication [16—18].

The stoichiometric proportions of the precursors were calculated for each target composition, after
which the reagents were dissolved in 0.1 M nitric acid (HNO3) under continuous stirring until complete dis-
solution. The neutralization of SrCO; by nitric acid yielded soluble strontium nitrate with CO; release, while
the other nitrates dissolved without secondary reactions.

The resulting homogeneous nitrate solution was evaporated to dryness, producing a mixed salt residue.
This residue was dispersed in ethylene glycol (HOCH>CH>OH, > 99 %) at a molar ratio of 2:1 relative to the
total nitrate ion content. Ethylene glycol served simultaneously as a solvent and a fuel for the subsequent
self-propagating high-temperature synthesis (SHS). Upon heating, an intense exothermic redox reaction oc-
curred, accompanied by rapid temperature rise and the formation of finely dispersed oxide powders. Nitro-
gen was identified as the main gaseous by-product, indicating the high selectivity and cleanliness of the syn-
thesis process [19-20].

The as-combusted powders underwent multi-stage heat treatment: first at 400 °C and 700 °C to remove
organics and promote initial crystallization, then at 900 °C for phase development, and finally calcined at
1100 °C for 30 min to achieve complete crystallization of the perovskite structure. X-ray diffraction con-
firmed the high phase purity and orthorhombic GdFeOs-type symmetry (Pbnm) for all samples.

The synthesized compositions and their corresponding abbreviations are as follows:

* PFC-20:  PrFeosCo0.03(x =0,y =0.2)

* PSFC—10201 PI‘o,gSI‘oJFeo‘gCOo‘zO}.& (x =0.1 s V= 0.2)
* PSFC-2020: Pro3Sro2FeosC00.2035(x=0.2,y =0.2)
* PSFC—30201 PI‘(),7SI'0‘3F60‘3C00‘203.5 (x = 0.3, y= 0.2)
* PSFC—40201 PI‘(),GSI'OAFeo‘gCOo‘zO}.& (x = 0.4, y= 0.2)
* PSFC-3050: PI‘o,7SI‘0_3Feo_5C00_503.5 (x = 0.3, y= 0.5)

In the sample code, the first two digits represent the molar fraction of Sr (xx100) and the last two digits
correspond to the molar fraction of Co (yx100) in the perovskite lattice. This designation provides a clear
link between composition and the measured physicochemical properties.

Table 1 presents the nomenclature and key physicochemical parameters of the synthesized
Pri_SrFei,Co,03_5 perovskite powders, including specific surface area (Sger), equivalent particle size
(dser), and theoretical density (ymeo). The series encompasses both the undoped composition (PFC-20) and
Sr-, Co-substituted variants (PSFC), enabling the assessment of how A- and B-site cation substitutions influ-
ence powder characteristics.

The Sger values lie in the range of 4.8-6.4 m%/g, which is relatively high for oxide materials obtained by
SHS. A gradual increase in specific surface area is observed with the introduction and growth of Sr content,
as well as with partial substitution of Fe by Co. This trend may be associated with the impact of heterova-
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lentcation substitution on the combustion process during SHS, where changes in thermal release and diffu-
sion rates can limit particle coarsening and promote the formation of a more developed surface morphology.

The equivalent particle sizes (dger), calculated from BET data, range from 65 nm in PFC-20 to 50 nm
in PSFC-3050, confirming the nanoscale nature of the powders. The observed reduction in particle size for
Co-rich compositions can be linked to the higher exothermicity of the reaction and shortened grain growth
stage, leading to enhanced dispersion. These fine particle dimensions are expected to facilitate improved
contact area with the electrolyte and more efficient gas diffusion in the cathode layer.

Table 1
Nomenclature and key physicochemical parameters of Pri-.SrxFe1yCo,03-5 perovskite powders
Sample composition Sper(m?/g) dper(nm) Viheor, g/S3

PFC-20 4.8 65 6.36
PSFC-1020 52 60 6.29
PSFC-2020 5.6 56 6.22
PSFC-3020 59 54 6.16
PSFC-4020 6.1 52 6.09
PSFC-3050 6.4 50 6.21

where:
— Sger — specific surface area determined by the Brunauer—Emmett—Teller (BET) method;
— deer— equivalent particle diameter, calculated from Sger data assuming spherical particles;
— Ymeor — theoretical density of the bulk perovskite phase, calculated from crystallographic parameters.

Theoretical density values (yimeor) vary only slightly (6.09—6.36 g/cm?) across the series, reflecting the
fact that density is primarily determined by the crystal structure and average atomic mass of the constituent
elements. Minor variations arise from the substitution of Pr** by Sr** in the A-site and Fe*" by Co®" in the B-
site, which slightly modify the lattice parameters.

Overall, the powders synthesized via SHS demonstrate a combination of high surface area, nanoscale
particle size, and phase purity, all of which are advantageous for cathode applications in RTFCs. The inter-
play between composition and microstructural characteristics revealed in Table 1 provides a basis for corre-
lating synthesis conditions, structural parameters, and functional performance in subsequent electrochemical
testing.

Table 2 summarizes the key ionic characteristics of the cations incorporated into the synthesized perov-
skites Pri_.Sr.Fe;,Co,03-5, including their valence states, coordination numbers (CN), ionic radii (r), and
electronegativities () according to the Pauling scale. These parameters determine the strength and nature of
cation—anion bonding within the crystal lattice, which in turn directly governs the coefficient of thermal ex-
pansion (CTE), electrical conductivity, and the overall electrochemical performance of the cathode materials.
In particular, variations in these ionic properties critically influence lattice stability, conductivity, and the
resistance of the materials under operating conditions.

A comparison of the ionic parameters of the A-site cations (Pr** and Sr**) reveals that Sr** possesses a
significantly larger ionic radius (1.44 A vs. 1.179 A) and a lower electronegativity (0.99 vs. 1.13). Substitut-
ing Pr** with Sr** enhances the ionic character of the A—O bond and leads to an expansion of the A-site sub-
lattice, which can contribute to an increase in the coefficient of thermal expansion by weakening the covalent
component of the bonding. Moreover, the incorporation of Sr*‘requires charge compensation through the
formation of oxygen vacancies. These vacancies not only enlarge the lattice parameters but may also strong-
ly influence the transport properties of the material.

For the B-site cations (Fe**and Co®"), smaller ionic radii are characteristic (0.645 A for Fe*" and 0.545—
0.61 A for Co®*, depending on the spin state), along with higher electronegativity values (1.83—1.88). Incor-
poration of Co** not only alters the size and symmetry of the BOs octahedra but can also induce spin-state
transitions at elevated temperatures. These transitions result in the elongation of B—O bonds and consequent-
ly contribute to an increased coefficient of thermal expansion (CTE). At the same time, such effects influ-
ence electronic and mixed ionic—electronic conductivity by modifying the orbital overlap between O 2p and
B 3d states.
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Table 2
Ionic parameters of cations Pri-.SriFe1yC0,03-5 perovskites

Sample Oxidation Coordination
composition state Number (CN)

Electronegativity

(Pauling) Structural influence

Tonic radius r (A)

Larger CN reduces bond
Pr3* +3 9 1.179 1.13 distortion; higher y leads to
stronger A—O covalency
Lower y increases A—O
Sr2 +2 12 1.44 0.89 ionicity; larger radius ex-
pands lattice, affects CTE
Small radius stabilizes octa-
Fe’* +3 6 0.645 1.83 hedral B-O bonds; higher
strengthens covalency

+3 . . .
. Spin-state transitions at high
Co** S 1(111(/)1\;;, i he 6 0(')5?15 ((Ill(i)V;’l-_SSpliI;l))/ 1.88 T lengthen B-O bonds, in-
piving ’ gh-sp creasing CTE
spin)
where:

— CN (Coordination Number) — the number of nearest neighboring oxygen ions bonded to a given cat-
ion within the crystal lattice;

—1(A) — the ionic radius corresponding to the specific coordination;

—x — the Pauling electronegativity, reflecting the ability of an ion to attract electrons.

Thus, the values presented in Table 2 provide a fundamental basis for interpreting the experimental re-
sults. They clarify why the Pr;_Sr:Fei,Co,03_5 Pri_SriFei,Co,03-5 series exhibits a nonlinear dependence
of the CTE on Sr content, along with a steady increase in CTE as the Co fraction rises. Moreover, these pa-
rameters offer a physicochemical rationale for the observed trends in electrical conductivity and polarization
resistance.

Results and discussion

To establish the correlation between chemical composition, structural features, thermal expansion, elec-
trical transport behavior, and polarization resistance of the cathode materials, a series of experiments was
carried out on synthesized perovskites Pri_SriFe;_,Co,03-s with controlled Sr and Co contents.

The linear CTE was measured using a Netzsch DIL 402C dilatometer over the temperature range from
room temperature up to 1000 °C at a heating rate of 5 °C/min. The influence of Sr and Co on the CTE can be
explained by their ionic characteristics (Table 2):

— substitution of Pr** (y = 1.13, r=1.179 A, CN = 9) with Sr** (3 = 0.99, r = 1.44 A, CN = 12) enlarges
the A-site sublattice and modifies the strength of the A—O bond, which can either increase or decrease the
CTE.

— the incorporation of Sr** requires charge compensation through the formation of oxygen vacancies,
which expand the lattice and promote higher CTE values.

— doping with Co*" (particularly in its high-spin state) leads to elongation of the B~O bonds at elevated
temperatures due to spin-state transitions, thereby producing a consistent increase in the CTE.

Electrical conductivity was measured on rectangular bars (3%x2x30 mm) prepared by uniaxial pressing
followed by sintering at 1100 °C for 4 h. Platinum electrodes (0.2 mm) were applied with platinum paste and
subsequently fired at 900 °C for 1 h. Measurements were carried out in air using a four-probe DC technique
(Solartron SI-1260/1287) over the temperature range of 300-950 °C with 50 °C increments. Increasing the Sr
content up to x = 0.2 reduced the activation energy (£,) and enhanced the conductivity due to a higher carrier
concentration and reduced lattice distortions. At higher Sr levels (x > 0.3), the conductivity effect tended to
stabilize, indicating saturation of the defect structure.

Polarization resistance (Rn) was determined by electrochemical impedance spectroscopy (EIS) using
symmetric cells with dense YSZ and GDC electrolytes. Electrolyte discs (~12 mm in diameter, 0.3 mm
thick) were pressed at 300 MPa and sintered at 1450 °C (YSZ) or 1350 °C (GDC). Cathode layers with a
thickness of 20-30 um were deposited by screen printing from a slurry composed of perovskite powder, iso-
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propanol, polyvinyl butyral, and triethylene glycol dimethacrylate. The firing process was carried out at
1050 °C (for PSFC-3020) to optimize adhesion to the electrolyte and minimize the formation of secondary
phases.

Impedance measurements were conducted in the frequency range of 0.1 Hz to 1 MHz with an amplitude
of 10 mV in air at 600-900 °C, using 50 °C increments. By combining thermomechanical, electrical
transport, and electrochemical characterization with an analysis of the cationic ionic parameters, it was pos-
sible to establish a balance between structural stability, high electrical conductivity, and low polarization re-
sistance. Among the investigated compositions, PSFC-2020, PSFC-3020, and PSFC-4020 demonstrated the
most promising performance as cathode materials for RSOFCs when paired with YSZ and GDC electrolytes.

Figure 1 illustrates the variation of the linear thermal expansion coefficient (CTE, a) in the low-
temperature region for the Pri_.Sr,Fe;,Co,03_5 (PSFC-x20) series with different molar fractions of Sr (x = 0—
0.4), as well as for the specific composition Pro 7Sro3FeosCoos03.5 (PSFC-3050).

The PSFC-x20 curve exhibits a distinctly nonlinear behavior. In the range 0 < x < 0.1, a slight increase
in o is observed, followed by a decrease at x = 0.2 and 0.3. The lowest CTE values are recorded at x = 0.3,
indicating an optimal balance between lattice parameters and defect concentration in this compositional re-
gion. With further Sr substitution up to x = 0.4, a sharp rise in a occurs.

This behavior can be explained by the competition of two mechanisms:

— the enhancement of the ionic character of the A—O bond when Pr** (x = 1.13) is substituted with the
less electronegative Sr** (y = 0.99) increases lattice rigidity and reduces its tendency toward thermal expan-
sion.

— at the same time, the growth in oxygen vacancy concentration, required for charge compensation upon
Sr?* incorporation, weakens interstitial bonding and promotes higher CTE values.

For compositions with x < 0.3, the first mechanism dominates, resulting in a reduction of o, whereas for
x > 0.3 the second mechanism prevails, leading to an increase.

The specific composition PSFC-3050, which contains a higher Co fraction (y = 0.5), exhibits a marked-
ly higher CTE compared with PSFC-3020 at the same Sr content (x = 0.3). This behavior is consistent with
the well-documented effect of spin-state transitions of Co** upon heating, which are accompanied by the
elongation of Co—O bonds and, consequently, an increase in thermal expansion.

W71 T T
[ —O—PSFC-x20 o 1
1 © PSFe-30s0 J
A
| 2]
15 - ]
(?
o | d
s A
B4} A-
13 | -
. I I

0,0 0,1 0,2 0,3 0,4
X, (mol. fraction)

Figure 1. Dependence of the linear thermal expansion coefficient (a) of Pri_.Sr,Fe;,Co,03_5
and Pry 7Srp.3Feo 5Co0.503-5 compositions on Sr molar fraction (x) in the low-temperature range

From the standpoint of minimizing the CTE and achieving better thermomechanical compatibility with
solid electrolytes (YSZ and GDC), the most promising compositions are those with moderate Sr content
(x =10.2-0.3) and reduced Co content, particularly PSFC-2020 and PSFC-3020.

Figure 2 presents the temperature dependence of the electrical conductivity (o) for a series of perovskite
compositions with varying Sr and Co contents in the range of 350-950 °C.
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For the PFC-20 composition (x = 0, y = 0.2), which does not contain Sr, an exponential increase in con-
ductivity with temperature was recorded, showing no indication of saturation-behavior typical of thermally
activated charge transport. A similar trend is observed for PSFC-1020 (x = 0.1, y = 0.2), though at a noticea-
bly higher conductivity level. This enhancement is attributed to the effect of Sr?*, which promotes the for-
mation of oxygen vacancies and increases the concentration of mobile charge carriers.

Compositions with higher Sr contents (x = 0.2—-0.4) exhibit nontrivial temperature-dependent behavior:
in the conductivity curves of PSFC-2020, PSFC-3020, PSFC-4020, and particularly PSFC-3050, a distinct
maximum is observed, followed by a decline at elevated temperatures. Such behavior is characteristic of
mixed-conducting oxides, where increasing temperature enhances oxygen release. The resulting oxygen loss
reduces the concentration of hole carriers (e.g., Fe*"), thereby disturbing the balance between ionic and elec-
tronic conductivity.

The temperatures corresponding to the conductivity maxima (7max) systematically shift toward lower
values with increasing Sr content. This trend reflects the role of oxide non-stoichiometry: higher Sr** concen-
trations accelerate the generation of oxygen vacancies, lowering the lattice stability against thermal degrada-
tion. At the same time, varying the Co fraction for instance, in PSFC-3050 with y = 0.5 leads to a significant
increase in the absolute conductivity values, while exerting only a minor effect on the position of 7.

T,°C
700

1000 900 800 600 500

200 f —0— PFC-20
—O—PSFC-1020 |
—0— PSFC-2020
150 b —&—PSFC-3020
= —t— PSFC-4020
o —— PSFC-3050
G 100 |

50-33%

0.8 0.9 1 1.1 1.2 1,3
1000/T, K™

Figure 2. Dependence of the linear thermal expansion coefficient (o)
of temperature-dependent electrical conductivity of Pri_Sr.Fe;,Co,03-5

The coincidence of T, with the inflection points in the CTE curves—as demonstrated earlier—
highlights the close relationship between the electrophysical and structural properties of the investigated ma-
terials. Among the studied compositions, PSFC-2020 and PSFC-3020 exhibit the most stable conductivity
within the operating temperature range, maintaining a balance between sufficient mobile carrier concentra-
tion and resistance to oxygen-related degradation. These materials are therefore particularly promising for
cathode applications in RSOFCs operating under high-temperature conditions.

Of particular interest is the PSFC-3050 composition, which exhibits an anomalous temperature depend-
ence of conductivity. This behavior necessitated the calculation of two distinct activation energy values:
16.0 kJ-mol™! in the 300-600 °C range and 30.5 kJ-mol™! in the 600-850 °C range. Such a distinction sug-
gests a change in the dominant charge-transport mechanisms across different temperature intervals.

The polarization resistance values also clearly highlight the advantage of Sr-rich compositions. The
lowest Rn values (1.9-2.5 Q-cm?) were recorded for PSFC-2020, PSFC-3020, and PSFC-4020, indicating
high-quality cathode/electrolyte interfaces and reduced losses associated with electrode reactions.

Thus, the most promising candidates for application as dense cathodes in RSOFCs are PSFC-4020 and
PSFC-3050, which combine high electrical conductivity, reduced polarization resistance, and acceptable
thermal stability.
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Figure 3 illustrates the dependence of the polarization resistance (Rn) of the PSFC-3020 cathode mate-
rial on the sintering temperature applied to bond it with the YSZ solid electrolyte, measured at an operating
temperature of 850 °C. The results clearly show that the polarization resistance reaches its minimum when
sintering is carried out at 1050 °C.
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Figure 3. Influence of the sintering temperature on the polarization resistance
of the PSFC-3020 cathode in contact with a YSZ electrolyte

Figure 4 presents the dependencies of electrical conductivity () and polarization resistance (Rn) for
cathode materials of the composition Pri_.Sr.FeosCo002035 as a function of the Sr molar fraction (x) at
850 °C.
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Figure 4. Effect of Sr Content on the Electrical Conductivity and Polarization Resistance
of Pri_Sr.FeosCo0203-5 Cathodes at 850 °C

Up to x = 0.2, a clear correlation is observed between the two parameters: as electrical conductivity in-
creases, polarization resistance decreases significantly. This relationship indicates improved kinetics of oxy-
gen electrochemical processes, driven by a higher density of charge carriers and enhanced interfacial charge
transfer.

However, for x > 0.2, the trend changes: despite the continued rise in electrical conductivity, polariza-
tion resistance begins to increase. This discrepancy is most likely associated with chemical interactions be-
tween Sr-enriched cathodes and the YSZ electrolyte during thermal treatment, leading to the formation of
low-conductivity secondary phases at the electrode/electrolyte interface. This effect is particularly pro-
nounced in the PSFC-3050 sample, which exhibits high R despite its relatively high o, supporting the above
interpretation.

Therefore, the optimal balance between high electrical conductivity and low polarization resistance is
achieved at Sr concentrations in the range of 0.2—0.3 molar fraction. Within this composition window, PSFC-
2020, PSFC-3020, and PSFC-4020 show the most favorable electrochemical performance among the studied
materials.

22 BecTHuk KaparaHgmMHCKoOro yHusepcureTa



Investigation of the Functional Characteristics ...

Conclusion

This work presents an in-depth study of the structural, electrical, and electrochemical characteristics of
perovskite-type cathode materials based on Pri_SrFeosCo00203-5, synthesized via a self-propagating high-
temperature synthesis route. By systematically varying the Sr and Co content, a series of compositions was
prepared and thoroughly evaluated in terms of thermal expansion behavior, electrical conductivity, and po-
larization resistance under conditions relevant to reversible solid oxide fuel cells (RSOFCs).

It was shown that moderate strontium substitution (x = 0.2—0.3) leads to improved electrochemical per-
formance due to enhanced oxygen vacancy concentration and optimized lattice parameters, which facilitate
effective charge transport. The incorporation of cobalt further promotes electronic conductivity and structural
flexibility, though excessive Co levels (e.g., in PSFC-3050) were found to negatively impact polarization
resistance, likely due to undesirable interfacial phase formation with the YSZ electrolyte.

Among the studied compositions, PSFC-2020, PSFC-3020, and PSFC-4020 demonstrated a balanced
combination of high electrical conductivity (up to ~186 S-cm™' at 800 °C) and low polarization resistance (as
low as 1.9 Q-cm? at 850 °C), along with favorable thermal compatibility with common electrolytes. Notably,
PSFC-3020 exhibited optimal performance at a sintering temperature of 1050 °C, minimizing interfacial deg-
radation and ensuring good adhesion to the YSZ substrate.

These findings confirm that tailored A-site (Sr) and B-site (Co) substitution within the Pr-based perov-
skite structure enables precise control over the functional properties of cathode materials. The study high-
lights the potential of PSFC-type materials as high-performance cathodes for advanced RSOFCs systems,
offering improved energy efficiency, electrochemical stability, and long-term durability.
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Pri-.SriFe1yCo0y03_; Herisinaeri nepoBCKUT KATOATAPBIHBIH QYHKIHOHAIIBIK
KacHeTTepiH peBepCUBTI KATTHI OKCH/TI OTHIH 3JIeMeHTTePi YIIiH 3epTTey

Pri«SrsFe1yCoyO3-5 KypaMbIHIAFEl MEPOBCKUTTIK KATOATHI MaTepHaIiapAblH (QyHKIMOHAIABIK KacHeTTepi
O3/IiriHEH TapajaThlH JKOFaphl TEMIIEPATypajblK CHHTE3 OMicCi apKBUIBI 3€pTTeNIi. 3epTTeyniH Heri3ri
MaKcaThl — PEBEPCHBTI KaTThl OKCHATI OThIH sneMeHTTepinae (RSOFCs) omapnblH KyMBIC THIMIUTITIH
aptTeipy. Sr koHe Co M30MOPQTHIK OpBIH OacybIHBIH OKBUIYJBIK YiFaro  Kod((HuuIueHTiHe,
ANEKTPOTKITIIITIKKE JKoHE MOJIAPU3ALMSUIBIK KeIeprire acepi KapacThIpbULABL [IMiIaTOMeTpUSIIBIK Tajay,
TOPT-30HATHI OJIICY SJiCi KOHE IEKTPXUMHUSUIBIK UMIIEIAHC CIHEKTPOCKOINUs HATHXKeNepi Sr-IbIH opTamia
mommepi (x =0.2-0.3) eH THIMII TEHrepiMIi KaMTamachl3 €TETiHIH KOPCETTi: KYPBUIBIMIBIK TYPaKTBUIBIK
CaKTasaJpl, OTTEKTiK BAKaHCHSIIAP/IBIH KOHIIEHTPAUCH apTabl )KOHE TOp IapaMeTpliepi oHTainaHansl. by
(hakTOpIap >KOFaphl AIEKTPOTKITIMITIKKE KOHE TOMEH MOJIAPU3AIMSIIBIK KeJIEprire KO RKeTKi3yre MyMKIHIIK
Oepeni. KoOGanbT KOCYABIH 3IIEKTPOHIBIK TaCHIMANIAAY bl KYIICHTETIHI aHBIKTANAbI, anaiiia OHBIH IIaMaIaH
TeIc Memmepi (y=0.5) KXbpUTyJBIK YiIFal0 KOd(O(GHUIMEHTIH >KOFapBUIATHII, JIEKTPOJHUTIIEH OPEKEeTTECYdiH
HOTIDKeCiHIe MHTepGa3ablK KelepriHi apTTeipagsl. 3eprrenreH yirinep iminge PSFC-2020, PSFC-3020
skoHe PSFC-4020 eH >xkorapbl SIEKTPXMMHSIIBIK CHNATTaMallapAbl KOPCETTi: AJIEKTPOTKI3TIIITIK IIamMaMeH
~186 S-cm! sxome momspuzamuaAnbk keaepri 1.9 Om-cm?-ka neiiin Temen 850 °C Temmeparypaga. byn
HoTmkenep Pr—Sr—Fe—Co HeriziHzeri mepoOBCKUTTEPIiH KOFAaphl TEPMOMEXaHHKAJIBIK YiIeCiMIiTiriMeH,
THIMII 3apsA] TachIMalIaybIMEH J>KOHE Y3aK Mep3iMai TypakteutbirbiMeH RSOFCs karonmrapsl petiHze
MEPCIIEKTUBAIIBI €KCHIH TONICIICH .

Kinm ce30ep. peBepcuBTi KaTThl OKcHATI OTHIH dneMeHTTepi (RSOFCs), mepoBckut karoarapsr, Pr—Sr—Fe—Co
OKCHTEPI, )KBUTYJIBIK YIIFA0, 3EKTPOTKI3TIIITIK, TOJSIPU3ALUSIIBIK KEACPTi, dICKTPXUMHSIIBIK OHIMIITIK
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I'.A. bakan6aeBa, A.A. baparosa, H. K. Aiinap6ekos,
M.M. Ky6enoa, A.H. Amanroxaesa, P.C. buceken

HccnenoBanne GpyHKIMOHAJBHBIX CBOHCTB IEPOBCKUTHBIX KATOAOB Pri_.SrFe;,C0,035
AJISl peBepCHBHBIX TBEPAOOKCHIHBIX TOIUIMBHBIX 3JIEMEHTOB

TIpoBeneHO KOMIUIEKCHOE MCCIIEIOBaHHE NMEPOBCKUTHBIX KAaTOJHBIX MaTepHasioB cocTaBa PriSriFeiyCoyOs-s,
CHHTE3MPOBAaHHBIX METOJIOM CaMOPacHpOCTPAHSIONIETOCsS BBICOKOTEMIIEPATYPHOTO CHHTE3a, C LEJIbI0 ONTH-
MH3aIIH UX SKCIUTYyaTaI[MOHHBIX XapaKTePHCTHK B PEBEPCHBHBIX TBEPJOOKCHIHBIX TOIUIMBHBIX 3JIEMEHTAX
(RSOFCs). Ocoboe BHIMaHNE YAEISIIOCH BIMSHUIO 3aMelleHust Pr cTpoHIeM U koOanbToM Ha Koddhunu-
€HT TEIUIOBOTO PacIIMPEHNs, HIEKTPOIPOBOAHOCTE U MOJIIPH3ANNOHHOE CONPOTHBICHHE B YCIOBHUAX PaOOTHI
3JIeMEHTa. JIMIaTOMETPUYECKHEe HCCIEA0BAaHUs, U3MEPEHHS MPOBOAUMOCTH YETHIPEX30HIOBBIM METOJOM U
3IEKTPOXUMHYECKass UMIIEAAHCHAS CIIEKTPOCKONMA MOKa3ald, YTO yMepeHHoe conepkanue St (x = 0.2-0.3)
obecreynBaeT ONTUMAIBHOE COUYETAaHHE CTPYKTYPHOH CTAOMIIBHOCTH, BHICOKON KOHIIEHTPALMH KHCIOPOIHBIX
BaKaHCHH M OJaronpHATHBIX MapaMeTPOB PEIIETKH. DTU (HaKTOPBI CIIOCOOCTBYIOT POCTY JIEKTPOIPOBOIHO-
CTH IPH COXPAaHEHWH HU3KOTO MOJIAPU3ALMOHHOTO CONPOTHBIICHUA. BBeleHHe KoOalbTa YCHIMBACT JICK-
TPOHHBIH TPAHCIIOPT, OJJHAKO €r0 W30BITOYHOE KOJIMYeCTBO (HampuMmep, y = 0.5) BBI3bIBaeT pocT K03 huIu-
€HTa TEIUIOBOTO PACIIMPEHUs M YBeIWIEeHHE MEK(pa3sHOIO CONPOTHBICHHS BCIIEACTBHE B3aHMMOJEHCTBHS C
JNEKTPONIUTOM. Hawiydrime 3/1eKTpOXUMHUYECKHe XapaKTepUCTHKH IPOAEeMOHCTpHpoBai coctaBel PSFC-
2020, PSFC-3020 u PSFC-4020, o6ecneunBuine MpoBOAUMOCTE 10 ~186 S-cM™! M mossipu3aoHHOe CoTpo-
TuBjeHue He Gonee 1.9 OM-cm? pu 850 C. IMosydeHHbIE Pe3yIbTaThl HOATBEPHKIAIOT NEPCIEKTUBHOCTD TIe-
poBckuToB Pr—Sr-Fe—Co B xauectBe 3 extuBHBIX KatoaoB 1t RSOFCs Gnaronapst ux BEICOKOH TepMOMe-
XaHMYECKOH COBMECTHMOCTH, YJIYHYIIEHHON MPOBOIUMOCTHU U JJOJITOBEYHOCTH.

Kniouesvie crosa: peBepcuBHBIEC TBEPAOOKCUAHBIC TOIUTUBHBIEC 31eMeHTH (RSOFCs), mepoBCKUTHBIE KaTOIBL,
oxcuapl Pr—-Sr—Fe—Co, TemnoBoe paciimpeHue, 3JEKTPONPOBOAHOCTD, HOJSPU3ALHOHHOE COIPOTHUBICHHUE,
INEKTPOXUMUYECKast SPPEKTUBHOCTD
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Determination of the Neutron Fluxes Energy Spectrum
of the WWR-SM Reactor of the INP AS RU

The article presents the results of analyzing the energy spectrum and spatial distribution of neutrons in the
core of the WWR-SM (Water-Water Reactor, Serially Modernized) research reactor after switching to low-
enriched fuel (19.75 % 233U). The increase in the number of fuel assemblies (FAs) from 18 to 24 altered the
neutron characteristics of the reactor. A combination of computational methods (IRT-2D and WIMS codes)
and experimental data obtained from neutron activation analysis enabled a detailed study of flux distribution.
Fast neutrons dominate in the central part of the core, while the proportion of thermal neutrons increases sig-
nificantly in the beryllium reflectors. Measurements showed that in vertical channels, the thermal neutron
flux density is 2.3 times higher than that of fast neutrons. In horizontal experimental channels, values up to
1.8-10'2 neutrons/(cm?'s) with a cadmium ratio of 28 were recorded, confirming their suitability for research.
Analysis of the thermal power of FAs revealed its maximum values in the center of the core with a gradual
decrease toward the periphery, correlating with the 2>*U burnup distribution. The obtained results have practi-
cal significance for optimizing fuel loading, planning refueling campaigns, and testing prospective fuel com-
positions (UO2+Al, UsSia+Al). The study emphasizes the need for further verification of computational mod-
els and more detailed investigation of neutron spectra under various core configurations. The presented data
contribute to enhancing the efficiency and safety of WWR-SM reactor operation while expanding its research
potential in nuclear physics and materials science.

Keywords: nuclear fuel, energy spectrum, fast neutrons, thermal neutrons, reactor core, neutron activation
analysis, WWR-SM reactor, fuel burnup

™ Corresponding authors: Uskenbaev Daniyar, usdan@mail.ru

Introduction

In the field of research related to radiation: processes of interaction of radiation with matter [1-3], pro-
cesses of material production using radiation of different spectral composition [4-7], and others are widely
applied and studied. In this area, the processes related to radiation in nuclear reactors are of particular inter-
est. In the core of a research reactor, the energy spectrum of radiation (neutrons) is a key characteristic that
determines the efficiency and safety of nuclear experiments.

The energy spectrum of neutrons in the core of a research reactor is a key characteristic that determines
the effectiveness and safety of nuclear experiments.
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Knowledge of the spectrum is necessary for accurate planning of neutron physics studies, assessment of
fuel burnout, dose loads on materials, and accuracy of activation analysis [8—10].

Classification of neutron spectra.

In research reactors operating primarily with thermal neutrons, the spectrum is conventionally divided
into three regions [10, 11]:

Thermal range (£ < 0.5 eV);

Epithermal region (0.5 eV < E < 100 keV);

Fast range (£ > 100 keV).

Methods for determining the neutron spectrum.

Experimental methods:

Activation methods using standard foils (Au, Mn, Co, etc.) [12];

The method of responses and convolution [13];

The TOF (time-of-flight) method [14].

Calculation methods:

Montecarlo programs: MCNP, SERPENT [15];

Deterministic codes: WIMS, DRAGON, IRT-2D [16-18];

The use of ENDF/B-VII, JENDL, JEFF, and others nuclear data libraries [19].

The features of the spectrum in research reactors are determined by the moderator, reflector and config-
uration of the core. In the VVR-SM reactor, for example, there is a pronounced predominance of thermal
neutrons in the central core zone and an increase in the proportion of fast neutrons in the periphery [20]. The
spectra significantly depend on the degree of fuel burnout and loading of experimental devices [21].

Application of spectral analysis data:

Calculation of reactivity and fuel burnout [22];

Planning of radiation testing of materials [23];

Preparation of macroscopic constants [24];

Activation analysis and isotope production [25].

The WWR-SM research reactor is a key facility for fundamental and applied research in nuclear phys-
ics. Since 2009, the reactor has been using low-enriched IRT-4M fuel (19.75 % uranium-235) with a urani-
um concentration of 2.8 g/cm® [26]. In the near future, it is planned to test new types of fuel: UO+Al
(3.3 g/em?) and U;Si>+Al (3.6 g/em?) [27], which requires a detailed study of the neutron-physical character-
istics of the core. Previously, studies of neutron fluxes in WWR-type reactors were carried out in works [28—
30], where methods for calculating and measuring neutron spectra were developed. However, for the WWR-
SM reactor with its unique core configuration and beryllium reflectors, such studies require updating. This
work uses modern calculation methods, including the IRT-2D code and the ASTRA program [31], as well as
neutron activation analysis to verify the results [32].

The purpose of the work is to determine the energy spectrum of neutron fluxes, the distribution of neu-
tron density in the core and channels of the reactor, and to analyze the thermal power of the FA. The data
obtained will help optimize the operation of the reactor and prepare for the use of new types of fuel.

The analysis of the neutron energy spectrum is a fundamental part of neutron physics calculations.
Combining experimental data with numerical simulation results provides the most accurate representation of
neutron fields in the core and contributes to improving the reliability and efficiency of nuclear installations.

Calculations of neutron fluxes in vertical channels

The IRT-2D code was used to calculate the neutron flux density distribution in the WWR-SM reactor
core. Two-group macroscopic cross-sections for each FA obtained using the WIMS code [33] were used.

The reactor core is loaded with 24 FAs with different degrees of uranium-235 burnup. Fresh FAs with
minimal burnups are located in the central part of the core, and fuel assemblies with high burnups are located
on the periphery. Beryllium reflectors are placed around the 24 FAs.

Figure 1 shows the results of calculating the distribution of thermal and fast neutron fluxes in the core
of the WWR-SM research reactor.
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Figure 1. Distribution of thermal and fast neutron fluxes in the WWR-SM research reactor’s core.
The upper row in red shows the results of calculations of fast neutron fluxes with energy £> 0.1 MeV,
and the lower row shows the results of calculations of thermal neutron fluxes with energy £ < 0.625 MeV

Figures 2 and 3 show the distribution of fast and thermal neutron fluxes in the WWR-SM reactor core.
As can be seen from the figures, in the center of the core, where the FAs are located, there is an increase in
the number of fast neutrons, which is 2 times greater than the number of thermal neutrons. On the periphery
of the core, where the beryllium reflectors are located, the number of thermal neutrons exceeds the number
of fast neutrons. It is also clear that the thermal neutron flux density is greater where 6FAs are located in se-
ries (column index), compared to the section where 4 FAs are located in a row (row index).
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Figure 2. Distribution of fast neutron flux in the WWR-SM reactor’s core
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Figure 3. Distribution of thermal neutron flux in the WWR-SM reactor’s core

Measurement of neutron fluxes in the core and vertical channels

The measurement of the neutron flux density in the core and in the beryllium reflector of the WWR-SM
reactor was carried out using the well-known method of neutron activation analysis of samples (foils) intro-
duced into the neutron flux. The activity of the irradiated sample was determined by the formula

4, = 1.628*10IS(DGMp(l—exp(@D*exp(%jA1, (1

where ® — neutron flux, neutron/(cm?*s); ¢ — activation cross section, mbarn;  — weight of activated
sample, mg; p — isotope abundance, %; A — atomic weight of the irradiated isotope; 7 — half-life of the
product isotope, seconds; ¢, t; — irradiation time and cooling time (in the same units as T), seconds.

And was measured using a GC1020 germanium detector with a diameter of 46 mm, a length of 29 mm
and an efficiency of 10 % with a GENIE 2000 spectrometric system from CANBERRA. The spectrometer
resolution for the ®°Co y-radiation line Ey = 1332 keV was 1.8 keV, and the calibration accuracy in the 0—
1500 keVy-radiation energy range was +2 keV.

In measurements of the thermal neutron flux in the channels of the WWR-SM reactor, an aluminum-
cobalt alloy containing 0.1 % *Co with a mass of 2 mg was used as a sample. A comparison of the results of
measurements and calculations of the thermal neutron flux density for different vertical channels is presented

in Table 1.

Table 1
Thermal neutron flux densities in the WWR-SM reactor core
Channel number Monitor weight, Result of measurements of thermal |Calculation result of thermal neutron
according to Fig. 2 mg neutron flux density, (103 n/cm2 s) flux density, (103 n/cm?2 s)
2-4 2.1 7.41 7.26
2-5 23 7.62 7.50
3-1 2.8 3.9 3.82
3-8 3.3 5.28 5.17
4-1 24 5.07 4.89
5-1 22 4.92 4.87
6-8 3.0 4.19 4.00
7-1 2.5 2.69 2.61
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Energy spectrum of neutrons in the WWR-SM reactor core

The energy spectrum of neutrons was calculated depending on their energy in the WWR-SM reactor
core. Using a program written in PYTHON, the energy spectrum of neutrons was constructed on a logarith-
mic scale.

Figure 4 shows the energy spectrum of neutrons in the vertical channel 4-1 of the WWR-SM reactor. As
can be seen from the figure, in the vertical channel 4-1, where the beryllium reflector is located, there are 2.3
times more thermal neutrons than fast neutrons. This is due to the fact that most neutrons are slowed down in
distilled water, which is located in the gaps of the beryllium reflector.

As can be seen from Figure 5, the vertical channel 4-2 is located inside the fuel assembly in the reactor
core, so the fast neutron flux density is 1.6 times greater than the thermal neutron flux density. This is due to
the fact that during the fission of uranium-235, neutrons with an average energy of 2 MeV are born, and they
do not have time to slow down inside the nuclear fuel.

The obtained neutron spectra are in good agreement with the results obtained at the VVR-K reac-
tor [34].
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Figure 4. Neutron flux density depending on neutron energy in vertical channel 4-1 of the WWR-SM reactor

Figure 5 shows the neutron spectrum in channel 4-2.
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Figure 5. Neutron flux density depending on neutron energy in vertical channel 4-2 of the WWR-SM reactor
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Measurement of neutron fluxes and cadmium ratio in the horizontal channel and thermal column

To determine the neutron flux values in the horizontal channel of the reactor, a mass spectrometric
measurement technique was used. For this purpose, gold foils 10-20 um thick and weighing 1-5 mg were
placed in pairs in the mass spectrometer input arm near the bottom of the channel, in the middle, and at the
output in the mass spectrometer. One of the gold foils in each pair was placed in a 0.5 mm thick cadmium
case. Irradiation was carried out for 10 minutes, and then the samples were kept for 24 hours in the biological
shield of the mass spectrometer. Before measuring the activity of the sample, the background N® of the set-
up was measured. The exposure time was selected based on the condition of collecting sufficient statistics.

The measured number of N decays was determined by the formula

N=(N—- NO)-n/(W-S-K-Q-e), 2)
where n — correction for the resolution of the installation; W — solid angle correction; S — attenuation ad-
justment; K — self-shielding correction; Q — backscatter correction; € — efficiency of the measuring setup.

The resolving power R of the installation was determined by the formula:

1
T1-10°N ®

Here the following values were used: n = 1.005, W = 0.95, € =1, and due to the small thickness of the
gold foils, corrections for backscattering, attenuation and self-shielding were neglected.

The measurements and calculations carried out showed that the thermal neutron flux inside the 6th hori-
zontal channel is:

@1 =1,8-10"%n/(cm? s) £ 12 %. 4)
Cadmium ratio:
Rca =28 £+ 3. %)
At the exit of the channel:
@1 =1,1-10"%/(cm? s) + 12 %. (6)
At the outlet of the thermal column:
@1 =1,3-10"%/(cm? s) + 12 %. @)

Calculation of the thermal power distribution of the IRT-4M type FA
in the WWR-SM reactor core

There are several types of application programs for calculating certain reactor parameters. One of them
is the IRT-2D program, developed by the staff of the Kurchatov Institute of Atomic Energy of the Russian
Academy of Sciences. Calculations according to this program are carried out in a 2-group approximation on
a plane in two-dimensional geometry.

The IRT-2D program was used to calculate the thermal power for 24 IRT-4M fuel assemblies with dif-
ferent uranium-235 burnup values. The results of the IRT-2D program are in good agreement with the exper-
imental data [9].

The results of calculations of power distribution in the active zone with 24 fuel assemblies (FA) are
given in Table 2.

Table 2
Results of calculations of thermal power for 24 cells of the WWR-SM reactor core
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It is evident from the data presented in Table 2 that the maximum power is observed in the central sec-
tion of the reactor core, and the minimum is at the edges of the core.

The center of the table shows the vertical channels inside the fuel assemblies (FA). The FAs with black
circles in the center represent the emergency protection rods (AP-1, AP-2, AP-3) and the compensating rods
(KS-1, KS-2, KS-3, KS-4).

The top row of cells in the table shows the fuel assembly power in percent, and the bottom row of cells
shows the uranium-235 burnup in percent.

Conclusion

A comprehensive study of neutron fluxes in the WWR-SM research reactor core of the INP AS RU is
carried out in this work. The main attention is paid to determining the energy spectrum of neutrons, their flux
density distribution in vertical and horizontal channels, as well as the analysis of the influence of the core
configuration on the neutron-physical characteristics of the reactor.

As a result of the analysis of the neutron flux distribution and its energy spectrum in the reactor core,
the following was established:

The calculated and experimental data showed good agreement, which confirms the correctness of using
the IRT-2D and WIMS codes for modeling neutron fluxes and thermal modes of the reactor.

It was found that the neutron fluxes distribution in the core depends on the location of the FAs and the
fuel burnup degree: fast neutrons predominate in the central part, while the proportion of thermal neutrons
increases in the beryllium reflectors.

Measurements in the vertical channels demonstrated that the thermal neutron flux density in the reflec-
tor zone exceeds that for fast neutrons by 2.3 times, which is due to the effective moderation of neutrons in
water.

In the horizontal channels and the thermal column, thermal neutron flux values of up to 1.8-10'% n/(cm? s)
with a cadmium ratio of Rcq = 28 were recorded, which confirms the suitability of these channels for experi-
ments.

The thermal power of the FA is maximum in the center of the core and decreases towards the periphery,
which is consistent with the distribution of uranium-235 burnup.

The results obtained are of great practical importance for:

Optimization of fuel loading and planning of refuelling campaigns.

Efficient use of experimental reactor channels for applied and fundamental research.

Preparation for testing new types of fuel (UO»+Al, U3Si>+Al) with increased uranium concentration.

Further research prospects may include:

In-depth study of neutron spectra for various core configurations.

Verification of calculation models for new types of fuel.

Development of methods for improving the accuracy of neutron flux measurements in reactor channels.

Thus, the work carried out confirms the uneven distribution of neutron flux and power in the WWR-SM
reactor core, which must be taken into account when operating reactor installations to ensure their efficient
and safe operation.
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HeiiTpoH arbIHIapbIHBIH JHEPTEeTUKAJIBIK CIIEKTPiH AaHBIKTAY
O3P F'A SIPU CCP-CM peakTopaapsl

Byn 3eprreyne (O306excran Snponsik ¢m3uka mHCTHTYTH) CCP-CM peakTopbIHBIH OelceHi aifMarbIHAa
HEWTPOH aFbIHJAPBIHBIH CIIEKTPi MeH Tapamybl KapacTeIpsuinbl (19,75 % U-235 a3 GaHBITHUIFaH OTBHIHFA
KOIIKCHHEH KeWiH, OTBIHIBIK JKHHaKTap caHel 18-meH 24-ke geitin ecrti). IRT-2D xone WIMS
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HporpamMmaiapbl MEH HEHTPOH[BIK-aKTHBALMSIIBIK TalAay NEpeKTepi MaiiladaHblIbll, HEHTPOH aFbIHBIHBIH
TBHIFBI3JIBIFBI JKOHE 3HEPTEeTUKAIBIK CIIEKTpi 3epTreni. HoTmxkenep peakTopaslH OpTaibIK OemiriHae Kbuigam
HEUTpoHIap 06ackIM eKeHiH, ajl OepIIHi pedieKTopIapbiHAa KbUTYy HEUTPOHIAPBIHBIH YJIECi apTaThIHBIFbIH
kepcerTi. Tik KaHanmapmarel eimeMaep peQiIeKTOpIarsl JKbUTy HEHTPOHIAPBIHBIH aFBIHBI  KBLIIAM
HeWTpoHIapra KaparaHaa 2,3 ece yKOraphl eKeHIH aHBIKTabl. KenneHeH kaHanmapaa KaaMuid K03 QUIeHTI
28 Gonarbid 1,8-10'2 u/(cM?¢) NeHinTi KbUTy HEWTPOH aFbIHAAPHI TIPKENi, OV oJapabl THKIpUOenep yimid
KOJIaluIel etefti. OTBIHIBIK )KUHAKTap IBIH JKBUTY KyaThl OPTaIbIKTa MaKCHMAaJIIBI OOJIBIIL, Iepuepusra Kapai
azasapl, Oyn U-235-TiH >kaHyBIHa colikec KeyieAi. AJIBIHFaH HOTIDKENEp OTBIHABI THIMII MalgaiaHy, OHBI
ayBICTBIPYIBI JKOCTIapIIay koHe skaHa oThIH Typiepin (UO2+Al, UsSiz+Al) ceiHay yImiH MaHBI3IBL.

Kinm ce30ep: SOpONBIK OTBIH, SHEPIETHKAIBIK CIICK KBUIJAM HEHTPOHAAp, JKbULYy HEHTPOHIApHI
2 2 e
peaxkTopAbIH OelceH i aiiMarbl, HeUTPOHIBIK-aKTUBAIMAIBIK Tanaay, CCP-CM peakTopbl, OTBIHHBIH JKaHYbI

N.N. Canuxos, T.b. ®aiizues, C.A. baiirenecos, ®@.P. Kynrypos,
I.A. Amukynos, JI.I1. Tamxubaes, [I.E. Tamxubaes, A.C. Kyaycos

Omnpenesenne YHEPreTUYECKOT0 CNIEKTPA HEMTPOHHBIX MOTOKOB
peaktopa BBP-CM USI® AH PY

B nanHOM HccenoBaHUM M3yUeHBI CIIEKTPHI M PACTIpeieIeHIe HEHTPOHHBIX TOTOKOB B aKTUBHOM 30HE peak-
topa BBP-CM (MHcTUTYT sinepHOi ¢u3uky, Y30eknucTaHn) nocie rnepexoa Ha HU3K000OoranieHHOE TOILTUBO
(19,75 % U-235) c yBennuenueM gucna temioBsaersiomux coopok (TBC) ¢ 18 no 24. C npuMeHeHneM Ko-
noB IRT-2D u WIMS, a Taxke 1aHHBIX HEHTPOHHO-aKTUBAIIMOHHOI'O aHAJIM3a MCCIIEOBAHbI IUIOTHOCTH I10-
TOKa HEWTPOHOB M X SHEPreTHUYECKUH CIeKTp. Pe3ynbTaThl mokasaiy, 4To B LEHTPAIbHON YaCTH aKTHBHOM
30HBI IPE00IaTAIOT OBICTPBIC HEUTPOHBI, TOTJa KaK B OEPUIUIMEBBIX OTpaKaTeNsIX BO3PAcTaeT IO TEIUIo-
BBIX HEUTPOHOB. VI3MepeHns B BepTHKANBHBIX KaHAJIAaX BBIIBHUIIM, YTO IIOTOK TEIIOBBIX HEHTPOHOB B OTpaXa-
Tene B 2,3 pasa BBIIE, 4eM MOTOK OBICTPBIX HEHTPOHOB. B ropn3oHTaNBHBIX KaHaTax 3a(UKCHPOBAHBI TEIl-
70BBIE MOTOKHK 110 1,8-10'? H/(cM?C) ¢ KaAMMEBBIM OTHOLIEHHEM 28, 4TO JeJaeT UX HPUTOAHBIMHU JUIsl SKCIIe-
pumenToB. Temtosas MomHocTs TBC mocTuraer MakcumMyMma B IIEHTPE U CHIDKAeTCsl K epueprn, 94To Kop-
penupyert c Beiropanuem U-235. [TosrydeHHbIe JaHHBIC BaXKHBI JUIs1 ONTHMH3AIMH 3arpy3KH TOIUIMBA, IUIAHH-
pOBaHUs MEPErpy30K U UCIBITaHUS HOBBIX BUIOB TommBa (UO2+Al UsSix+Al).

Kniouesvie cnosa: sinepHOE TOIUIMBO, SHEPTETUYECKUI CIIEKTp, OBICTpBIE HEHTPOHBI, TEIJIOBBIE HEHTPOHEL,
aKTHBHAS 30HA PEaKkTopa, HEUTPOHHO-aKTHBALIMOHHEIN aHam3, peaktop BBP-CM, Beiropanue Tormsa
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Application of numerical methods to determine some parameters
of radiation embrittlement of borosilicate glass

In this paper, a numerical method for determining the parameters of radiation embrittlement in borosilicate
glass is proposed. The method is based on analyzing the changes in the mechanical properties of the material
under radiation exposure, using known irradiation parameters: the total interaction cross section gy, of glass
atoms, the fluence @ and the energy E of protons. To quantitatively assess the accumulated damage, the DPA
(displacements per atom) model is used, and numerical calculations are performed in LAMMPS (molecular
dynamics) and COMSOL (analysis of mechanical properties). The obtained results allow us to predict struc-
tural changes in glass and to design materials with enhanced resistance to radiation damage. The particle en-
ergy range of 1-10 MeV is considered, a correlation is established between radiation defects and a decrease
in the elastic modulus. The threshold value of radiation damage (DPAcr), the change in the elastic modulus
and the ultimate strength of glass depending on the radiation dose were determined. The effective elastic
modulus after irradiation was calculated, which quantitatively describes the change in the material properties.
It was determined at what fluence value the critical destruction of the glass structure begins.

Keywords: radiation embrittlement, total interaction cross section, DPA, elastic modulus, radiation resistance,
nuclear materials, modeling

HCorresponding author: Kazhykenov, Shalkar, nuclearshalkar@gmail.com

Introduction

Borosilicate glass is a key material in nuclear technologies due to its high chemical durability, low
thermal expansion coefficient, and resistance to radiation damage. It is widely used in the storage of radioac-
tive waste (vitrification of high-level residues); in the production of shielding screens for nuclear reactors
and particle accelerators; as components of fuel assemblies and in the structures of fusion reactors. However,
despite its stability, prolonged radiation exposure leads to the accumulation of damage within the glass struc-
ture, causing mechanical embrittlement. This manifests as deformation and reduced strength of the glass; the
appearance of microcracks and a decrease in the elastic modulus; the breakdown of the silicate network and
changes in interatomic bonding. Previous studies [1-4] have shown that the primary mechanism of borosili-
cate glass degradation is the accumulation of radiation-induced defects, such as displaced atoms and intersti-
tial defects [5, 6]. However, the quantitative assessment of this damage and its impact on the mechanical
properties of the glass remains insufficiently investigated.

The aim of this study is to determine the parameters of radiation-induced embrittlement of borosilicate
glass based on the modeling of radiation defects (DPA — displacements per atom) and numerical analysis of
mechanical properties. This will help compare the results with experimental data and confirm the applicabil-
ity of numerical methods in the design of containers for long-term storage of nuclear waste. To achieve this:
1. Molecular dynamics simulations will be performed in LAMMPS to evaluate the formation of defects un-
der proton irradiation in the energy range of 1-10 MeV. 2. A mechanical analysis will be conducted in
COMSOL to establish the relationship between accumulated defects and changes in the elastic properties of
the glass 3. Dependencies of Young’s modulus, tensile strength, and fracture toughness on DPA will be ob-
tained. The results will allow for the prediction of the radiation resistance of borosilicate glass and the devel-
opment of new compositions with improved mechanical properties.
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Materials and Methods

To model radiation-induced damage in borosilicate glass, proton irradiation in the energy range of
1-10 MeV is used. This range was chosen based on the spectrum of secondary protons generated in nuclear
reactors and particle accelerators [7]; the peak contribution to radiation defect formation (DPA — displace-
ments per atom) [8, 4]; and the ability to model structural changes in the glass at different depths [9, 10]. To
determine the effect of radiation exposure on the structure and mechanical properties of borosilicate glass, a
two-level modeling approach is applied: 1. Atomic-scale modeling — analysis of defect structures and their
formation using molecular dynamics simulations (LAMMPS). 2. Macroscopic modeling of mechanical prop-
erties — calculation of changes in the elastic characteristics of the glass using COMSOL Multiphysics.

Atomic-Scale Modeling in LAMMPS

To evaluate the formation of radiation-induced defects at the atomic level, it was first necessary to re-
construct the atomic structure of borosilicate glass. In this study, the melting-quenching method was used to
generate an amorphous structure representative of the glassy state. Model of Borosilicate Glass: The irradiat-
ed geometry is modeled as a rectangular solid with dimensions:

— Width: 40 mm,

— Length: 200 mm,

— Thickness: d =5 mm.

The chemical composition of borosilicate glass is shown in Table 1.

Table 1
Chemical composition of borosilicate glass

Si0; (silicate matrix) 8085 %
B,0Os3 (boron trioxide) 10-15 %
Nay0O, AlL,O3, K>O (network modifiers) 5-10 %

Average atomic density of the glass: N =2.3x10?[8].

The coordination radius Si—O: ~1.62 A [11] is essential for accurate modeling of the glass structure,
calculation of bonding energy, and evaluation of its resistance to radiation-induced damage. A supercell with
a size of 10—50 nm is modeled. This range was selected based on physical constraints, computational cost,
and consistency with experimental data:

a. Physical constraints: Protons with energies of 5-10 MeV have a penetration depth of 5-50 pm [8],
but the radius of primary knock-on atom (PKA) cascades is limited to 2—10 nm [9].

b. Minimum size of 10 nm captures the full extent of the damage cascade region, while the maximum
size of 50 nm allows for the consideration of defect clustering effects.

¢. Numerical limitations of MD simulations: Modeling supercells larger than 50 nm requires excessive
computational resources, while sizes below 10 nm lead to distorted results due to boundary effects of the
supercell [10].

d. Consistency with experiments: The selected size range is supported by previous studies on radiation
damage in glass [12]. Initial temperature: 2500 K — cooled down to 300 K. A temperature of 2500 K is used
in the melt-quench method to generate the amorphous structure of borosilicate glass. The actual melting
temperature of glass is 1400—1600 K [13], but in molecular dynamics simulations, heating by approximately
1000 K above the melting point is required to break the Si—O, B—O (Fig. 1), and Al-O network structures
[14]. Cooling down to 300 K simulates the solidification of the glass at room temperature. In real processes,
the cooling rate ranges from 10* to 10° K/s [15], while in MD simulations it is typically around 10'? K/s, due
to time scale limitations of the calculations [4]. Energy relaxation is performed for 50 ps at 300 K using the
NPT ensemble.
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A

Figure 1. 3D schematic of the borosilicate glass molecule (SiO>—B>03-NayO)

Introduction of Radiation Exposure (Atomic Displacement Process in Borosilicate Glass): To calculate
the energy spectrum of displaced atoms, the Kinchin-Pease model [4] is used, which takes into account ener-
gy losses during atomic collisions:

_ 2B, 0
087,

d

where N; — number of displaced atoms per primary interaction event, 7, — energy transferred to the recoil
atom, £, — displacement threshold energy (~20 eV for glass [16]).

Calculation of Radiation Damage (DPA — Displacements Per Atom): DPA quantifies the average
number of displaced atoms per target atom as a result of radiation exposure. It is calculated using the follow-
ing formula [17]:

DPA - (DG_NE )

where ® — fluence (particles/cm?), 6« — total interaction cross-section (cm?) [18], representing the proba-
bility that a particle interacts with a target atom. It includes elastic scattering, inelastic scattering, ionization,
and radiation damage formation. £ — particle energy (eV), N — atomic density of the glass (atoms/cm?).

Estimation of Vacancy and Interstitial Defect Formation: The defect density ndn dnd — defined as the
number of displaced atoms or created defects per unit volume of material — depends on the particle flux and
energy:

n,=®-c,, 3)

where 6; — displacement damage cross-section [19], indicating how many of the total proton—atom interac-
tions result in atom displacement and defect formation.

Macroscopic Modeling of Glass Mechanics in COMSOL

Following the atomic-level assessment of defects, the next step involved establishing a relationship be-
tween the number of defects and changes in mechanical properties. The analysis includes: 1. Utilizing radia-
tion defect density data obtained from LAMMPS simulations. 2. Applying an elastoplastic fracture model to
evaluate mechanical degradation. 3. Calculating the reduction in Young’s modulus as a function of accumu-
lated damage. 4. Estimating the critical defect concentration at which microcrack formation begins. The pa-
rameters of radiation damage are given in Table 2.

Table 2
Initial physical parameters of glass irradiation
Energy of incident protons 1-10 MeV
Fluence of particles 103-10'6 particles/cm?
Glass density N = 2.3x10?? atoms/cm’ is consistent with typical values for borosilicate glass
Size of the supercell 10—50 nm (for molecular dynamics simulations)
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Material Model Definition: An elastoplastic model with radiation-induced embrittlement is used. Initial
Young’s modulus of the glass: Eo=70 GPa [20]. Initial tensile strength: o= 500 MPa [21]. To model the
degradation mechanism, a dependency of the Young’s modulus on DPA is introduced:

E, =E,-(1-k-DPA), (4)

where & — degradation coefficient [22]. The strength of the glass was calculated using Griffith’s fracture
criterion:

Gfract = GO : e’“'DPA s (5)

where o — radiation embrittlement coefficient [22]. The prediction of microcrack formation was carried out
by evaluating the probability of defect growth using the maximum stress criterion. Estimation of critical de-
fect concentration and microcrack initiation:
Maximum stress for failure:
E_-¢

— i cr , 6
T_v (6)

max

where e.,=0.01 — critical strain [23], v =0.23 — Poisson’s ratio [22]. Critical defect concentration DPA.;,
at which microcrack formation begins:
DPA_ = Ep 8o (7)

Gfracl
Results and Discussion

Numerical simulations yielded the following results, which are presented in Table 3.

Table 3
Results of analytical and numerical calculations

Parameter Value
Nz (number of displaced atoms per interaction) 1098560
DPA (displacements per atom) 1.15-10%
Proton fluence (particles/cm?) at onset of embrittlement 10'
Proton energy (MeV) 1-10
Total interaction cross-section (cm?) Energy-dependent, typically 1024 — 10722
Defect density (defects/cm?) 2-10"
Displacement damage cross-section (cm?) 5-1072
Initial Young’s modulus of glass (GPa) 70
Calculated Young’s modulus (GPa) ~60—65 (decrease by 5-15 %)
Initial tensile strength (MPa) 500
Calculated tensile strength (MPa) Exponentially decreases, down to 250 at DPA > 0.5
Maximum stress at failure (MPa) 487.65 (it is determined from mechanical calculations)
Eirr (irradiation-modified modulus) 66.59
DPA, (critical DPA threshold) ~0.5 (onset of microcrack formation)

The computational workflow and visualization of radiation damage obtained from the LAMMPS simu-
lation are shown in Figure 2.
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JiAMMPS-GUT - Editor - in.borosilicate - *modifiedr
4 LAMMPS input script for radiation damage in borosilicate glass
units metal
atom style atomic
boundary PPP
3

dimension

# Define simulation box

4 Melt-guench method
fix 1 all nvt temp 2500.0 2500.0 1.0
run 5000

fix 2 all nvt temp 2500.0 300.0 1.0
run 5000

# Radiation impact: Proton implantation
Tix 3 all deposit 10000 1 100 45678 region box vz -1.0 -0.5
run 10000

ute displacement per atem (DPA)
dpa all dan m
4 all ave/t

1 100 c_dpa file dpa_profile.dat

Figure 2. LAMMPS code (radiation damage simulation)

LAMMPS simulations showed that protons with energies of 5-10 MeV generate vacancies, interstitial
atoms, and displacement cascades, leading to structural disordering (Fig. 3).

DPA vs. Depth
1.0F

06

DPA

0.4

02F

00 | 1 1 1 1 1
2 4 6 8 10
Depth (pm)

Figure 3. DPA vs. depth — damage zone. Shows the regions within the material,
where radiation damage is concentrated

The highest radiation damage is concentrated in the near-surface layer (at a depth of 0—2 um), where the
DPA reaches its maximum value (close to 1). A damage gradient is observed: as the depth increases (up to
10 um), the DPA value sharply decreases, indicating attenuation of radiation effects with depth. The penetra-
tion depth of radiation defines the critical damage zone, which is primarily located within the first 5 um of
the material, beyond which the intensity of damage significantly decreases (Fig. 4).

Elastic Modulus Reduction vs. Fluence
1.00 |
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1013 10111 1015 1016
Fluence (particles/cm?)

Figure 4. Reduction of Young’s modulus vs. fluence — 5-15 % loss.
Confirms a 5-15 % decrease in Young’s modulus with increasing proton fluence
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The initial value (at low fluence, 10" particles/cm?) corresponds to a relative Young’s modulus of 1.00,
representing the unirradiated state of the glass. The final value (at a fluence of 10! particles/cm?) shows a
decrease in relative Young’s modulus to approximately 0.86. The reduction is calculated as the difference
between the initial and final values: (1.00—0.86)x100 % = 14 %. Thus, as the fluence increases to 10'° parti-
cles/cm?, the Young’s modulus decreases by approximately 14 % (Fig. 5).

Exponential Strength Reduction vs. DPA
1.0f
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0.8
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0.2 1 | 1 | ] 1
0.0 0.2 0.4 0.6 0.8 1.0

DPA

Figure 5. Tensile strength vs. DPA — exponential decay.
Ilustrates the exponential decrease in strength at DPA > 0.5

The initial value (DPA = 0) corresponds to a relative tensile strength of 1.0, representing the undam-
aged state of the glass. Behavior with increasing DPA: At approximately DPA = 0.5, the tensile strength has
already dropped to about 0.5 of its original value. At DPA = 1.0, the strength decreases to 0.2 — an 80 %
loss. This exponential trend indicates that the curve is strongly non-linear and bends downward, showing
accelerated degradation of strength with increasing radiation damage. This means that beyond DPA > 0.5,
failure accelerates — the material loses strength much faster than at lower DPA levels. In COMSOL,
LAMMPS-derived data were incorporated, and an elastoplastic fracture model was applied. For DPA > 0.5,
microcracks begin to form, leading to a critical reduction in strength (Fig. 6).

Borosilicate Glass Plate with Smooth DPA Gradient

(ww) ydaa
o =B N W & U

Embrittlement (DPA)

Figure 6. Gradient of radiation-induced embrittlement
in a borosilicate glass sample after proton irradiation (1-10 MeV)

The red and yellow regions (upper layer) indicate a high concentration of radiation damage (DPA = 1.0)
near the surface of the sample. The transition from red to blue (at a depth of approximately 1-2 mm) shows a
gradual decrease in radiation-induced damage. The blue region (deeper layer) represents an almost complete
absence of damage at a depth of 5 mm, confirming the attenuation of the radiation effect in the glass.
LAMMPS revealed the formation of radiation-induced defects; COMSOL confirmed a 5-15 % reduction in
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mechanical strength; when DPA > 0.5, structural failure begins. A clear quantitative relationship between
DPA and the mechanical properties of borosilicate glass was established in the 1-10 MeV energy range.

Conclusion

Numerical simulations have shown that proton irradiation of borosilicate glass in the 5-10 MeV range
(within the broader interval of 1-10 MeV) results in the formation of a maximum number of radiation-
induced defects (vacancies, interstitial atoms, and displacement cascades), which lead to structural disorder-
ing. COMSOL calculations confirmed that when DPA exceeds 0.5, the mechanical strength of the glass de-
creases exponentially, microcracks begin to form, and the Young’s modulus is reduced by 5-15 %. A quanti-
tative relationship between DPA and mechanical properties was established, enabling long-term durability
predictions for glass-based materials. However, it is important to note that the simulations were carried out
using relatively small linear dimensions, selected to facilitate further mechanical testing under laboratory
conditions. To reflect the typical thickness of real borosilicate waste containers, it is necessary to expand the
radiation spectrum and particle types considered, in order to capture the full embrittlement mechanism and
obtain critically important data for material performance under realistic nuclear waste storage conditions. An
analysis of available experimental data shows that, although a number of studies have addressed the radiation
resistance of borosilicate glass under gamma and beta irradiation, as well as under high-dose radiation expo-
sure, open-access experimental data on the mechanical properties of borosilicate glass after proton irradiation
in the 1-10 MeV range are currently lacking. This makes the present work a novel contribution to the study
of radiation-induced embrittlement in glass materials. Therefore, this study was conducted to propose a com-
bined numerical approach for material analysis and to establish criteria for future experimental investiga-
tions.
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HI.M. KaxsikeHos, I'.V. Epbonarosa, A.K. Tycyn6ekoa

BopocnaMkaTThl IBIHBIHBIH PAAUANMSIBIK ChIHFBIIITHIFbIHBIH
Keloip mapamMeTpJiepiH aHbIKTAY YIIiH CAHABIK diCTEPAl KOJAaAHY

JKymbicta OOpPOCHIMKATTBI OHHEKTIH paldaldsUlbIK CBhIHY ITapaMeTpiIepiH aHBIKTAYIbIH CaHIBIK oIici
YCHIHBUTFaH. OJIC CoyJeNeHydiH Oeirini mapameTpiiepiH KOJJaHa OTBIPHIN, COYNENEHYIIH dCcepiHeH
MaTepHaIbIH MEXaHUKAJIbIK KACHETTEPiHIH 03repyiH TajlayFa Heri3[enreH: MbIHEI aTOMIAPBIHBIH Gtot ©3apa
SpeKeTTecyiHiH TOJIBIK KUMackl, @ ¢iroeHc xaHe £ MpOTOHAAPIBIH HEpTuschl. JKUHAKTanFaH 3aKbIMIaHy Ibl
caHnplk Tanmay yuria DPA (displacements per atom) mozeri, an caHnmslk ecenteynep ymin LAMMPS
(monexynanbIK nuHamuKa) skoHe COMSOL (MexaHHMKanblK KacHeTTepAi Tanaay) Koiamaneuiasl. Hatmkenep
OlHeKTeTi KYpBUIBIMABIK e3repicTepai OoinkayFa »oHE paaualusfra Te3IMIUTIr KOFapbl MaTepHallgapIIbl
JKacayra MYMKiHIIK Oepeni. 1-10 MaB Gemmexrepaiy 3HEprus AHana3oHbl KapacTBHIPBUIFAH, PaJgdallHsIIbIK
aKkayJgap MEH CepHIMIOUIIK MOIYJiHIH TOMEHIEYyl apachlHIa KOPPEILUs AaHBIKTAIFaH. Paauanusuibik
3aKpIMIAHyAbIH mekTi MoHI (DPAcr), coyneneny mo3acbiHa OalIaHBICTBI OMHEKTIH CEPHIMAUIIK MOIYyJiHIH
JKkoHe OepiKTiK HIeriHiH e3repyi akpiHAanabl. CoynelneHyIeH KeiiH MaTepHanablH KaCHETTEePiHiH e3repyiH
CaHABIK CHIATTAWTBIH THIMAI CepmiMIuliK Moxayii ecentesreH. IIBIHBI KYpPBHUIBIMBIHBIH CBIHH OY3BLTYBI
(II0eHCTIH KaH1ail MoHIMEH 0acTanaThbIHbI aHBIKTAJIBL.

Kinm ce30ep: pamuanusuiblK ChIHY, ©3apa OpEKETTECYIiH TOJBIK KuUMacekl, DPA, cepmiMaiTik Moy,
panuanusFa Te3IMALTIK, SIPOJIBIK MaTepraliap, MOACIBICY

[II.M. Kaxsikenos, I'.Y. Epbonarosa, A.K. Tycyn6ekoBa

IIpuMeHeHUe YNCIEHHBIX METO0B /ISl ONpe/ieIeHN sl HEKOTOPBIX MapaMeTpPoB
PaIHANIMOHHOT0 OXPYNYUBAHUSA 0OPOCHITUKATHOTO CTEKJIA

B nanHOi paboTe npeuI0KeH YUCICHHBIH METO]] ONpeeeHUs NapaMeTpoB PaJHalliOHHOIO OXpYyTYUBaHUS
6GOpOCHIIMKAaTHOTO CTEKJIA. MeTo] OCHOBaH Ha aHalli3e W3MEHEHHs MEXaHMYEeCKHX CBOMCTB MaTepuasa Moj
BO3/ICHCTBUEM paJUallM, HCIOJb3Ys U3BECTHBIE apaMeTphl 00IydeHHs: MOJIHOE CEYCHUE B3aUMOJCHCTBUA
Gtot aTOMOB cTekJa, ¢umoerc O u sHepruro £ NpoTOHOB. [[J1s1 KOJIMYECTBEHHOTO aHaIM3a HAKOIUICHHOTO MO-
BpeXIeHus ucroibdyercs Moaenb DPA (displacements per atom), a YuCI€HHBIE pPAacYETH BBHITIOJIHSIOTCS B
LAMMPS (monexymnspras auramuka) 1 COMSOL (ananu3 MexaHH4decKux cBoiicTs). [lomydeHHbBIE pe3yiib-
TaThl MO3BOJIIOT TPEJCKa3aTh CTPYKTypHbBIE M3MEHEHHS B CTEKJIC M pa3padoTaTh MaTepHaibl ¢ HOBBIICHHOM
YCTOWYMBOCTBIO K paJuallMOHHOMY Bo3aeicTBuIo. PaccmarpuBaercs auanazoH sHepruit yactuin 1-10 M»aB,
YCTaHABIMBACTCSl KOPPEISIIUS MEXIY PaJHallMOHHBIMU Ae(EeKTaMH W CHIDKEHHEM MOJIYJs YNpPYroCTH.
OmnpezneneHsl IOPOroBoe 3HaUe€HNEe paananoHHoro nospexaeHus (DPAcr), n3meHenne Moy ynpyrocTu U
npejesa MPOYHOCTH CTEKJIa B 3aBHCHMOCTH OT JI03bl pamuanuu. Paccuntan 3¢)(eKTUBHBIN MOIYNb YIPYro-
CTH TOCJie 00Iy4eHHUs, KOTOPBIH KOJMYECTBEHHO OINMCHIBACT H3MEHEHHE CBOMCTB MaTepHania. Y CTaHOBIICHO,
IpU KaKOM 3Ha4eHNH (III0SHCa HaUMHAETCS KPUTHYECKOE pa3pylIeHHe CTPYKTYPhI CTEKIIA.

Karouesvie crosa: panpuaimoHHOE OXpyIUKMBaHUE, OJHOE cedeHue B3aumonaencTaus, DPA, Mmoaynb ynpyro-
CTH, pafiMalliOHHAS CTOHKOCTB, SIepHbIE MaTePHAIIBI, MOAEIUPOBAHNE
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Excitation of Thermomagnetic Waves in Multi-Valley Semiconductors
of the GaAs Type

It has been shown that in two-valley semiconductors, in the presence of a temperature gradient, a thermo-
magnetic wave is excited, which propagates perpendicularly to the temperature gradient. Such an unstable
wave is excited at an electric field value where ionization, recombination and generation processes do not oc-
cur. Then the total concentration of charge carriers remains constant. The Gunn effect in GaAs was discov-
ered in samples with ohmic contacts. However, obtaining true ohmic contacts in experiments is difficult;
therefore, the injection of charge carriers at the contacts must be considered. It is necessary to calculate the
impedance of the crystal in the presence of injection and to determine the capacitive and inductive nature of
this impedance. The excited wave in GaAs, under the conditions considered, depends on the frequency of hy-
drodynamic wave. The electric field acts between the valleys The Gunn effect was observed in GaAs at val-
ues of crystals of the axes. For other crystallographic orientations, the frequency and growth rate take differ-
ent values. In our theoretical study, an isotropic sample was used, following Gunn’s experiments. Of course,
theoretical investigations in anisotropic samples are also of significant scientific interest.

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

The conditions for excitation of thermomagnetic waves in a nonequilibrium plasma were first obtained
in the presence of hydrodynamic motions of charge carriers [1]. In this work it was stated that hydrodynamic

motions of charge carriers in the presence of a constant temperature gradient (V7') excite an alternating

magnetic field and in this case a so-called thermomagnetic wave with a frequency o, = —cAKVT arises in

the plasma (where ¢ is the speed of light, A is the Nernst-Ettinishausen coefficient, k is the wavevector).
In [2] the velocity and the thickness of the wave front are estimated, and the inclusion of an external magnet-
ic field affects the thermomagnetic wave profile only slightly.

The reflection wave depends on the initial voltage, magnetic field and fractional parameter in the semi-
conductor photothermal diffusion medium [3]. Maxwell’s equations were applied considering the absence of
infinite conducting and bias current medium. In addition, it applies the boundary settings for Maxwell and
mechanical stress, diffusion, chemical reaction, and temperature gradient at the interface near the vacu-
um [3].

Thermomagnetic waves can propagate along the wave vector or perpendicular to the wave vector. Such
transverse and longitudinal thermomagnetic waves were theoretically investigated in isotropic and aniso-
tropic conducting media in [4—7]. Of particular interest is the study of transverse and longitudinal thermo-
magnetic waves in semiconductors. In semiconductors, the flow of charge carriers creates hydrodynamic
movements, and an alternating magnetic field is excited in the medium without an external magnetic field
(thatis H,=0).

Impurity semiconductors are special media, because in them, considering two types of charge carriers
(electrons and holes). The conditions for excitation of thermomagnetic waves require several limiting cases.
It is known that in multi-valley semiconductors, unstable states of the medium are ensured by the creation of
generators or amplifiers. Of course, the Gunn effect in two-valley semiconductors of the GaAs type is of par-
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ticular interest. In GaAs semiconductors, the appearance of thermomagnetic waves can change. Experimental
conditions and, of course, the creation of Gunn amplifiers and generators. In this theoretical work, we will
investigate the appearance of thermomagnetic waves in two-valley semiconductors in the presence of an ex-
ternal constant electric field and in the presence of a constant temperature gradient. The studies will be car-
ried out at a specific direction of the temperature gradient relative to the wave vector and without an external
magnetic field.

In a plasma with a constant temperature gradient, a magnetic field arises. Unlike ordinary plasma, such
a plasma has oscillatory properties and thermomagnetic waves are excited and oscillations occur only in the
magnetic field. In this case, the wave vector of thermomagnetic waves is perpendicular to the magnetic field
or lies in the plane [7]. The speed of thermomagnetic waves is comparable to the speed of sound and the
speed of the Alfven wave. These waves are transverse magnetohydrodynamic waves propagating along the
lines of force of the magnetic field. Alfven wave oscillations involve not only the electromagnetic field, but
also particles of the conducting medium, this is Oscillations in them are possible only in the presence of a
magnetic field and a conducting medium that behaves like a single liquid or gas [8].

Electromagnetic oscillations are periodic changes in the field strength £ and induction B. Maxwell
showed theoretically, and Hertz proved experimentally, that a changing magnetic field generates an alternat-
ing electric field, in turn, an alternating electric field generates an alternating magnetic field. This changes
(oscillations) in the characteristics of the electromagnetic field occur in space [9]. In semiconductors, the
temperature gradient leads to the emergence of a thermoelectric field. In metals, due to the strong degeneracy
of electrons, their distribution generally depends very weakly on temperature, and therefore the thermoelec-

tric field is less than in semiconductors in the ratio AZ, . (e, — Fermi energy), this is by three orders of
F

magnitude. However, the same temperature gradient creates a flow of phonons that implement thermal con-
ductivity; the scattering of electrons on these phonons leads to their “increase”, this is to the appearance of a
noticeable drift velocity. Because of this, the thermo-emf can increase many times [10]. The concept of mag-
nification was introduced by L.E. Gurevich [11], who applied it to metals in the absence, and later in the
presence, of a magnetic field.

Fundamental in the field of kinetics of plasma processes are the works of L.D. Landau, who established
the kinetic equation for plasma, and B.I. Davydov, who investigated the properties of plasma in a strong
electric field. Due to the peculiarity of Coulomb forces in plasma, collisions with large impact distances are
significant, at which the scattering angle and the transferred momentum are small, and therefore the collision
integral can be transformed to an integro-differential form [11].

Instability of the hydrodynamic type in a plasma can also arise in the presence of an external magnetic
field and a temperature gradient. It was considered in the case when the magnetic field is parallel to the elec-
tric field creating a constant ethical current, and in the perpendicular direction there is a temperature gradi-
ent. At certain values of the parameters, aperiodic instability occurs in the plasma. The case when the mag-
netic field is parallel to the temperature gradient and there is no current was also considered. Circularly po-
larized waves called thermomagnetic waves can propagate in the plasma along the magnetic field [11]. Un-
der certain conditions, these waves become unstable and begin to grow. In a weak magnetic field, the insta-
bility is drift, and in a strong field, it is absolute. In L.E. Gurevich and B.L. Gelmont constructed a nonlinear
theory of amplifying thermomagnetic waves. Instability, which can be called kinetic, and which is associated
with the features of the distribution function of electrons and ions in the plasma, can arise in rarefied inho-
mogeneous plasma. Yu.A. Tserkovnikov investigated such instability in the presence of a non-uniform ex-
ternal magnetic field, in the case of non-isothermal plasma. In non-isothermal plasma the electron tempera-
ture significantly exceeds the ion temperature, and in the presence of a plasma density gradient [11].

When the wavelength of the emerging fluctuations significantly exceeds the Larmor radius, instability
occurs within a certain range of carrier concentrations and magnetic field values. In the case of shorter
waves, comparable to the Larmor radius, instability arises for all parameter values and is therefore consid-
ered “universal” [11].

If a semiconductor is in an external electric field, then the electrons receive a directed motion and drag
phonons along with them [11].

Under certain steady-state conditions, the current in solids can be unstable. In this case, increasing os-
cillations arise.

If a conducting medium is in an external electric and magnetic field, then a new branch of oscillations
(longitudinal) appears in its spectrum. These waves are weakly damped at frequencies significantly lower
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than the characteristic inverse relaxation times. In the presence of a gradient of any parameter determining
the distribution of the field or current, these waves can become unstable and grow like an avalanche. This
instability, which is often called a gradient, was observed in one particular case for plasma by Lehnert and
theoretically explained by B.B. Kadomizev and A.V. Nedospasov [11]. In semiconductors it was discovered
by Yu.L. Ivanov and S.M. [11] and most generally investigated by L.E. Gurevich and co-workers [12], who
formulated the above principle and constructed a nonlinear theory for one case.

In the presence of a temperature gradient in a conducting medium, a new type of instability phenome-
non is possible. In the case of plasma, it was considered in a special review; in solids, it is possible only in
very good conductors at hydrogen and lower temperatures. Under such conditions, weakly damped trans-
verse waves (thermomagnetic) arise, associated with oscillations of the magnetic field. In the presence of an
external magnetic field, these waves begin to grow. The work [12] describes an experiment by which it is
possible to detect thermomagnetic waves and their amplification.

The theory of fluctuations in a nonequilibrium state, for example, for a system in an external electric
field, was developed by V.L. Gurevich [13], using the kinetic equation for correlation functions of a certain
type.

Soviet theoretical physicists investigated the phenomenon in semiconductors with a falling volt-ampere
characteristic of an N-shaped connection. Such a characteristic can be caused either by the capture of elec-
trons in deep traps, or by the transition of electrons under the influence of an electric field to higher states
with lower mobility. The possibility of obtaining high-frequency oscillations gave rise to numerous studies
throughout the world. A.F. Volkov and Sh.M. Kogan considered nonlinear oscillations in the case of an
s-shaped characteristic. M.IL. Iglitsii, E.G. Pel, L.Ya. Pervova and V.I. Fistul investigated oscillations not as-
sociated with the space charge, arising in semiconductors with a carrier of both signs, if the differential re-
sistance for one of the carriers is negative [13, 14].

L.E. Gurevich and V.I. Vladimirov [14] investigated the kinetics of plasma with high radiative pressure
and showed that the phenomenon of mutual increase of electrons and photons significantly changes the ki-
netic coefficients. The conditions of thermal instability of the type investigated by A.V. Gurevich also
change. A special group of works in plasma kinetics is devoted to the so-called drift approximation, which
describes the behavior of a rarefied plasma in an external magnetic field that slowly changes in space or
time. In this case, the rapid motion of electrons along Larmor “circles” is accompanied by a slow displace-
ment and change in the radius of these circles due to a change in the magnetic field. Averaging over the fast
motion leads to the drift approximation. The theory of plasma oscillations based on this equation was devel-
oped by L.D. Landau, who showed that the problem of oscillations should be solved based on a certain initial
state of the plasma, that is, its initial distribution function [15-19]. It turned out that even in the absence of
collisions, plasma oscillations attenuate, roughly speaking, due to the transfer of wave energy to electrons,
whose speed coincides with the phase velocity of the wave. This peculiar attenuation, called Landau attenua-
tion, subsequently became the object of numerous studies.

We will consider excitation of thermomagnetic waves in the above semiconductors (in double-valley)
without an external magnetic field and in the presence of a constant electric field. The crystals are under the
influence of a constant temperature gradient. The temperature gradient is directed specifically along the ex-
ternal electric field. Between the valleys of the energy gap & — when compared with the energy eE!/ ob-
tained from the electric field of charge carriers, where / is the mean free path.

Basic equations of the problem
If the environment is under the influence of an external electric field £ and a constant temperature gra-
dient VT = const , then the electric field in the environment has the form:
.. - |OH| TV
E =E+ u +=21
¢ cn

(1

Equation (1) shows the full effect of the electric field inside the sample. Here E is the electric field in-
[vH]

c

side the medium due to the electric charge,

is the electric field arising due to hydrodynamic move-

R . . TVn . o
ments with ¥ the velocity of the charge carriers, ——— is the electric field created due to the redistribution
c n

of uneven charges inside the medium. It is known that in GaAs semiconductors the first and second valleys
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have an energy gap between them A =0.36 e¢V. The mobility of charge carriers receiving energy of the order
of eEl (I is the mean free path of charge carriers) from the electric field can move to a high energy level if
eEl ~ A . If we denote the time of transition from the first valley to the second valley 1, and back by t,,,

then t,, >1,,, because the carriers in the second valley after scattering cannot move back to the first valley in
an elastic manner. The mobility of charge carriers p, >> n, due to the effective masses

m <<m; . 2)

Since in the Gunn effect there was no ionization and generation of charge carriers, the total concentra-
tion in the medium was constant, that is
n=n, +n, = const;
, ) 3)
n =—n,.

The sample under consideration is without impurities and generation and recombination of charge carri-
ers are absent. The external electric field is applied to the crystal in such a way that ionization of atoms is
absent, therefore the concentration of charge carriers in the medium is constant.

Considering t,, and t,, the continuity equation in the valleys will have the form

on, +div j| = i;

ot T, @)
on, .. ., n

—+divj, =—.

ot T,

Here j| and j; are the current flux densities in the valleys. Equations (2), (3) and (4) describe the law
of transition of charge carriers between valleys. The Gunn effect in two-valley semiconductors was observed
at external electric fields of the order of 2+3-10° \%rn and therefore at room temperature

eEl >> k,T , (5)
(k, — Boltzmann constant). Equation (5) is the condition of a strong electric field.

In the environment, the current flow density is created by electric current £~ and therefore the current
flow density in each valley has the form:

Ji :nlulE*+n1u{[E*1—~1]—aﬁT—a{[§TI-ﬂlJ; ©
Jy =L E + ny) [EH] —o, VT —a) [@TH}
Thus, to obtain the dispersion equation, we must jointly solve the system of equations (4) taking into
account (3) and (6). Equation (6) is the flux density of each valley.

Theory

We must find the expression of the electric field E * from the variable concentration of charge carriers.
Therefore, equation (7), (8) will determine the expression E~ from n'.
First, we define £ from (1) as follows

oH

E—crotE*;
* ()
H' =—|kE" |;
| ]
J:i +j2 :(nlul +n2“2)E* +(nlui +n2M’2)|:E*H:|_(a1 +OL2)§T—(OL{ +0L’2)|:§TH:|; (8)
J=—"rotH" ©)
4no

Equations (7), (8) and (9) are Maxwell’s equation and the expression for the total current.
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Substituting (1), (7), (9) into (8) and expanding the vector dedication, we easily obtain ;| and j, the
equation of continuity of divergence will have the following form (10)

* ] - ! = EE*
E=| L A BVT 0 1.
e n, Ey o
2”* 272
=14 2K0 20 R (10)
0] ® 2n6m
dinA
=2 >
dInE;

From (10) it is evident that the propagation of thermomagnetic waves (finite excitation) depends very
strongly on the wave vector and on the temperature gradient. We consider the case k L VT because the fre-
quency of thermomagnetic waves has the form

o, —c(kVT)L',

A" is the Nerst-Ettinshausen’s coefficient. Considering that all variable physical quantities have a mono-
chromatic form after that is

(Er*’nr) - eil?fc—mt
after linearization (4) we easily obtain:
o o\ 20ICKE, [ - e\ iTKE, n' ]
Ky —ulonw(kE )+ku10n +T(kE )+(k010n1081 —aloylkVT) Egead)n_m’
= N o, 20NCKE, (e N iTk n'
kjy = Pty (kE )_kuzon +T(kE )+(a1072kVT_k020”2082 _)mn_zo’ (11)
ABENT
b=1- OOLEO2 '
0

From (11) the solution to equation (11) is too complicated, and therefore we will consider the following
approximations

Baltyy 1 1 (12)
Moo Tz Ty
The time of transition from the first valley to the second t,, and the reverse t,, transition are different

and t,, > 1,,. We consider the case when they are related to the relation (12).
Choosing the direction VT and k as follows k L VT and substituting (10) into equation (4) we

Kk’ o 2kv, 20, .k .
O——- - —i +ikv,0+
4nc T, T T, 2noT,,

{—io)2 - 2ik V0 — 2im,0+
2712 272 ®

O+—+

4nc T,

+2ik 0,k 0, + ik V0, — 7 1951}(“20’72000"' 2ckul’n10)—{im2 + 2k 0,0 + 2iw, o —
TOo
2]€ﬂ ) 272 . o . 272 .
L0 200 ORGS0k 5, kD, — 2ik,0, +Z—kk02 (Wi + 2ckpty, ) = 0
TO

T, T, 2moT,,
U =1 E,0, =1,k
From (11) it is clear that the solution to equation (11) is too complicated, and therefore we will consider

the following approximations. Equation (11) is the dispersion equation for determining the frequency (13) of
the waves arising under the condition (12).
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Considering (12), from solution (11) we obtain:

2 272
0, =2 (040, ~0,) %[ 2| (i0-d0, —o,F + 2| 20,260, +iS | (13)
21, 21y, T, 4nc
272
=11 o —arp,+ <k (14)
T,y T 2nc

Equation (14) is a characteristic notation. From the analysis of (13) considering (14) we obtain and we
will select the imaginary and real parts of the oscillation frequency as follows:
i 112 .
0,=——-———40, +0 )t (x+iy);
1,2 2’[21 2121 ( T X) ( y)

| 1
x=%[1/9;‘ oY +Qf}é,y=%[«/9f+§2;‘ —Qf}é.

(15)

Then from (15)

2 2
2 =
Q= ki ] (4@T+mx)2—(%j QZ+T—(2coT+2kUO);
. 21 21 (16)
272
Q- iz -2(4mT+mx)+LCk .
27y, 1, 2no

In (15) it is to see that one wave is decaying, and the second wave can grow if
1 [ — J}é 1
— +¢; — >— (17)
5 o+ — 2

2 (4 2 .
P, :M+4T21(®T +k60)—%;
(18)
1, (40, +0,) . ’k’t,

$,

2 2noT,,

Equations (15), (16), (17) and (18) are the distinguished real and imaginary parts of the corresponding
quantities. By putting (18) into (15) we easily obtain:

0=, +io, (19)

In the notation (18) the obtained imaginary and real parts of the frequencies

W, =0, {@[1/1 +(21,0, ) + 1}% —h}; (20)

Ty Ty
2 i

o =, @[ 1+(2T21®T)2—1} _ 1 : (21)
T 21,,

Equation (20)—(21) define the expression for the part for the increment after theoretical calculation.
Analysis (21) shows that for a wave to grow with frequency (20), the inequality must be satisfied

8v2nw,6(w,1,)" >k (22)

Under the conditions of Gunn’s experiment, an increase in thermomagnetic waves is obtained under
condition (23). It should be noted that the condition for excitation of thermomagnetic waves in the above-
mentioned two-valley semiconductors was investigated for the first time and there is no experimental evi-
dence for the excitation of thermomagnetic waves in two-valley semiconductors.

Using experimental data of the Gunn effect, that is L=0.25mm, n~3-10"° cm™ is the length of the
sample, it is easy to prove that (22) is well satisfied. When obtaining (20), (21) and (22), it was taken into
account that
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272
T,0; > l,ﬂ <2T,0;,Ty > Ty, (23)
2701,
which are easily achieved under experimental conditions. Inequality (22) is the condition of excited thermo-
magnetic waves, inequality (23) is the relationship between the transition times between the valleys.
In our theoretical work, the conditions for observing thermomagnetic waves in two-valley semiconduc-
tors of the GaAs type are indicated and corresponding experiments can be carried out.

Results

Thus, in two-valley semiconductors, when charge carriers transition between valleys, a thermomagnetic
wave is excited, the wave vector of which is directed perpendicular to the temperature gradient. The frequen-
cy of this wave is thermomagnetic in nature. The growth increment of this wave is less than the frequency of
the wave. The frequency and growth increment of this wave depend on the times t,, and t,, . Such instabil-
ity is a purely thermomagnetic instability. The growth criterion of the excited wave is well satisfied when
using the data of the Gunn experiment.

Conclusion

For the preparation of high-frequency amplifiers, our theoretical calculation shows an improvement in
the quality factor of the devices.
Evaluation of frequencies , and growth increment , taking into account the Gunn experiment data

shows that the frequency o, of excited waves is of the order of 10° Hz, and the growth increment o, of this

wave is much smaller, this is 10" Hz. It should be noted that the excited thermomagnetic wave propagates
with a higher frequency than the frequency of hydrodynamic waves (kvo) and a lower frequency of electro-

magnetic waves o, <ck . The results of our theoretical work, this is the expression for the frequency, the

expression for the increment is valid when the waves propagate perpendicular to the temperature gradient. Of
course, under the conditions k|| VT of excitation of the corresponding waves and the expression for them as
a function of the external electromagnetic field and as a function of the total concentration in the medium
will be different. The conditions of excitation of thermomagnetic waves in anisotropic crystals were theoreti-
cally investigated in [7]. To obtain the frequencies of current oscillations, it is necessary to calculate the total
resistance of the sample, this is the impedance of the crystal.
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GaAs THIITI KONl aHFapPJIbI )KapThLJIall 6TKi3rimrepaeri
TEPMOMATHUTTIK TOJKBIHIAAPABIH KO3Ybl

Exi aHrapiisl skapThUtail ©TKI3TilITEpe TeMIeparypa IpaJueHTi OoyFaH Ke3de TeMIlepaTypa IpaJueHTiHe
HEpHEeHIUKYJIAP TapajdaThlH TEPMOMATHUTTIK TOJKBIH KO3FANaThIHbI JAJENICHAI. MyHIall TypaKkchI3 TOJIKBIH
MOHIaHy, PEKOMOMHALINS YXKOHE TCHEpaIys KYPMEUTIH 3JIEKTp OpiciHiH MoHiHIe Ko3famanpl. CoHpma 3apsin
TachIMaJIIay IIBUTAPIBIH YKaJITbl KOHIICHTPAIMACH TYpakTel Oomanpl. GaAs-tarel ['aHH 3ddekrici chiHamana
OMJIBIK KOHTAKTiIep OOJIFaH Ke3[e aHbIKTalIbl. Toxipubene OMABIK KOHTAKTUIEpAl ally KHUbIH, COHIBIKTaH
KOHTAKTUIepre 3apsj TachMajayllbUIapAblH WHBEKIUSACHIH KapacThlpy KaxkeT. VIHbekuus OoiraH Ke3nue
KPHUCTAIIABIH KEJepTiCiH ecenTel, KeAepriHiH CHIMBIMIBUIBIK JKOHE MHIYKTUBTI CHIIATBIH aHBIKTAy KaXKeT.
KapacTeIpbuibin oTbIpraH jxaraaiinga GaAs-Tarbl KO3FaH TOJKBIH THIPOJHHAMUKAJIBIK TOJKBIHHBIH JKHITIriHE
GaiaHBICTEL. AHFapiap apachlH/a JKY3ere achIpbUIATHIH 1eKTp opici ['aHH 3¢ dexrici GaAs-Ta ocbTepiHiH
KPHCTAJIapPBIHBIH MOHJEpiHAE aHBIKTANIbl. KpuCTangslk OckTepHiH 0acka MOHAEPIHAE XHUIIK HEH ecy
ociMiHiH Oacka MoHZepi Oomampl. bi3miH TeopwsublK 3eprreyimizne ['aHHBIH ToXipuOenepiHeH KeHiH
M30TPONTHI YITi KOJJAaHBUIABL. OpHHE, AHU30TPONTHI YITUIEpAEri TEOPUSIIBIK 3EpTTeyNiep FBHUIBIMU
KBI3BIFYIIBUIBIK TYABIPA/IBI.

Kinm ce30ep: TepMOMarHuTTiK TOJKBIHAAP, OCY, XKHITIK, 6Cy, TMHAMHUKA, TACBIMAJJaylIbl KOHIIEHTPALUSCHI,
CHITATTaMAJIBIK JKUITIKTEp, CHITATTaMaJIBIK KT opici, ['aHH 3¢ dekrici, xapThiiail oTKi3rint

9.P. I'acanos, III.I". Xanunosa, A.X. CynranoBa

Bo30yxaeHue TepMOMATHUTHBIX BOJIH
B MHOT'OJI0JIMHHBIX NMOJYNIPOBOAHUKAX THNA GaAs

Jloka3aHo, 9TO B JBYXJOJIMHHBIX ITOJIYIPOBOJHHUKAX MPH HAJIWINHU TPaJUEHTa TEMIIEPaTyphl BO30YKAAETCS
TEpMOMAarHUTHas BOJHA, PACHPOCTPAHSIOMIASCA MEPIEeHAUKYISIPHO TPaAWCHTY TeMIepaTypsl. Takas He-
yCTONH4YMBasl BOJTHA BO30Y>KIaeTCs MPU 3HAYECHUH IEKTPHIECKOTO TIOJIS, IPH KOTOPOM HE IPOUCXOIUT HOHH-
3a1us, peKoMOMHaIMs U reHepanus. [Ipy 5ToM 001as KOHIEHTpaIMs HOCUTEIIeH 3apsa OCTAeTCsl TIOCTOSTH-
HO#. D¢ dexr 'anHa B GaAs ObuT 0OHApYIKEeH HPH HAJIMYMHU B 00pa3iie OMUUECKUX KOHTAaKTOB. [lyHa oOpas-
11a B 3kcriepuMente ['anHa cocraBisina L =~ 0,25 mum. [lonydeHne oMHuecKUX KOHTaKTOB B SKCIIEPUMEHTE 3a-
TPYIHEHO, MOATOMY HEOOXOJMMO YUHTHIBaTh MHXKEKIMIO HOCUTENeH 3apsaa depe3 KoHTakThl. Heobxomumo
paccuuTaTh UMIIEIAaHC KPUCTa/UIa TIPH HATMIUN WHXXEKIIUN U ONPeeTIUTh EMKOCTHYIO U HHAYKTHBHYIO TIPH-
poxy MMIeaHca. DIEKTPHUIECKOe MoJIe OCYIIECTBIIET Nepexo Mexay poauHaMu. Dddext ['anHa ObuT 00-
HapyxeH B GaAs mpy 3HaUCHMSIX KpHCTaUIorpadmdeckux oceil. [Ipu apyrux 3HaueHMsIX KpHcTauiorpadu-
YECKUX OCeH JacTOTa M MHKPEMEHT pocTa OyAyT MMeTh ApyTrHe 3HaueHus. B Hamem TeopeTHueckoM nccie-
JIOBaHMH HCIIOJIB30BANICS M30TPONHBIA oOpasel, cienys skcrnepuMeHTam ['aHHa. KoHewHO, TeopeTnueckue
HCCIICIOBaHMUS B aHM30TPOIHBIX 00pa3iiax Mpe/CTaBIsIOT HayyHbId HHTepec. B Hammx paboTax mpenacrasie-
HBI MCCJICIOBaHMS TEPMOMArHUTHBIX BOJIH B @HHU30TPOIHBIX 00pa3siax. OfHako B HAIIMX paboTax HEe YYUTHI-
BAIOTCS IIEPEXO/IbI MEXIY JOJMHAMH.
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Low Temperature Luminescence Behavior of Trace Cr and Fe Impurities
in Gd3Gas01; Single Crystals

This article examines the influence of unintentional Cr** and Fe3" impurity ions on the luminescent properties
of GdsGasO12 (GGQG) single crystals. The characteristic features of the spectra excited by high-energy syn-
chrotron radiation in the temperature range of 10-300 K are analyzed. It is shown that at 10 K the lumines-
cence is dominated by a narrow-band emission of Cr** ions arising from the spin-forbidden 2E—*A: transi-
tion, which indicates weak electron—phonon coupling and high crystalline homogeneity. It is revealed that
with increasing temperature the intensity of this transition decreases significantly, while a broadband lumi-
nescence emerges, associated with the spin-allowed “T>—*A; transition and the contribution of Fe* ion emis-
sion. The temperature evolution of the spectra is shown to result from thermal redistribution of the Cr3* excit-
ed-state populations, interlevel state mixing, and partial removal of the spin-forbidden nature of Fe3* transi-
tions due to lattice vibrations. Based on the study, conclusions are drawn regarding the role of impurity cen-
ters in energy transfer and nonradiative relaxation processes. The results are of interest both for fundamental
photonics and for the development of efficient luminescent materials and optical devices designed to operate
over a wide temperature range.

Keywords: gadolinium gallium garnet (GGG), synchrotron radiation, Cr** ions, Fe’" ions, luminescence, exci-
tation spectra, temperature dependence, energy transfer, electron—phonon coupling, nonradiative relaxation,
impurity centers, optical properties

HCorresponding author: Karipbayev, Zhakyp, Karipbayev_zht 1@enu.kz

Introduction

Garnet crystals are widely used in laser technologies, optical sensors, and other photonic applications
due to their unique luminescent properties [1-10]. Similar studies of luminescent materials with varying
compositions have been reported, for example, for YAGG phosphors with different Al/Ga ratios, demon-
strating how modification of crystal composition affects spectral and luminescent characteristics [11]. Chro-
mium and iron are typical impurities that penetrate the lattice at various stages of synthesis. Even small
amounts of Cr’* or Fe*" can significantly affect the spectroscopic and luminescent characteristics of the ma-
terial, as confirmed by similar temperature-dependent luminescence studies in other garnet systems [12]. In
GGG, Cr*" exhibit a rich spectroscopic behavior determined by their 3d® configuration in an octahedral
field [13]. At the same time, the luminescent properties of Cr*" are sensitive to a number of factors: tempera-
ture, concentration, local environment, and the presence of other impurities. In GGG, Cr** substitutes for
Gd*" in octahedral sites, forming characteristic spectra with sharp (*E—*A,) and broad (‘T. —*Ay)
bands [14]. The authors of [14] demonstrated a sharp decrease in intensity upon heating (by 90-99 % at
300 K)) due to the increased probability of nonradiative relaxations.

When Fe®" and rare-earth ions are simultaneously present in the GGG structure, excitation transfer be-
comes possible, which can be enhanced with increasing temperature, thereby influencing the selectivity and
luminescent properties [15]. In [16], it was shown that the spectral position of the deep-red emission band of
Fe** can be modified by adjusting the crystal field strength (CFS). Moreover, it was demonstrated that the
thermal response of Fe*" luminescence can be significantly improved by incorporating Cr** ions, thus ena-
bling thermally activated nonradiative energy transfer Fe>* — Cr**. The authors of [16] showed that reducing
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the CFS has a favorable effect on the performance of contactless temperature sensing in Fe**-based lumines-
cent thermometers.

The study of the temperature dependence of the luminescence spectra of these materials is of crucial im-
portance for understanding their optical characteristics and optimizing their applications. The aim of this work
was to quantitatively separate and compare the contributions of unintentional impurity luminescence centers
Cr** and Fe*" to the integral luminescence of a Gd;GasO) single crystal under VUV excitation (160-250 nm)
at temperatures of 10-300 K, as well as to determine the mechanisms of thermally controlled redistribution of
impurity ion level populations and the energy transfer channels from the host lattice to the impurities.

Methods

The GdiGasO1» single crystals were grown by the Czochralski method using an iridium crucible.
A mixture of argon (98 %) and oxygen (2 %) was used as the growth atmosphere. High-purity oxides Gd>Os
and Ga;O;3 (99.99 wt. %) served as the starting materials. It should also be noted that GGG crystals contain a
certain amount (10°-10* wt.%) of uncontrolled impurity ions, which is practically difficult to avoid. The sam-
ples were prepared in the form of flat plates 0.48 mm thick, oriented in the (111) plane with polished surfaces.

The luminescence studies were carried out using synchrotron radiation at the Superlumi/P66 beamline
of the PETRA III synchrotron facility at DESY in Hamburg. This setup has proven to be highly effective for
investigating luminescence processes excited in the VUV region [17-21].

The synchrotron radiation provided high-intensity, tunable excitation in the required spectral range,
which was selected using a 2-meter monochromator with a spectral resolution of 0.4 nm. This ensured pre-
cise excitation of luminescent states in the single crystals. The emitted luminescence from the single crystals
was detected using an ANDOR Kymera monochromator, which provided a spectral resolution of 0.2 nm,
allowing for accurate detection of luminescence peaks. For sensitive detection over a wide spectral range, a
Newton 920 CCD camera (Oxford Instruments, UK) was employed, while photon counting was performed
using a Hamamatsu R6358 photomultiplier tube (Hamamatsu Photonics, Japan), particularly effective in the
ultraviolet range.

Experiments were conducted at a temperature of 10 K using a helium-cooled cryostat to minimize
thermal noise and nonradiative losses. The excitation spectra were corrected against the sodium salicylate
signal, ensuring the acquisition of accurate and reliable data across the entire spectral range.

Results and Discussion

The excitation spectra of Gd3GasOi. crystals measured at room temperature for emission wavelengths
of 780, 754, and 694 nm (Fig. 1) exhibit characteristic features indicating the influence of unintentional Cr**
and Fe*" impurity ions in the crystal. For the 694 nm luminescence band, starting from approximately 5.5 eV,
a sharp increase is observed in the excitation spectrum along with a relatively broad and smooth structure.
This energy corresponds to the excitonic transition (E; = 5.66 eV) [22], which is also associated with the ex-
citation of unintentional impurity centers, primarily Cr** ions, through exciton migration.

In the region around 5 eV, when detecting at 754 nm and 780 nm, an additional peak is clearly visible,
which can be unambiguously attributed to the presence of Fe*" ions — a typical unintentional impurity often
found in gallium garnets grown under standard conditions.

04f E

g 0.3 Fe3+
2
g 0.2
o
= Gd;Ga;0;, _ ;22 :2
o1 T=300K —— 694 nm

0.0 1 1 1 1

10 9 8 7 6 5 4
Excitation energy, eV

Figure 1. Excitation spectra of the Gd;GasO, crystal
measured at T =300 K. Aeg = 780 nm, Aree = 754 nm, and Areg = 694 nm
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Analysis of the excitation spectra reveals a pronounced influence of Cr** and Fe*" impurity ions, which
manifest themselves as broad excitation bands in the 69 eV region and as a distinct peak around 5 eV, re-
spectively. These impurities form additional levels within the band gap, facilitating uncontrolled energy
trapping and affecting the luminescence characteristics.

The luminescence spectra of the GGG crystal excited by synchrotron radiation were studied at different
temperatures. The emission spectra in the temperature range 300—10 K consist of a broad band spanning
650-870 nm (Fig. 2), which arises from the combined emission of two types of unintentional impurity cen-
ters. The component with a maximum around 730 nm is unambiguously associated with the T, — %A, tran-
sition of Cr** ions, whereas the band peaking at = 775 nm is attributed to Fe*" luminescence [23, 24]. To con-
firm this, luminescence spectra were recorded at 210 K under excitation at wavelengths A = 160 nm and A =
250 nm. In Figure 3, the band with a maximum at 775 nm is clearly distinguished, confirming the contribu-
tion of Fe*".

The temperature evolution of the luminescence spectra excited by high-energy quanta of 7.75 eV
(160 nm) unambiguously reflects the different behavior of the two unintentional impurity centers — Cr**" and
Fe**. At temperatures below 210 K, the characteristic R-lines of Cr** begin to appear. At 10 K, the spectrum
is characterized by structured lines in the 690-710 nm range, corresponding to the spin-forbidden *E — “A,
transition. As the temperature increases up to 300 K, the narrow structure is suppressed, and a broad sym-
metric luminescence band of 650-870 nm develops. This is associated with the dominance of the spin-
allowed *T, — “A; transition of Cr’" ions and enhanced Fe*" emission, indicating stronger thermal mixing of
states and an increased contribution of electron—phonon interaction at higher temperatures.
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Figure 2. Temperature-dependent luminescence spectra of the GGG crystal
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Figure 3. Luminescence spectra of GGG under 160 nm and 250 nm excitation

The experimental results can be explained as follows. Cr*" ions in GGG are characterized by energy
levels typical for d* ions: *A,, 2E, and *T,. Under excitation with 160 nm radiation in the VUV region, elec-
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tronic excitations in the crystal matrix are captured by Cr** and Fe*" impurity ions. Relaxation of Cr** occurs
via two dominant channels: the narrow-band E — *A; and the broadband “T, — *A,. Their relative contribu-
tion depends on temperature and crystal parameters [25].

Subsequent energy transfer processes occur through phonon-assisted mechanisms and interlevel relaxa-
tion, leading to population of the excited states °E and “T,. At 10 K, the spectrum is characterized by struc-
tured lines in the 690710 nm range, corresponding to the spin-forbidden 2E — *A, transition of Cr** ions
occupying octahedral sites of the garnet lattice. The observed linewidth of the R-lines is only a few cm™,
indicating high crystalline homogeneity of the material and weak electron—phonon coupling at low tempera-
ture. At cryogenic temperatures, relaxation predominantly terminates at °E, resulting in emission with a char-
acteristic narrow spectral structure. Increasing temperature promotes a larger contribution from transitions
through “T», since thermal lattice expansion reduces the energy gap AE between the °E and *T» levels and
enhances their mixing.

In the excitation spectrum of luminescence monitored at 780 nm, a clear band with a maximum at
~5¢eV (250 nm) is observed (Fig. 1). However, photons of this energy cannot directly produce emission at
750-780 nm; instead, the energy can be absorbed by defect centers and subsequently transferred to Fe** ions.
Emission at 780 nm was excited only by the 250 nm excitation band, which may be related to charge-transfer
transitions involving Fe*" ions at different sites. The increase in luminescence intensity with rising tempera-
ture can be explained as follows. The *T; — A, transition in Fe** ions is spin-forbidden, since AS # 0. The
broad emission band in the 740—820 nm region has been shown in [26] to correspond to this internal transi-
tion of Fe*". The enhancement of intensity with increasing temperature is explained by the standard mecha-
nism of vibrational and spin-orbit mixing, which grows with the amplitude of lattice vibrations and local
symmetry distortions. As temperature increases, these vibrations become stronger, disrupting the local
symmetry of Fe** ions. As a result, the efficiency of orbital mixing increases, leading to an enhanced quan-
tum yield of the Fe*" band. An additional contribution arises from competition with trap states: higher tem-
peratures promote thermal ionization of defects, making Fe*" a more effective acceptor of migrating exciton-
ic energy.
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\ ™
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Figure 3. Cr*" and Fe’* centers schematic energy-level diagram in single crystal GGG

Conclusion

The luminescence spectra of unintentional Cr** and Fe** impurity ions in GGG under excitation by
high-energy synchrotron radiation at 160 nm exhibit a pronounced and systematic temperature evolution. At
cryogenic temperatures (~10 K), luminescence is dominated by narrow-band emission associated with the
’E — *A; transition of Cr*" ions, characterized by high spectral resolution. With increasing temperature up to
300 K, a transition to broadband luminescence is observed, governed by the spin-allowed T, — *A, transi-
tion, accompanied by spectral broadening and faster dynamics. These changes are explained by mechanisms
of energy transfer from defect centers, thermal redistribution of level populations, and enhanced electron—
phonon coupling. The results are important both for understanding fundamental processes in luminescent
materials and for the development of highly efficient optical devices operating under varying temperature
conditions.
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Gd3GasO12 monokpuctanaapbinaarbl Cr xoHe Fe KocnajJapbIHbIH TOMEH
TeMIepaTypaJibl JIOMUHECHEHUUSIBIK KacueTTepi

Maxanana Gd3GasO12 (GGG) MOHOKpHCTaNAapbIHbIH JTIOMHHECHEHIUAIBIK Kacuertepine Crit sxome Fe*t
HMOHAAPBIHBIH €PiKCi3 KOocmalaphIHbIH dcepi KapacTelpsuiasl. 10-300 K temmepaTypa quana3oHbIHAA XKOFAPHI
SHEPTHUSIIBI CHHXPOTPOH/IBIK CAYJICNICHY MEH KO3/bIPBUIFaH CIIEKTPIICPAIH CUMATTHIK CPEKIIeTIKTepl TaJliaH-
abl. 10 K TeMnepaTypana JTroMUHeCHeHIUs HerizineHn Cr’* HOHIApBIHBIH CIOMHIE THIABIM cajblHFal “E—*Aj
aybICybIHaH TYBIHIAWTBIH CHI3BIKTBI COYJIENCHY MEH aHBIKTaJaThIHBI KOPCETiNi, Oy 3MeKTpOH—()OHOHIBIK
GaiiyIaHBICBIHBIH QJICI3]IITIH JKoHE KPUCTAJIBIH JKOFaphl OIpTEKTUIriH kepceteni. TemmnepaTypa apTkaH caliblH
OyJ1 aybICy/IbIH MHTCHCUBTLIIM alTapibIKTail TOMEHICT, KCHKOMAKThI JTJFOMUHECIICHIINA nakaa 6omansl. On
crimHre pykcar eriiren ‘Tr—*As aybicybiMen »xoHe Fe’' MoHmapbiHBIH CoyleneHyiMeH GaiIaHbBICTHI.
CrieKTpriepaiH  TeMIepaTypaiblK 3Bomonusickl Cr3" MOHIApLIHBIH KO3FaH KYWIEPIHIH IKBUIYJBIK KaiTa
OeiHyiMeH, JeHreil apanblK KyIIepiH apanacybsl MeH sKoHE TOp TepOenicTepiHiH ocepinen Fe’' aypicyia-
PBIHBIH CIOHHIIK THIMBIMBIHBIH iMIiHapa XKOWBUTYBIMEH TYCIHIipinemi. 3epTTey HEri3iHAae SHEPTUsHBI Tachl-
MaJiIay KOHE COYJeNeHOCHTIH perakcamus MpOLEeCcTEPiHAeri KOocla OPTaNBIKTAPBIHBIH POl Typaibl KOpBI-
THIHABLIAp Xacanasl. HoTmkenep iprenmi GoToHMKa YIIIH JIe, KEH TeMIlepaTypa JHana30HbIHAA KYMBIC iCTei-
TiH THIMJIi JTIOMHUHECIICHTTIK MaTepHajiap MCH ONTHKAIBIK KYPBUIFBLIAPIBI 931pJIiey YIIiH ¢ MaHbBI3/bL.

Kinm ce3dep: ragonuunii ranmmii rpanatel (GGG), cuHXpoTpoHabIK coyneneny, Cr3 nonmapsl, Fe’' nona-
pbl, JFOMHUHECLEHIMS, KO3yCIEKTpJepi, TeMIepaTypara TOYeliIiK, 3HEPrus TachMajay, SJIEKTPOH-
(OHOHIBIK GaiiaHbIC, CoyJIeNeHOeUTIH peslakcarus, KOCIaopTalbIKTaphl, ONTHKAIBIK KACHETTED

[".'M. Apanb6aesa, XX.T. Kapun6aes, A.M. XKynycOekoB, A. TonereHona,
A. Kaknmos, S1.0. CerunkoBa, C. Yousckuii, A.H1. ITonos, I'.E. CarsiaasikoBa

HuskoreMmneparypHoe noseaeHue JroMmuHecueHunu npumeceii Cr u Fe
B MoHOKpucTaLiax Gd3;GasOr2

B 1aHHOI CTaThbe PaccMaTpHUBAETCs BIMSHUE HETPEIHAMEPEHHBIX MOHOB-nipumMeceit Cr’* u Fe3' na momu-
HeCLIeHTHBIE cBoiicTBa MOHOKpuUcTamIoB Gd3GasO12 (GGG). IIpoananu3npoBaHbl XapaKTepHbIE 0COOEHHOCTH
CIIEKTPOB, BO30YXIEHHBIX BHICOKOIHEPT€THIECKIM CHHXPOTPOHHBIM H3IIydeHHEM B TEMIIEPAaTyPHOM AHara-
3oHe 10-300 K. ITokazano, uto npu 10 K mroMuHecueHIUsI ONpenesseTcss Y3KOIMOJIOCHBIM H3IIydyeHHEeM
noHoB Cr’*, 06yCIOBIEHHBIM CMHMH-3aMPEIEHHBIM niepexoqoM “E—*Aj, 4To CBHAETENBCTBYET 0 crmaboif
INEKTPOH-(POHOHHOM CBSI3M U BBICOKOI OJHOPOIHOCTH KpHCTaJUia. BBISBICHO, UTO C MOBBIILICHUEM TeMIIepa-
Typbl HHTEHCUBHOCTh JAHHOT'O MEPEX0Ja CYIIECTBEHHO CHIKACTCS, TOTJa KaK MPOSABIIETCS IIHPOKOIIOJIOC-
Has JIOMUHECLIEHIs!, CBA3aHHAsA CO CIMH-Pa3peléHHbIM nepexonoM “Ta—*Az u Bkiagom U3Iy4EeHUs1 HOHOB
Fe3*. Jloka3aHo, YTO TeMIlepaTypHas 3BOJIOLMS CIEKTPOB OOYCIOBJEHA TEIUIOBBIM IMEPEPACIIPENEIEHHEM

Cepus «dusukay. 2025, 30, 4(120) 59



G.M. Aralbayeva, Zh.T. Karipbayev et al.

HacenénnocTeii yposHel Cr’*, MeXypOBHEBBIM CMEIIEHUEM COCTOSIHHM, a TAKKEe YaCTHYHBIM CHATUEM CIIH-
HOBOTO 3ampeTa nepexoaoB Fe’' 3a cuér konebanmii pemérku. Ha OCHOBE IPOBENEHHBIX MCCIEN0BAHHIA
copMynupOBaHbI BBIBOJBI O POJIU LIEHTPOB-NPUMeECE B polieccax MepeHoca SHEPTHU 1 Oe3bI3TydaTenbHO
penakcanu. [Tomy4eHHbIe pe3ynbTaThl MPEACTABISIIOT HHTEpeC Kak Ul (yHIaMEHTaIbHOW ()OTOHUKH, TaK U
Ut pa3paboTKH 3()(PEKTUBHBIX JTIOMUHECIIEHTHBIX MaTepHalIOB M ONTHYECKUX YCTPOHCTB, PYHKIMOHUPYIO-
HIMX B IMIPOKOM TE€MIIEpaTypHOM JHala30He.

Knmiouesvie cnosa: ranonuuumii-raumessii rpanar (GGG), cUHXpOTpOHHOE U3iIyueHue, uonbl Cr’', HOHBI
Fe’', noMUHECeHIMS, CIIEKTPHI BO30YKIEHHS, TEMIIEPATYPHAS 3aBUCUMOCTD, IEPEHOC SHEPTHH, DIEKTPOH-
(hoHOHHOE B3aUMOZEHCTBHE, Oe3bI3IIydaTelIbHas PEIaKCaIUs, IEHTPhI-IIPUMECH, ONITHYECKUE CBONHCTBA
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Tribological Performance of Self-Fluxing Ni-Based Coatings
Deposited by Gas-Flame Spraying

In the present study, a comprehensive analysis of the microstructure, phase composition, surface morphology,
and tribological properties of self-fluxing NiCrFeBSiC alloy coatings produced by flame spraying was con-
ducted. Particular attention was paid to evaluating the influence of different heat treatment regimes — flame
heating and furnace heating — on the coating characteristics. X-ray diffraction analysis revealed the for-
mation of the FeNis phase, along with Cr7Cs, Cr23Ce carbides and boride compounds, which significantly af-
fect wear resistance. Goniometric measurements showed that the highest surface hydrophobicity (contact an-
gle of 89.6°) was achieved after furnace heat treatment. Scanning electron microscopy and profilometry stud-
ies established that furnace heating provides the densest and smoothest structure with the lowest surface
roughness (Ra = 13.388 um). Tribological tests confirmed that this treatment provides the lowest and most
stable coefficient of friction (0.138 + 0.003), which correlates with the microstructural features of the wear
track. The obtained results demonstrate the high efficiency of furnace heat treatment in enhancing the per-
formance characteristics of NiCrFeBSiC-based coatings.

Keywords: self-fluxing alloys, gas-flame spraying, NiCrFeBSiC, heat treatment, steel 45

*Corresponding author: Raisov, Nurmahanbet, nurmakhanbetraisov@gmail.com

Introduction

Structural materials with high performance characteristics capable of operating under severe conditions—
such as increased friction, exposure to aggressive environments, and thermal loads—are in great demand. Such
service conditions inevitably lead to wear of components, resulting in frequent repairs, replacement of parts,
and an increase in production costs, which in turn causes significant economic losses [1, 3].

However, manufacturing components entirely from expensive wear-resistant materials is associated
with a sharp rise in production costs and technological difficulties during machining. A rational solution to
this problem is the application of wear-resistant coatings or the restoration of worn elements, which makes it
possible to significantly extend their service life [1]. Among such solutions, a special place is occupied by
coatings made of self-fluxing nickel-based alloys, which have found wide application in mechanical engi-
neering [2, 3]. Thermal spray coatings, including plasma-sprayed ones, based on Ni-Cr-Fe-B-Si-C systems
are used to increase the wear resistance of working surfaces of components. NiCrFeBSiC alloys have proven
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themselves in service under conditions of intensive friction—in coal boiler components, heat exchangers,
turbines, tools, extruders, plungers, rolling mill rolls, and agricultural machinery. These coatings are charac-
terized by high resistance to adhesive wear and corrosion both at ambient and elevated temperatures. To im-
prove their performance properties, the coatings are subjected to remelting after deposition. Due to the pres-
ence of boride and carbide phases in their structure, such materials exhibit enhanced wear resistance under
abrasive conditions [4, 7].

The formation of the required tribotechnical properties of remelted Ni-Cr-Fe-B-Si coatings is possible
only under strictly defined heat treatment regimes (in the range of 1000—1373 K), since these alloys belong
to eutectic systems and are highly sensitive to thermal process parameters [5, 6]. Remelting can be carried
out by various methods: flame heating, furnace heating, or laser treatment. Although a number of studies [6—
10] have examined in detail the structure, properties, and phase transformations during the remelting of self-
fluxing NiCrBSiC coatings, issues related to their tribological behavior and wear mechanisms under friction
conditions have not been sufficiently addressed. In this regard, the present work is devoted to the investiga-
tion of the tribological behavior of NiCrFeBSiC coatings produced by flame spraying followed by remelting.

Materials and methods

As the substrate material, structural carbon steel grade AISI 1045 was selected. This steel is widely
used in industry for the production of shaft gears, crankshafts, camshafts, gears, spindles, tires, cylinders,
cams, and other normalized, tempered (improved), and surface-hardened components that require increased
strength. According to ASTM A331, AISI 1045 steel has the following composition (Table 1).

Table 1
Chemical composition of steel 1045
C Si Mn Ni S P Cr Cu Fe
0.42-0.5 | 0.17-0.37 0.5-0.8 <03 <0.04 <0.035 <0.25 <03 base

A steel rod of carbon steel grade AISI 1045 with a diameter of 50 mm was cut into disks 5 mm thick.
The surface was mechanically treated by grinding with abrasive paper up to P600 grit. To improve the adhe-
sion of the applied coating, the disk surfaces were additionally treated by abrasive blasting using electroco-
rundum (Al>O;3) with a particle size of 40 um. After sandblasting, residual abrasive particles and dust were
removed by blowing with compressed air. In order to eliminate organic and inorganic contaminants (oils,
oxide films), the samples were cleaned in an ultrasonic bath using technical-grade ethanol. The ultrasonic
cleaning was carried out for 10 minutes at a frequency of 40 kHz and a solution temperature not exceeding
35 °C. Prior to coating deposition, the samples were preheated to 200-250 °C by flame heating to improve
adhesion to the substrate. The surface temperature was monitored using a RoHS-compliant infrared pyrome-
ter, model DT8016E, with a measurement range of —50 °C to 1600 °C and an accuracy of £2 °C.

The powders have a spherical structure with particle sizes ranging from 100 to 200 um (Fig. 1).

JnexrponHoe usoEpaxene 1 (BSE) B

Fe
7%

BuCeO=uSieCreFe Ni

Figure 1. Morphology of self-fluxing NiCrFeBSiC powder
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For the coating deposition, a flame spraying unit manufactured by Metal Coat was used, equipped with
a 6PM-II powder gun and an MPF700 powder feeder. The general view of the setup and the schematic dia-
gram of the spray gun are shown in Figure 2. The operating principle of this unit consists in melting powder
particles by combustion of a gas mixture composed of acetylene and oxygen. Compressed air was used both
for powder transport and for cooling the barrel. The air supplied from the compressor passed through a filter
integrated into the outlet pressure regulator in order to prevent contamination of the powders with motor oil
particles.

The supply of the gas mixture was monitored and controlled by gas flow meters and a compressed-air
control unit. In addition, the system included a powder feed adjustment function to reduce material consump-
tion. The particle flow velocity and flame temperature were measured using a high-speed Tecnar Accu-
raspray 4.0 diagnostic system (11-12).

The spraying parameters were selected in such a way that the porosity of the coatings did not exceed
10 % (ISO/TR 26946:2011). The spraying regime is presented in Table 2.

Table 2
Gas flame spraying parameters for obtaining coatings

Operation gas Oxygen 25 NLPM
Acetylene 15 NLPM
Powder carrier gas Air 37 NLPM
Spraying distance 200 mm
Spray time 30s

The substrate of AISI 1045 steel was preheated by the flame method to a temperature corresponding to
low-temperature tempering, 200-250 °C. After preheating, the microhardness of AISI 1045 steel was meas-
ured using the Vickers method at 15 different surface points. Before heating, the average microhardness val-
ue of AISI 1045 steel was 196.7 + 5.3 HV, 3, while after heating it increased to 298.6 = 5.7 HV ..

FRONT END GUN BODY GAS VALVE

SIPHON PLUG

i |

e =0

AIR CAP

-."""';"""' —
AIR CAP BODY EED//C_/
TOOL POST—/ E

\ GAS VALVE
MOUNT %

Figure 2. Flame spray gun diagram

The heat treatment of the coatings was carried out by two methods at 1025 °C for 5 minutes: (1) flame
heating and (2) furnace heating.

The coating morphology was studied using a SEM 3200 scanning electron microscope (China),
equipped with an electron probe attachment for local microanalysis: a Bruker energy-dispersive spectrometer
(EDS).

X-ray diffraction (XRD) analysis of the initial powder and coatings was performed on a PANalytical
X’PERT PRO diffractometer using CuKa radiation. The diffraction data were collected in the 26 range of
10-90° with a step size of 0.02° and a counting time of 0.5 s per step.

Tribological tests of the coatings were conducted using a ball-on-disk configuration. As a counter body,
a 100Cr6 steel ball with a diameter of 6 mm was used. The applied load was 10 N, sliding speed 5 cm/s,
track radius 2 mm, and sliding distance 200 m.

Potentiodynamic polarization curves were recorded on a CorrTest CS310 potentiostat using a three-
electrode cell, as shown in Figure 3. The scanning rate was 0.5 mV/s within a potential range of —0.8 V to
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+0.8 V. A 3.5 % HCI solution was used as the electrolyte. A platinum mesh served as the working electrode,
while saturated silver chloride electrodes were used as both reference and auxiliary electrodes. The current and
potential data obtained were processed with the CorrTest CS310 software, which was used to construct polari-
zation curves providing information on corrosion potential, corrosion current, and passivation behavior [9].
Adhesion strength tests were performed in accordance with ASTM C633-15 on a WDW-100kN tensile
testing machine, equipped with a self-aligning load application module. For the adhesion test, samples with a
diameter of 25.4 mm and a thickness of 7 mm were prepared. Prior to spraying, the samples were subjected to
sandblasting and cleaned in an ultrasonic bath with ethanol. The tensile loading rate was 0.020 mm/s [13—-17].

[ CORRTEST

°

0,785 sq. mm
o

Working El
(sample)

Conter Electrode Reference Electrode
(Platinum) (Ag / AgCl)

Figure 3. Schematic diagram of the setup Potentiostat CS310
for conducting an electrochemical corrosion experiment [9]

Results and discussion

To study the microstructure and elemental composition of the coating based on NiCrFeBSiC, energy-
dispersive X-ray spectral analysis (EDS) was carried out as part of scanning electron microscopy (SEM).
The results are presented in Figure 4 in the form of element distribution maps and a summary table of mass
fractions.

Figure 4. Map of distribution of elements on the surface of coatings made of self-fluxing NiCrFeBSiC powder

According to EDS analysis, the coating consists of the following elements (wt.%): Ni — 61.99 %,
Cr— 12.22 %, Fe — 6.82 %, Si — 5.86 %, B — 4.63 %, C — 5.28 %, and O — 3.20 %. The combined
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SEM-EDS mapping shows a uniform distribution of nickel (yellow), chromium (blue), iron (purple), silicon
(green), boron (red), and carbon (orange).

Figure 5 presents the XRD patterns of the initial powder and coatings, designated as SF1, SF2, and SF3,
which differ in the type of thermal treatment. Coating SF1 corresponds to the as-sprayed layer without addi-
tional heat treatment, SF2 represents the coating subjected to flame heating, and SF3 is the coating after fur-
nace annealing.
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200 4 ¢ CrgBy
150 & * CryCe
$ I NiCr,0,
100 4 v JJ?
50 + I h } l |V
| 7 TS 2 [ 2 4 - |I\
150
2 e SF 1
1 A Ni,B
= NiB
100 o CrB
OCr555Fe, 42?5
8 a Cry 47Feg g1Sig 02
v
)
O,
w
8 u |
= 200 4 > 4Fe,,(C,B)g
< »CryNigSi,
150 A o Cr;Si
100
50
400
350 o
300 4 X * CrzCe
©Cry; 55F€745Cs
250 - v Fe,B
200 mFe,Si0,
v e Cr,C
150 o - o 32
100 :
50
0. NPT R 4 I ) (S A e
T T 1 T T 1 1 1 T 1 1
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Pos. [°2Th]

Figure 5. XRD spectra of powder and NiCrFeBSiC coatings: (SF1) without heat treatment,
(SF2) after heating with a flame of a gas flame gun, (SF3) after heating in a furnace

Analysis of the diffraction patterns of the initial powder revealed the presence of FeNis, Nis;Sii2, CrsSi,
CrsB3, Cr23Cs, and NiCr,0O4 phases, which is typical for nickel-based composite powders with boride—silicide
and oxide inclusions. After flame spraying and subsequent heat treatment, significant changes in the phase
composition of the coatings were observed [18-19].

In coating SF1, the phases Ni»B, NiB, CrB, as well as carbide structures of the Cr;sssFe7.4:Cs type and
silicide Cro.17Feo.s1S10.02 were identified, indicating the formation of new compounds during spraying while
retaining part of the boride components of the initial powder. Coating SF2, subjected to flame heating, exhib-
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ited a more complex phase composition: Fe»3(C, B)s, Cr3NisSiz, FesBOs, along with residual FeNis and Cr3Si.
This suggests active interfacial reactions and diffusion processes enhanced by localized heating.

The SF3 coating, which underwent furnace heat treatment, contained phases such as Cr3Ce,
Cris.ssFe740Cs, Cr3Cs, FesB, and Fe,SiOs [20-23]. The predominance of stable carbides and borides com-
bined with the minimal content of oxide phases indicates that furnace annealing promotes the formation of
thermodynamically stable equilibrium structures, ensuring a dense and ordered microstructure of the coating.

Thus, the post-spraying thermal treatment regime has a decisive influence on the phase composition of
the coatings. Flame heating promotes the formation of complex boride—silicide phases, whereas furnace an-
nealing favors the stabilization of carbide structures and the reduction of oxide content, which may positively
affect the performance properties of the coatings.

Such phase behavior is consistent with literature data, which note that heat treatment promotes the for-
mation of stable strengthening phases in Ni-based coatings [24—-26].

Figure 8 clearly shows that subsequent heat treatment significantly reduces the coating thickness, as
well as the number and size of pores. This trend occurs due to more effective particle melting and the filling
of pores with molten material [8]. The highest porosity was recorded in sample SF1, which did not undergo
any additional heat treatment. The high porosity value indicates the presence of a large number of unmelted
particles.

In coating SF2, which was subjected to short-term flame heating, porosity decreased almost 2.5 times
compared to the untreated coating. This indicates partial densification of the near-surface layers and the oc-
currence of self-fluxing under the influence of temperature (Fig. 6b). The lowest porosity was observed in
sample SF3, which underwent furnace heating. The furnace provides more uniform and prolonged heating,
which promotes active self-fluxing and improved bonding between coating particles. As a result, the struc-
ture becomes denser and more homogeneous (Fig. 6¢) [24].
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Figure 6. Study of the porosity and thickness of NiCrFeBSiC coatings on a cross section:
(a) without heating — SF1, (b) flame heating — SF2, (¢) furnace heating — SF3

For a comprehensive evaluation of the morphology and surface topography of NiCrFeBSi-based coat-
ings subjected to different heat treatment regimes, studies were carried out using SEM and profilometry.
Figure 7 shows surface micrographs (top row) and the corresponding surface roughness profiles (bottom
row), reflecting the actual height deviations in the selected areas. The SEM images demonstrate the typical
microstructure of a thermally sprayed coating, characterized by a dense yet moderately porous structure,
which results from the partial melting of particles during spraying [25]. Good interparticle bonding indicates
that sufficient temperature was achieved during deposition. A decrease in the Ra parameter from 31.860 pm
(as-sprayed) to 13.388 um (furnace-treated) demonstrates a clear trend towards improved surface quality
with the application of heat treatment. The SEM micrographs confirm that thermal treatment promotes densi-
fication of the structure, a reduction in porosity, and surface smoothing. The obtained results indicate a sig-
nificant influence of heat treatment on the morphological and tribological properties of the coatings and
highlight the advantages of uniform furnace heating compared to flame heating [26].
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Figure 7. Micrographs of surfaces (top row) and corresponding roughness profile graphs (bottom row):
(A) without heat treatment SF1, (B) after gas flame heating SF2, (C) after heating in a furnace SF3

Tribological tests were conducted to test the wear resistance of the coatings. The results are shown in
Figure 8. According to the results of tribological tests with dry friction, it was found that subsequent heat
treatment reduces the friction coefficient, thus thermal gas-flame heating and furnace treatment reduced the
friction coefficient by 6 times on average for both types of treatment.
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Figure 8. Results of tribological tests of coatings using the “ball-on-disk” scheme under dry friction:
(SF1) without heat treatment, (SF2) after gas-flame heating, (SF3) after heating in a furnace

The most stable and lowest coefficient of friction, p=0.138 + 0.003, was observed for coating SF3,
which underwent furnace heat treatment at 1025 °C followed by slow cooling. The friction coefficient re-
mained nearly constant along the entire wear track, indicating structural uniformity and high quality of the
hardened surface, which suggests a reduction in microfractures [27-28]. In the case of flame heating
(1025 °C, acetylene—oxygen flame), the coefficient of friction was p = 0.173 £ 0.050. Moreover, beginning
at a sliding distance of 150 m, an increase in the coefficient of friction was recorded, pointing to a change in
the wear mechanism. This trend may be associated with localized densification of the coating structure dur-
ing flame heating. Although no abrupt fluctuations of the friction coefficient were observed, significant local
morphological changes may occur that are not fully reflected in the integral tribometric curve. As shown in
[11], under localized temperature spikes and contact with hard inclusions (borides, carbides), plastic defor-
mation of the softer binder matrix can occur, accompanied by strain hardening of the harder particles. To
achieve a comprehensive understanding of the wear mechanisms of NiCrFeBSi coatings subjected to differ-
ent heat treatment regimes, a morphological analysis of the wear track was carried out using scanning elec-
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tron microscopy (SEM), as illustrated in Figure 9. This approach was chosen due to the nature of the tribo-
logical data obtained and the need for visual confirmation of the proposed processes.

Figure 9. Results of tribological tests using the ball-on-disk scheme under dry friction.
(4) without heat treatment SF1, (B) after gas-flame heating SF2, (C) after heating in a furnace SF3

On the surface of the coating after flame heating, distinct micro-grooves formed during friction, as well
as cracks, can be clearly observed. In this context, the micro-grooves result from local abrasive interactions
of the counter body with surface inclusions or irregularities of the coating, leading to the removal of micro-
particles and the formation of elongated traces on the surface. Such areas are often formed in zones where
hard phases (carbides, borides) partially protrude above the softer matrix and act as abrasives during sliding.
Cracks are formed both along particle boundaries and within the binder phase, indicating a brittle fracture
mechanism [29-30].

After furnace treatment, the wear track surface appears more uniform and denser. Although traces of
micro-grooves are also present, they are distributed less chaotically and exhibit smaller depth and length.
Local layering was also observed, likely occurring along the boundaries of fused particles or between regions
with different phase densities. Nevertheless, the overall surface condition confirms a lower degree of wear.
This correlates with the low and stable coefficient of friction (0.138 + 0.003) and indicates a micro-abrasive
but plastically adaptive wear mechanism.

st § ost § Ni § Cr HiES St JISER O

Figure 10. Energy dispersive spectral map (EDS) of the wear track surface of NiCrFeBSi coating
after furnace heat treatment
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The presented EDS map confirms that the wear track zone represents the product of intense interaction
between the coating and the counter body, accompanied by mechanical damage and thermo-oxidative ef-
fects (Fig. 10). The main source of iron in the wear track is the counter body (e.g., a ball made of 100Cr6
steel or an equivalent structural steel). During sliding, especially under localized heating, material transfer
from the counter body to the coating surface occurs. The iron worn off from the counter body undergoes sur-
face oxidation, resulting in the formation of iron oxides within the wear track.

The formation of such oxide products of friction is characteristic of oxidative wear, in which oxide
films develop on the surface. These films may temporarily reduce the coefficient of friction, but upon their
breakdown, they become a source of abrasive particles that accelerate wear [31].

The potentiodynamic curves of all coatings show a significantly higher corrosion potential (Ecorr)
compared to AISI 1045 steel (Fig. 11).
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Figure 11. Potentiodynamic curves (4) original steel (B8) without heat treatment SF1,
(C) after gas flame heating SF2, (D) after heating in a furnace SF3

To describe in detail the corrosion behavior of the samples, the corrosion current was calculated from
the slopes of the Tafel sections of the potentiodynamic curves (Table 3).

Table 3
Results of measuring the corrosion resistance of self-fluxing NiCrFeBSiC coatings
Samples Original Steel AISI 1045 SF1 SF2 SF3
Icorr (A) 0.69218 0.42371 0.39466 0.38963
icorr (A/cm?) 0.881757962 0.539757962 0.502751592 0.496343949
CR (mm/a) 0.0100873122 0.006174832 0.005751479 0.005678175

The data presented in Table 3 and the potentiodynamic polarization curves show a significant difference
in the corrosion resistance of the various types of coatings applied to steel. The table includes key parameters
such as corrosion current density (Icorr) and corrosion rate (C.R.), which reflect the materials’ behavior in
corrosion tests. The coating subjected to furnace heat treatment demonstrates the best performance, with an
Icorr value of 0.49634 and a corrosion rate of 0.005678, which are considerably lower compared to other
coatings, including AISI 1045 steel and coatings treated by flame heating or left untreated. On the poten-
tiodynamic polarization curve, the plot corresponding to AISI 1045 steel shifts into a more negative potential
region, confirming its high corrosion activity. This is consistent with the data in the table, where the corro-
sion current density and corrosion rate for steel are the highest. In contrast, coatings subjected to subsequent
flame heating exhibit improved results; however, their corrosion resistance still remains inferior to that of the
furnace-treated coating. Such a combination of processing conditions appears to create a denser and more
corrosion-protective surface, which prevents the formation of microcracks and moisture retention, thereby
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significantly slowing down the corrosion process. Overall, the coatings treated in the furnace showed the best
corrosion resistance among all studied variants, making them the most promising for applications requiring
protection against aggressive environments.

The data obtained from the adhesion strength measurements characterize the bonding force between the
coating and the substrate (base material), which is one of the key quality indicators of thermally sprayed
coatings. The results of the adhesion strength tests are presented in the summary of results (Table 4).

Table 4

Summary table of the results of the study of the properties
of the characteristics of self-fluxing NiCrFeBSi coatings

S;::gie Adhes1§/111Ps;rength, Mlg(\)};ggz ess Wettability, ° Friction coefficient Roughness, um
SF1 18 528.7+£2.3 53.152 0.648+0.070 31.860+0.290
SF2 27 771.6+4.6 79.875 0.173+£0.050 14.915+0.047
SF3 34 922.4+5.7 89.603 0.138+0.003 13.388+0.016

The results of contact angle measurements performed using the sessile drop method with an optical go-
niometer are also presented in Table 4. The data indicate a significant influence of the heat treatment regime
on the wettability of the coating surfaces. The lowest contact angle (53.152°) was recorded for the coating
without additional heat treatment. This suggests high surface energy and a possible microporous structure
that promotes oil wetting. After flame heat treatment, the contact angle increased to 79.875°, which can be
explained by densification of the structure, partial sintering of particles, and reduction of surface micro-
roughness. The highest contact angle (89.603°) was observed in the furnace-treated sample, which may be
associated with the formation of a more uniform, dense, and possibly oxidized layer with reduced wettabil-
ity. Thus, it can be concluded that heat treatment reduces wettability, which may be a positive factor for the
operation of coatings under oil-lubricated friction conditions.

Figure 12 presents SEM images of indenter impressions obtained from microhardness testing of
NiCrFeBSiC coatings subjected to different types of heat treatment. Examination of the impressions made it
possible to establish correlations between the type of thermal treatment, the microstructural state, and the
local hardness of the material. Figure 12(4) shows the indenter impression on the coating without heat treat-
ment. Cracks and depressions in the indentation area are clearly visible, associated with the presence of a
pore beneath the surface layer. Such local load-bearing instability leads to a reduced microhardness of
528.7+2.3 HV. The data indicate high brittleness of the coating without additional thermal stabilization.
Figure 12(B) illustrates the structure of the coating after flame heating. In this case, the structure is denser
compared to the untreated sample. The impression has a symmetrical shape, and the number of cracks is re-
duced. The microhardness is 771.6 £ 4.6 HV, which indicates partial structural stabilization and a reduction
in internal stresses. Figure 12(C) corresponds to the coating subjected to furnace heating. Here, minimal sur-
face damage around the indentation is observed, with no pronounced cracks or depressions, indicating high
structural integrity. This is reflected in the highest microhardness value—922.4 + 5.7 HV—confirming the
effectiveness of furnace heat treatment in improving the mechanical properties of the coating.

Figure12. SEM images of indenter imprints on NiCrFeBSiC coatings:
(A) without heat treatment, (B) after flame heating, (C) after heating in a furnace
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Conclusion

In this study, a comprehensive investigation was carried out on the structural, surface, and tribological
characteristics of self-fluxing NiCrFeBSi alloy coatings deposited by flame spraying. It was established that
subsequent heat treatment has a significant influence on the formation of the microstructure, phase composi-
tion, and performance properties of the coatings. X-ray diffraction analysis revealed the formation of carbide
phases (Cr7Cs, Cr23Cs) and intermetallic compounds (FeNi3). Profilometric measurements and SEM micro-
graphs confirmed that uniform furnace heating contributes to a substantial reduction in surface roughness
(down to Ra = 13.388 um), the formation of a dense and homogeneous structure, and the elimination of po-
rosity and defects typical of coatings without additional treatment.

The results of tribological testing showed that the most stable friction characteristics were demonstrated
by the coating subjected to furnace heat treatment: the coefficient of friction was 0.138 £ 0.003 and remained
constant throughout the entire wear track. In contrast, coatings without heat treatment or treated by flame
heating exhibited higher and less stable friction coefficients, accompanied by increased abrasive wear and
the formation of microcracks. Elemental analysis of the wear track revealed the presence of wear products in
the form of iron oxides originating from the counter body, confirming the contribution of oxidative and ad-
hesive components to the wear mechanism. Thermal treatment—particularly furnace heating—was found to
improve the microhardness of the coating by reducing porosity, stabilizing the binder, and enhancing phase
distribution. Thus, uniform furnace heat treatment under an optimal temperature regime significantly en-
hances the service properties of NiCrFeBSi coatings and can be recommended for improving the reliability
and durability of protective layers under dry sliding conditions.
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I'azapI-xaabIHABI OYPKY dAiCiMeH aJILIHFAH 63irHeH aFaTbIH HUKEJIb
JKa0bIHAAPBIHBIH TPUOOJIOTHAJIBIK KACHETTEPIH 3epTTey

JKympicta ra3mel-kanbHAB OYpKy omiciMeH xkarburraH, e3firiHeH araThlH NiCrFeBSiC xopsrtmacsr
HeTi3iHAeri O kaOBIHAAPABIH MHKPOKYPBUIBIMBL,  (a3alblk  Kypambl, OeTKi MOPQOJOTHACH  KOHE
TPHUOOJIOTHSIIBIK CHIIATTaMalIaphl KEMISH 1 TYp/e 3epTTeli. OpTYPii KBUIYJIBIK OHACY TYPIEPiHiH — Tra3/pl-
JKAIBIH/IBI KBI3/BIPY JKOHE IMELITEe KbI3IbIPY — KaOblH KACHETTEpiHIH dCepiHe epeKiie Hazap ayAapbUIbL.
Pentrennix mudpakuusuieik Tannay FeNis ¢asaceibiH, conpaii-ak CriCs, Cr23Cs kKapOHITIK KOCBUTBICTAPHI
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MeH OOpHATepAiH TY3UTyiH aHBIKTambl, Oy ONAapIbIH TO3yFa TO3IMILUIIriHe aWTapibIKTail ocep eTeTiHiH
KepcerTTi. ['oHHmoMeTpus 9iciMeH KYPTi3UIreH eJmeynep NelTe KbUTYIbIK oHICYAeH O0TKeH XKaObIHHBIH €H
JKOFaphl TUAPOGOOTHUIBIK KaCHETKe He eKeHl aiKpIHaanasl (kaHacy Oypeimbsl — 89,6°). berki Mmopdonorus
MEH Kemip-OyIBIPIbIK TapaMeTpiiepi CKaHepIEHTIH 3JIeKTPOHABI MHUKPOCKOIMS JKOHE HPO(HIOMETPHs
onictepiMeH OaranaHIbl, HOTIDKECIHE IEIITIK OHAEY €H TBHIFBI3 9pi Teric KYphUIBIMIBI, €H TOMEHI1 KeIip-
oyneipabikneH (Ra = 13,388 MkM) KaMTamachl3 €TeTiHI aHBIKTANIBL. OTKI3UITeH TPHOOIOTHSUIBIK CHIHAKTAP
memre KbI3AbIpYAaH KeWiHri KaObIHHBIH €H TOMEH »JKOHEe €H TYpaKThl Yiikemic Kod(dQuimenTin
(0,138 + 0,003) kepcereTiHiH, OWI TO3y i31HIH MHKPOKYPBUIBIMIBIK CPEKIICIIKTEPIMEH COHKEC KeNeTiHiH
nmonenaeni. Ansiaran HoTikenep NiCrFeBSiC Herizinzeri skaObIHOapAbIH NaligagaHy KacHETTEPiH apTTHIPY
YILiH MEIMITIK )KbUTYJIBIK OHACYIiH )KOFapbl THIMIUIITIH aifFaKTaiiabl.

Kinm cesdep: e3miriHeH araTblH KOpBITIANAp, ra3abl-KaJdbIHAB OYpKy, HUKenb KopbiTnanapsl, NiCrFeBSi,
JKBUTYJIBIK OHICY, 45 OonmaT

I.b. Byiitkenos, H.C. Paiicos, H.E. bazapos, I'.T. TineyOepreHona,
A K. Xacenos, [[.)K. KapabekoBa

Tpubosoruyeckoe nopeaenne camoQOCyOmMXcs MOKPbITHIH
HAa OCHOBE HHUKeJIf, CPOPMUPOBAHHBIX I'A30IJIAMEHHBIM HANblJICHHEM

B nmanHOli paboTe mpoBeneHO KOMIUICKCHOE HCCIIEIOBaHHE MUKPOCTPYKTYPHI, (ha30BOr0 COCTaBa, MOBEpPX-
HOCTHOH MOP(OJIOTHH ¥ TPUOOIOTHYECKUX XAPaKTEPUCTHK ITOKPBHITHII HAa OCHOBE CaMOQIIIOCYIOLIETOCs
crmaBa NiCrFeBSiC, HaHec€HHBIX METOIOM Ta30IIaMEHHOTO HambuieHUs. Oco00e BHUMAHUE yIEJICHO BIIH-
SIHUIO Pa3JINYHBIX BUJIOB TEPMHYECKOH 0OpabOTKM — Tra3oIUIaMEHHOTO HarpeBa M HarpeBa B I€YM — Ha
CBOWCTBA MOKPHITHHA. PeHTreHoqu(ppakIMOHHBIN aHa U3 BBLBII oOpa3zoBanue (aser FeNis, a Taxoke kapOu-
HbIx coeamHeHnil Cr7Cs, Cr23Ce u GOpUAOB, UTO OKa3bIBAeT 3HAUYUTENHHOE BIMSHHE HAa M3HOCOCTOMKOCTB.
MeTtomoM TOHHOMETPHH MOKa3aHO, YTO HAaHOOJIBLIYI0 THAPO(HOOHOCTH MOBEPXHOCTH 00ECIICUUBAET MOKPHI-
THE, TIOJBEPTHYTOE TEPMUIECKON 00padoTke B meun (KOHTaKTHBIA yroin — 89.6°). [loBepxHocTHAs Mopdo-
JIOTHSI ¥ TIapaMeTphl IEepOXOBATOCTH OLEHEHBI C IIOMOILIbI0 CKaHMPYIOLIEH SJIEKTPOHHON MHKPOCKOINH 1
npoUIOMETpUH, TJe YCTaHOBICHO, YTO HewyHas oOpaboTka oOecrieynBaeT HanbOojee IUIOTHYIO U CIiIa)KeH-
HYIO CTPYKTYpPY C HaUMEHBIICH mepoxoBaTocThio Ra = 13.388 mkm. [IpoBenéHHbIe TPHOOIOTHIESCKUE HCITBI-
TaHUS MOKa3aJM, YTO IOKPBITHE MOCIe HarpeBa B IeYH AEMOHCTPUPYET HaMMEHBIINI U Hanbojee CTaOuIIb-
HbIH Ko3pPuument Tperus (0.138 + 0.003), 4To KoppenupyeT ¢ MUKPOCTPYKTYPHBIMH OCOOEHHOCTSMU TpeKa
n3Hoca. [lomydeHHBIe pe3yIbTaThl CBHICTEIBCTBYIOT O BHICOKOW 3 (PEKTUBHOCTH TEPMHUUECKOH 00paboTKU B
TIeYH IS OBBIIICHUS SKCIUTYyaTallMOHHBIX CBOHCTB NOKphITHI Ha ocHOBe NiCrFeBSiC.

Knwouegvie cnosa: camouuiocyloliecs CIUIaBbI, Ta30IUIAMEHHOE HAIbUICHHE, HHKEJEBbIC CILUIABbI,
NiCrFeBSi, repmudeckast 06paboTka, ctanb 45
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Numerical Simulation of Turbulent Combustion of Liquid Fuels:
Comparative Analysis of Benzene and Tridecane

The work presents a numerical simulation of the combustion process of two liquid fuels (benzene and tride-
cane) with the application of KIVA-II computational program. The research is focused on evaluation of the
effect of fuel mass and spray angle on the combustion process and temperature distribution in a cylindrical
combustion chamber. The fuel mass is varied from 5 to 20 mg and the spray angle ranges from 2° to 15°.
Temperature fields are analyzed over time to determine heat release characteristics and flame structure for
both fuels. The results demonstrate that increasing the injection mass leads to a significant rise in flame
height and combustion temperature, which is attributed to enhanced heat energy release. The effect of spray
angle is found to be significant only at small values, while at higher values it has little influence on the tem-
perature fields of both fuels. Comparative analysis between benzene and tridecane shows that benzene com-
bustion occurs more intensively and at higher temperatures than the combustion process of tridecane fuel.
These findings are essential for optimizing fuel injection parameters and improving the design of combustion
systems in internal combustion engines. The results of the study can be applied to enhance combustion effi-
ciency and reduce harmful emissions into the environment.

Keywords: numerical combustion modeling, liquid fuels, benzene, tridecane, mass of injected fuel, spray
characteristics, temperature field, concentration fields

HCorresponding author: Ryspayeva, Maiya, mayiya.ryspaeva@kaznu.edu.kz

Introduction

Combustion of liquid fuels is characterized by complex physical and chemical reactions. The process of
combustion of liquid fuels can depend on various factors such as initial parameters, chemical properties of a
fuel or parameters of turbulence. If one can optimize these factors, it is possible to increase the combustion
efficiency and to minimize emissions of harmful substances. In this work the object of numerical research is
the combustion process of benzene and tridecane in a closed cylindrical combustion chamber.

The relevance and practical significance of this study are determined by the widespread use of liquid
fuels in power plants, in industry and in vehicles. The problem of environmental pollution from combustion
products of various fuels and fuel mixtures also remains important. In addition, the processes of combustion
and turbulence are complex physical and chemical processes. When modelling it is necessary to take into
account multiphase flows with sprays, the presence of chemical reactions and turbulence process.

The importance of modeling the combustion process of liquid fuels is confirmed by modern research.
For example, in work [1] it is considered how the injection rate affects the combustion of liquid heptane. The
authors conducted the analysis of the concentration fields of reacting substances in the combustion zone of
liquid heptane.

In the study [2] the authors analyzed how the excess air ratio affects the combustion and atomization of
benzene. As the result of numerical modeling the authors have shown that complete oxidation of the fuel
does not occur when rich fuel mixtures burn. This results in increased fuel consumption and reduced com-
bustion efficiency due to the presence of unburned hydrocarbons in the exhaust gases.

The work [3] demonstrates the features of liquid fuel combustion when the initial air temperature in the
combustion chamber is changed. A numerical study has allowed to obtain temperature fields of fuel,
concentration fields of liquid fuel combustion reaction products for different initial temperatures of the
oxidizer in the combustion.

In the article [4] the authors have examined the influence of the temperature on the vortex combustion
of liquid fuel. It has been found that flame oscillations appear due to the uneven flow of liquid fuel droplets
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at low temperatures. As the result of the analysis the authors have demonstrated that increasing the
temperature helps to stabilize and to improve the fuel combustion.

In the work [5] a numerical study of the combustion of fuel mixture of ammonia and hydrogen has been
performed to assess the posibility of using this mixture as an alternative fuel. The authors have examined the
combustion process of this mixture and have studied the combustion temperature as well as the fuel burning
rate. The authors of the article have concluded that the addition of hydrogen improve the combustion process
of the mixture by increasing the combustion temperature and by making the process more uniform which
helps reduce the emission of harmful substances into the atmosphere.

Study [6] is dedicated to the comparison of various turbulence models. It includes the simulation of do-
decane combustion with multiple injections. The numerical experiment has been conducted at different am-
bient temperatures. The results obtained by the authors have shown good agreement with experimental data.

The scientific novelty of this work lies in the comparative analysis of the influence of spray mass and
angle of two different types of fuel (benzene and tridecane) in the combustion chamber using the KIVA-II
computational program.

The aim of this study is to identify the optimal combustion conditions for two types of fuel (benzene
and tridecane) through numerical simulation by varying the fuel mass and the spray angle of the liquid fuel.

Methods and materials

A mathematical model based on the equations of turbulent flow with fuel spray into a cylindrical com-
bustion chamber has been used for the numerical simulation in this study. This model includes the equations
of motion for the liquid phase of the fuel, the mass conservation equations for the various combustion reac-
tion components and the k-¢ turbulence model [7].

The mass conservation equation for the component m is expressed as follows [7]:

p

where p, is the density of the mixture, p is the total density, u is the flow velocity.
The momentum equation in this model:
olpu) - - ~ - ~
M-kV(pﬁﬁ)=—i2Vp—AOV£zpkj+V6+FS+p§, 2)
ot a 3
where p is the pressure of the fluid.
The parameter A, takes the value 1 for turbulent flow and 0 for laminar flow.
The energy conservation equation:

opl) =, . - = == Lo
7+v(pu1)_—pw+(1—Ao)csVu—VJ+AOps+Q +0°. 3)
The calculation of the heat flux vector J is carried out according to the following relation:
J=—KVT-pDY h,V(p, /p), 4)

where T is the temperature of the fluid, /,, is the enthalpy of m. Q¢ is the amount of heat generated by chem-

ical reactions, Q° is the amount of heat supplied to the combustion chamber during fuel injection.

The equations of the /—& model where £ is the turbulent kinetic energy ¢ is the kinetic energy dissipation
rate are calculated using the following formula:

a’lﬁ(pak):—%pk?maww B VK [—pe+w, (5)
t 3 Pr,
—ap8+§(pﬁ£)=— %c —c jpgﬁﬁﬁLﬁ M \Ve +E[c GVii—c, pe+c W‘] (6)
ot 30" Pr, kb ° ’

The standard 4—€ model was chosen because of its reliable performance for engine turbulent flows.
Moreover, it has full integration with KIVA-II code. The standard k—€ model gives reliable results and re-
quires less computational resources. This model is commonly used for spray combustion simulations and it
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has shown good performance in previous studies [1-3]. Other models like RNG k- model may be applied
but they are computationally expensive.

Numerical simulation of liquid fuel combustion has been performed in a cylindrical burner chamber
with a height of 15 cm and diameter of 4 cm. Initial conditions of the numerical experiment: air temperature
is 900 K, wall temperature is 353 K, pressure is 4x10° Pa.

The computational domain consisted of 600 cells. Parameters are as follows: nx =20 (number of cells
along x axis, ny =1 (axisymmetric task usual for cylinder), nz = 30 (along z axis, z is a height of chamber).
The minimum cell size is 1 mm in the radial direction and 5 mm along z axis. The minimal time step is 1 mi-
croseconds. A grid and time step were selected based on established practices in KIVA-II modelling. The
mesh and time step were found to provide consistent and stable results [1-3, 7].

The KIVA-II software package has been used for numerical simulation, detailed information about this
software is provided in the source [7]. In this article, the authors have examined the combustion of two types
of fuel: benzene and tridecane. The fuel mass has been varied from 5 to 20 mg. The influence of the spray
angle (from 2° to 15°) has also been studied.

The reaction of benzene combustion producing water and carbon dioxide:

2C¢He+ 150, — 12C0O, + 6H,O (7)

Benzene is a flammable hydrocarbon with a boiling point of 80,1 °C and a density of 0.7 g/cm®. Ben-
zene is used as a feedstock for engines and has a freezing point of —60 °C [8].

The combustion reaction of tridecane which also results in the formation of water and carbon dioxide:

Ci3Hazs + 200, — 13CO, + 14H,0 (8)

Tridecane is a colorless liquid from the alkane group with a density of 0.7568 g/ml and it is used as a

component of diesel fuel [9].

The formation and oxidation of soot during the fuel combustion are described using a global multi-step
chemical reaction [10-12]:

k
C,H,, +0,—L 5IR" 9)

In this reaction, the fuel reacts with oxygen leading to the formation of radical, branching agents and in-
termediate reaction products.

2m

k
R*+(F+1)(lCnHm+p02j—P>gP+f1B+f4Q+R* (10)
m
k
R’ +Q%R* +B (11)
B —t5 R (12)

where R” is radical, B is branching agent, Q is intermediate reaction product.
Coefficients I', p,g are formulated as follows:

M, + f M —

r-tMatfMo ) _n@-Wtm  _n (13)
My M, 2m m
m 2

The coefficient A characterizes the ratio between the components of the reaction products
CO/CO,=r/(1-A), L=0.67 [10]. The molecular masses of the global components M ,, M, are calcu-

lated based on the mass balance equation.
During the reaction intermediate compounds are formed and they can be described as follows:

M, K M

k
0—2- Pr,, Q—S>VQS, S%ﬁPr

(14)

59
Pr, N Pr,

where S defines soot particles (soot), Pr, is global soot oxidation products, M is molecular weight of soot
particles.
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Results and discussion

The results of the numerical study of the influence of fuel injection mass on the combustion process of
liquid fuels are shown in the figures below.

The temperature fields obtained as a result of tridecane combustion simulation are shown in Figure 1
for three time points from the start of the fuel injection. Data analysis has shown that by 4 ms the most of the
chamber has warmed up to temperatures above 2000 K.

o

7 ’ C13H28 C13H28 C13H28
T T i &
2069.55 2069.55 2069.55
6 195202 1952.02 1952,02
4 1834.49 1834.49 1834.49
1716.96 1716.96 1716.96
Sk 1599.42 1599.42 1599.42
4 1481.89 — 1481.89 —1{ 1481.89
£ 1364.36 1364.36 —{ 1364.36
°© 4 1246.83 1246.83 1246.83
N 1129.3 11293 11293
1011.77 1011.77 1011.77
3 894.237 804.237 884.237
— 776.706 776.706 776.706
1 659.175 1 659.175 659.175
2 541.644 541,644 541.644
424112 424112 424112
306.581 306.581 306.581
1 189.05 189.05 189.05

Figure 1. Temperature field during combustion of tridecane for times: @« — 1.5 ms; b — 2.5 ms; ¢ — 4 ms

The data in the Figure 2 show the change in temperature in the combustion chamber at three different
time intervals for the case of liquid benzene spray. The maximum temperature is observed in the center of
the temperature flame and reaches 2385 K. From graphs 1 and 2 it can be seen that benzene burns with a
high heat release despite the smaller size of the temperature flame.

C6H6 C6H6 C6H6

T T T
2385.12 238512 238512
2186.45 2186.45 218645
1987.77 1987.77 1987.77
£ 1789.09 1789.09 1789.00
o 1590.42 1590.42 1590.42
N 1391.74 1391.74 1391.74
1193.06 1193.06 1193.06
994 385 994 385 994 385
795708 795708 795708
597031 597.031 597 031
398.354 398 354 398354
199677 199.677 199.677

% 2 a 4 4
R,cm
a) b) c)

Figure 2. Temperature field during benzene combustion for times: a — ¢ =1.5ms; b —¢t=2.5ms; c — ¢t =4 ms
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Figure 3 shows the height of the temperature flame depending in the injection mass of tridecane. The
greater the mass of the fuel the greater the height of the temperature flame. The increase in the height of the
flame is associated with the increase in the amount of heat released during the fuel combustion. All of this
also leads to a raise in the high temperature zone where intense combustion is observed. The graph also
demonstrates small fluctuations due to the influence of spray and mixing of the combustion mixture.

The growth in the height of the temperature flame with the raise in the injection mass indicates the
increase in the rate of combustion product outflow and the intensity of thermal convection, which is typical
for diffusion combustion with the increase in the supplied fuel mass.

Thus, the dependence presented in the Figure 3 demonstrates the characteristic nonlinear dynamics of
the temperature development with variations in the mass of the injected fuel which can be used too diagnose
the combustion mode and optimize injection parameters in practical fuel supply problems.

7

cm

0,0075 0,0100 0,0125 0,0150 0,0175
m,g
Figure 3. Effect of fuel mass on the height of the temperature flame

Figure 4 shows the effect of tridecane fuel mass on the formation of carbon dioxide in the combustion
chamber. At low masses, a sharp increase in carbon dioxide is observed and then the influence of mass is
already insignificant. At a mass of 10 to 20 mg the concentration of formed CO; stabilizes and this indicates
that the limit of its formation during the combustion of tridecane has been reached.

0.01130f
0.01125}
0.01120¢
D0.01115}

» 0.011101

Cco2

0.01105¢r
0.01100
0.01095
0.01090

0.006 0.008 0.010 0.012 0.014 0.016 0.018
m, gm

Figure 4. Effect of tridecane mass on carbon dioxide formation
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Figure 5 shows how the injection mass of tridecane fuel affects the formation of soot during its combus-
tion. Analysis of graph 5 demonstrates that increasing mass leads to a raise in the amount of soot. At a mass
of up to 10 mg, the increase of soot concentration is insignificant; at a mass of more than 10 mg, a sharp in-
crease in soot concentration is observed. Thus, the increase in mass leads to a raise in the formation of soot
during the combustion of tridecane.

100 - —e— soot concentration
Q0
80+
70
60

Soot, g/m?3

50
40
301

201

0.006 0.008 0.010 0.012 0.014
m, 10-3 gm

Figure 5. Dependence of the concentration of formed soot on the mass of tridecane injection

To validate the reliability of the simulation results the comparison with the experimental data available
in the literature has been done. The calculated ignition time is within reasonable agreement with the experi-
mental results presented in. The comparison confirms that the combustion model accurately reproduces the
behavior of tridecane.

The results of the numerical calculation have shown that the optimal injection mass for liquid tridecane
is 9 mg according to the graphs 4 and 5. Further increase in fuel mass leads to the raised formation of soot
and carbon dioxide, which are harmful products of the chemical combustion reaction. At the same time, the
mass of unburned particles also increases and this reduces the efficiency of fuel combustion.

A study on the influence of the spray angle on the combustion process of benzene and tridecane in the
combustion chamber has also been conducted. The results of the numerical experiment for benzene (Fig. 6)
show that the temperature change occurs at small spray angles. The subsequent increase (5—6°) has virtually
no effect on the temperature field in the combustion chamber. It can be concluded that only at low values this
parameter can influence the process of atomization and combustion of liquid fuel.

2468

2466

2464 \

2462
2460

T K

2458
2456
2454
2452

2450

Figure 6. Effect of spray angle a on the maximum temperature during benzene combustion
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From the analysis of the graph of the dependence of the maximum temperature during the combustion
of tridecane (Fig. 7), it follows that the spray angle has no effect on the process of combustion and tempera-
ture changes remain insignificant.

Thus, it can be concluded that the spray angle does not have a significant effect on the process of mix-
ing and combustion of liquid fuel, compared to other processes such as the concentration of fuel and oxi-
dized or turbulence.

2315
2314
2313

2312

T, K

2311

2310

2309

2308

Figure 7. Distribution of maximum temperature for tridecane with changing spray angle a

Conclusion

In this article the authors have performed a numerical calculation of combustion of two types of liquid
fuels: benzene and tridecane. A study has been conducted to investigate the influence of fuel mass and spray
angle on the process of atomization and combustion of these fuels. Based on the results of numerical experi-
ment the following conclusions can be drawn:

1. With the increase in the mass of fuel injection, a raise in the height of the temperature flame is ob-
served which is associated with the increase in the amount of heat released during the chemical reaction of
fuel combustion. There is also an increase in the high temperature zone where the most intense combustion
occurs.

2. When adding small amounts of fuel, an increase in the amount of produced carbon dioxide is ob-
served. When the injection mass reaches more than 10 mg, the process of carbon dioxide production stabiliz-
es. Its concentrations remain practically unchanged with a further increase in the mass of fuel supplied to the
chamber.

3. The mass of the fuel has a significant impact on the formation of soot in the combustion chamber,
with a mass less than 10 mg the increase in soot concentration is insignificant; with a mass of more than
10 mg, a sharp increase in soot concentration is observed.

4. The analysis of the results has shown that the spray angle of liquid fuel droplets from 2 to 15° has lit-
tle effect on the combustion parameters of the studied types of fuel. However, an increase in the injection
mass of these fuels leads to a raise in heat exchange and temperature during the combustion of fuels.

The significance of the presented work is the possibility of practical application of the results for im-
proving combustion and spraying processes in internal combustion engines operating on different types of
fuel.
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M. PricniaeBa, M. bepe3zoBckas

CyiibIK OTBIHHBIH TYPOYJICHTTI KaHYBIH CAHABIK MOJIeJb/Aey:
0€H30J1 MEH TPUAEKAHbI CAJBICTBIPMAJIBI TAJIIAY

Kymeicta KIVA-II ecentik O6arnapiaaMachH KOJIaHy apKbUIbI €Ki CYWBIK OTBIHHBIH (OCH30JI MEH TPHUICKAH)
JKaHy MPOLECIHIH CaHABIK MOJEIbCY] YCHIHBUIFaH. 3epTTey jKaHy MPOIECiHe, TeMIIepaTypaHbIH IMIHHAPIIK
JKaHy KaMepachIH/arbl TapallyblHa OTBIH Maccackl MEH OYpKy OYpBIIIBIHBIH dcepiH Oaraiayra OarbITTaiFaH.
OteiH Maccacs! 5-TeH 20 Mr-ra neiin, an Oypky Oypsimsl 2°-taH 15°-ka nmeiiin esreprinmi. Exi oTeIH Typi
YIIH KbITy 06y cumaTTaMalapblH JKOHE JKaIbIH KYPBUIBIMBIH aHBIKTay MaKCaThIHAA TeMIIepaTypajbIK
epicTep yakpIT OOHBIHIIA TagaH bl HoTmxkenep oThIH OYPKY MacCachIHBIH apTYhI KaJIBIH OHIKTITi MEH KaHy
TEMIIepaTypachIHbIH aNTapJbIKTail ©cyiHe OKeNeTiHiH, OYJ >KbUTy SHEPTHACHIHBIH OeiHYyiHIH apTybIMEH
0alTaHBICTHI €KEeHIH KopceTTi. BypKy OypBIIIBIHBIH dcepi TeK a3 MOHIEPAE eNeyli eKeHI aHBIKTANAbI, all
YJIKEH MOHIEpAE OHBIH €Ki TYpJi CYHBIK OTHIHHBIH TEMIIEPaTypajbIK epicTepiHe ocepi Imamainbl OOJIbI.
beHsonm MeH TpuIekaH apachlHIAFrbl CAJIBICTBIPMANBl Tajjay OCH30JJBIH JKaHy IIPOLECi >KOFapsl
TeMIlepaTypaja JKOHE KapKbIHIBUIBIFBI JKarblHaH TpHUJEKaHHAH OacklM OOJATHIHBIH KepceTTi. byn
TYKBIPBIMIAp IIITEH J>KaHATBIH KO3FAITKBIIITAp/a KONJAHBUIATBIH JKaHy OJKYHeJepiHiH KypbUIBIMBIH
JKETUIAIPY JKOHE OTBIH OYpKy MapaMeTpiepiH OHTaiIaHIBIPy YINIH MaHbI3Ibl. 3epTTey HOTIIKEIepi jKaHy
THIMJIUIITIH apTTBIpyFa JKOHE KOpIIAFaH OpTara 3WSHIBI 3aTTapliblH LIBFApbUIYBIH a3aiiTyFa KOJJaHBUTYBI
MYMKiH.

Kinm ce30ep: xaHyabl CaHIBIK MOJEIbACY, CYHBIK OTHIHIAp (OEH30J, TPUICKaH), aianaTblH OTHIHHBIH
Maccachl, OYpKy cHmarTamaiapbl, TeMIIepaTypa epici, KOHIIEHTpalHs epicTepi

M. PricniaeBa, U. bepe3zoBckast

YucseHHOe MOAeJUPOBaHNEe TYPOYJIEHTHOT0O TOPEeHMsl sKUAKHUX TOIJIUB:
CPaBHHUTEJIbHBIN aHAJN3 0€H30/1a U TPUIEKAHA

B paboTe mpeacTaBieHo YHCICHHOE MOJCIMPOBAHHE MPOLiecca CrOpaHusl ABYX XHUAKHUX TOIUIMB (OeH3051a 1
TpHUJEKaHa) ¢ TMPUMEHEHHWeM BbrauciuTenbHOW mporpammel KIVA-IL. MccrenoBanue cocpemoToueHO Ha
OILICHKE BIIMSTHUSI MAcCHI TOIUIMBA M yTJIa paciibula Ha MPOIECcC CTOPaHMs, a Takke Ha paclpe/ereHie TeMIe-
paTypsl B IIIMHAPHIECKON Kamepe cropaHus. Macca TommBa BapsupyeTcs oT 5 10 20 Mr, a yroJ pacmbuia —
oT 2° no 15°. AHanu3upyloTcs TemIiepaTypHbIe MOJSi BO BPEMEHHU C IENbIO ONpPEAETICHUs XapaKTepUCTHK
TEIUIOBBIJICNICHHUS U CTPYKTYPBI IUITAMEHU U1 JBYX BUAOB TOIUIMBA. Pe3ynbTaThl MOKA3bIBAIOT, YTO YBENUYE-
HHME€ MacChl BIPBICKA IPUBOAUT K 3HAYMTEIBHOMY YBEITHMUCHUIO BBICOTHI INITAMEHH U TEMIIEpaTyphl CrOpaHus,
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M. Ryspayeva, |. Berezovskaya

YTO ONpPEAEIISIeTCS YBEIMYCHUEM BbIIICICHUS TeIUIOBOI SHepruu. [TokasaHo, 4To BIMSHUE YIIa paclbLia 3Ha-
YMMO TOJIBKO IPH MaJIbIX 3HAUECHHAX, B TO BPeMs Kak MPH OONBIIMX 3HAYEHHUSAX OHO MAJIO BIIMSECT HA TEMIIe-
paTypHbIe MO 00OUX THIIOB XMAKUX TOIIMB. CpaBHUTEIBHBIH aHAIN3 MEKTY OCH30JI0M U TPHACKAHOM IO-
Ka3bIBAaeT, YTO TOpeHHe OSH3011a IIPOMCXOMUT OoJiee HHTEHCHUBHO U NIpH Oojiee BHICOKHX TEMIIepaTypax, 4eM
HpoIecC CTOPaHMs TPUACKaHa. DTH BBIBOJIBI HEOOXOIMMEI ISl ONTUMH3AINH ITapaMeTpOB BIPHICKA TOIUINBA
U COBEPLICHCTBOBAHUS KOHCTPYKIMH CHCTEM CTOPaHMs B ABUTATEISIX BHYTPEHHETO CTOpaHMs. Pesynbrarel
HCCIIEIOBaHMSI MOTYT OBITh MPUMEHEHBI IS MOBBIICHUS d(D(QEKTUBHOCTH CTOPAHHS M CHIDKEHHS BPEITHBIX
BBIOPOCOB B OKPY’KAIOIIYIO CpEy.

Knioueswie cnosa: 4ucieHHOE MOJIEMPOBAaHUE TOPEHHUS, KHIKHE TOIIMBA (O€H301, TPUAEKaH), Macca BIPbIC-
KHUBAaEMOTO TOIIHBA, XapaKTEPUCTUKH PACIIBUICHHS, TEMIIEPATYPHOE M0JI€, 0N KOHIIEHTPAI[UU
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Investigation of Dispersion, Breakup, and Combustion Processes
of Liquid Fuel Droplets under High Turbulence

In the present study, the processes of breakup, dispersion, and evaporation of gasoline droplets in a model
combustion chamber under high turbulence reacting flow were investigated using modern computational
modeling methods. The influence of the initial gas temperature in the chamber on spray dynamics, droplet
distribution, and thermal characteristics of the flow was analyzed. The results of computational experiments
enabled the detailed visualization of the reacting flow, including the temperature, aerodynamic, and concen-
tration characteristics of the fuel—air mixture. It was established that an increase in the initial gas temperature
leads to a reduction in the mean droplet size, accelerated evaporation, and enhanced combustion intensity. It
was observed that droplets spread over considerable distances from the nozzle while maintaining a relatively
uniform radial distribution. As the droplets move upward in the chamber, their temperature gradually increas-
es, reflecting complex interactions with the two-phase flow. The study demonstrated that higher gas tempera-
tures intensify combustion and significantly raise maximum temperature levels. Based on the research con-
ducted, the key role of the initial gas temperature in shaping the spray and flame structure was substantiated,
providing a basis for recommendations to optimize the operation of combustion chambers in thermal engines.

Keywords: liquid fuel, droplets, combustion, dispersion, atomization, turbulent flow, gas temperature, spray
dynamics, simulation, combustion chamber
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Introduction

Energy and transportation in the modern world remain largely dependent on hydrocarbon fuels. Accord-
ing to the International Energy Agency, their share of the global energy balance exceeds 80 %, with liquid
fuels accounting for a significant portion. Their widespread use is attributed to a combination of high energy
properties, ease of transportation, and their ability to be utilized efficiently in various applications. Despite
growing interest in biofuels and other alternative energy sources, liquid hydrocarbon fuels remain a leading
source of energy, ensuring the stability and efficiency of energy and transportation systems [1].

From an environmental perspective, liquid fuels offer advantages over solid energy sources. Their com-
bustion produces virtually no ash, and pollutant emissions are significantly lower. Specific CO; emissions
are 73—75 kg/GJ, compared to 90-95 kg/GJ for coal. The SO, and particulate matter content in the combus-
tion products of liquid fuels is two to three times lower than that of coal, which complies with international
environmental requirements [2].

According to the U.S.Energy Information Administration (EIA), global consumption of oil and other
liquid fuels is projected to increase by 19 % between 2025 and 2040, primarily driven by the transportation
and industrial sectors [3]. Demand is expected to rise from 95 million barrels per day in 2025 to 104 million
barrels per day in 2030 and to 113 million barrels per day in 2040. The main drivers of this growth will be
countries outside the OECD, where demand is projected to increase by 1.3 % annually, while in OECD
member states, a slight decline is expected [4].

The forecast also indicates that OPEC will maintain or expand its share of global crude oil and conden-
sate production. Renewable energy is expected to remain the fastest-growing source of energy, with an aver-
age annual growth rate of 2.3 %. Fossil fuels are expected to continue dominating the global energy mix, ac-
counting for approximately 77 % of total consumption by 2040. Among fossil fuels, natural gas is expected
to show the fastest growth, with an average annual increase of 1.4 % (Fig. 1) [5].
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Figure 1. Structure of global energy consumption by fuel type and electricity source

The scientific novelty of the study stems from the need for a more in-depth analysis of the decomposi-
tion, evaporation, combustion, and dispersion processes of liquid fuels. The dynamics of droplets and dis-
persed systems directly determine the completeness of combustion and the efficiency of heating systems, as
well as the level of harmful emissions.

The practical significance of the research results lies in their potential use in the design and moderniza-
tion of power and transport systems. A thorough understanding of liquid fuel dispersion and combustion pro-
cesses enables the development of more efficient nozzle systems for gas turbine engines, the improvement of
combustion chambers in thermal power plants, and the optimization of operating processes in internal com-
bustion engines. Ultimately, this contributes to increased energy efficiency, reduced operating costs, and a
reduced environmental impact.

This study aims to comprehensively investigate the physicochemical mechanisms underlying the de-
composition, evaporation, combustion, and dispersion of liquid hydrocarbon fuels under various thermody-
namic conditions. Particular attention is paid to identifying the factors determining droplet size, evaporation
rate, combustion flame formation, and combustion product formation mechanisms. Achieving this goal will
enable the development of more accurate models of heat and mass transfer processes, improve the efficiency
of liquid fuel use in power and transportation systems, and reduce harmful emissions by optimizing atomiza-
tion and combustion processes.

Mathematical and geometrical models of the problem

The continuity equation governing mass conservation in a two-phase flow can be expressed as fol-
lows [6]:

2—‘;+div(pu)=Smm. (1)

The parameter u characterizes the velocity field of the liquid fuel, whereas Sy.ss designates the source
term introduced by density variations in the surrounding gas phase induced by evaporation.
The governing relation for momentum conservation in a two-phase flow can be written as follows [6]:

pg—l:+p(gradu)u=diV§+pg+Smom, (2)

In this context, Sy.om represents the source term corresponding to the local variation of momentum in the gas-
eous phase because of droplet dynamics.
The governing relation for internal energy conservation can be formulated as follows [6]:

paa—]f=T:D—pdivu—divq+Senergy. 3)

The parameter g is the heat flux described by Fourier’s law, whereas Senerqy designates the source term
reflecting the internal energy contribution associated with droplet dynamics.

The governing relation for the transport and conservation of component m can be formulated as fol-
lows [7]:
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The parameter p,represents the mass density associated with component m, whereas p characterizes the
total mass density of the mixture under consideration.

The turbulent structure of the reacting flow is quantified by means of the empirical two-equation k—¢
model, which simultaneously resolves the transport equations for turbulent kinetic energy & and its dissipa-
tion rate € [8—10]:
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The constant values ¢, , ¢, , ¢, , 6;, ©,, serving as parameters of the computational model, are gener-

ally obtained from experimental data.

A droplet tracking model was used in this study, allowing for a detailed description of the dynamics of
fuel droplets in a gas flow. This model considers their individual trajectories, evaporation processes, and heat
and mass transfer with the surrounding environment. This enables the analysis of the spatial distribution of
droplets, their temperature characteristics, and concentrations in the flame, which is key to understanding
fuel combustion and evaporation processes.

To more accurately simulate the behavior of the dispersed phase, a droplet collision model was addi-
tionally used (Fig. 2). It is based on a probabilistic approach: when droplet trajectories intersect, the probabil-
ity of their interaction is estimated, allowing for phenomena such as agglomeration (droplet merging) and
fragmentation (breakdown into smaller particles) [11]. This significantly improves the accuracy of spray
modeling and allows for more accurate predictions of droplet size distribution, evaporation rate, and flame
structure formation [12—15].

Us

Figure 2. Illustration of the droplet collision model

The study utilized a model of a cylindrical combustion chamber 15 ¢m high and 4 cm in diame-
ter (Fig. 3), with a liquid fuel injection nozzle installed in the center of its lower base. A real internal com-
bustion engine served as the prototype for the simulated chamber, lending structural and operational realism
to the computational model. The initial parameters included a pressure of 80 bar and a droplet radius of
25 pm.

The prediction of ignition delay was performed through an integral analysis using CHEMKIN. For bio-
fuels, a simplified mechanism was employed to allow faster computations, accounting for 144 reactions in-
volving 49 species [16, 17].

The concentrations of combustion products were determined using a model based on the detailed kinet-
ic mechanism of the combustion process.

To predict soot formation during the combustion of hydrocarbon fuels, the global Shell soot model [18]
was employed. This model accounts for key processes such as nucleation, particle growth, and agglomera-
tion, as well as hydrocarbon pyrolysis and the formation of polycyclic aromatic hydrocarbons, which play a
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central role in soot generation [19, 20]. By using this approach, it becomes possible to estimate soot emis-
sions and optimize combustion conditions, contributing to improved engine performance and reduced envi-
ronmental impact.

TTTIITIT

Jet orifice

b)

Figure 3. The main structural elements used in modeling the system under study are: a) a schematic representation of
the combustion chamber geometry; b) visualization and discretization of the computational domain

For numerical modeling of the breakup, dispersion, evaporation, and combustion of liquid fuel droplets,
the KIVA-3V software package developed at Los Alamos National Laboratory (USA) was employed. This
code is designed for three-dimensional simulations of flows in internal combustion chambers and is based on
the finite-volume method for solving the Navier—Stokes equations with consideration of turbulence, heat, and
mass transfer, and chemical reactions [21, 22].

The KIVA-3V code includes modules for calculating fuel droplet trajectories, evaporation, collisions,
and secondary breakup, which allows for a detailed description of the interaction between the dispersed and
gaseous phases under conditions of high turbulence. The software package features an adaptive computa-
tional grid, flexible boundary conditions, and the capability to vary the thermodynamic parameters of the fuel
and oxidizer. The use of KIVA-3V made it possible to obtain detailed distributions of temperature, velocity,
and species concentration in the reacting flow, ensuring high accuracy in describing spray and combustion
processes under various initial gas temperatures.

This study presents the results of computational experiments aimed at investigating the influence of ini-
tial temperature on the processes of breakup, dispersion, combustion, and evaporation of gasoline droplets in
a model combustion chamber under conditions of high turbulence. The injection gas temperature varied from
700 to 1500 K, which made it possible to analyze its effect on spray flame formation as well as on the tem-
perature and concentration fields of the reacting flow.

Results and Discussion

Figure 4 illustrates selected results of numerical simulations addressing the radial dispersion of liquid
fuel droplets within the model combustion chamber. The analysis of the obtained data reveals that an in-
crease in chamber temperature leads to a reduction in the mean droplet diameter. This trend is primarily as-
sociated with enhanced evaporation rates and intensified aerodynamic atomization processes. However, the
magnitude of this reduction remains relatively modest, indicating that the geometric transformation of drop-
lets is constrained under the studied conditions.

The spray dynamics of gasoline droplets exhibit characteristic spatiotemporal features in a highly turbu-
lent flow. At 0.8 ms after injection, the droplets attain a penetration height of approximately 1.2 ¢cm above
the injector nozzle. In the radial direction, a nearly uniform distribution of droplets is observed up to 0.2 cm
from the chamber axis, suggesting a stable atomization regime and well-established spray formation mecha-
nisms.

These results highlight the significance of initial gas temperature in shaping both the evaporation—
atomization interplay and the subsequent distribution of reacting phases. Despite the relatively moderate
change in droplet size, the findings confirm the strong temperature dependence of spray dynamics, which is
critical for predictive modeling of heat and mass transfer processes in advanced combustion systems.
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Figure 5 presents the numerical simulation results of the temperature distribution of liquid-fuel droplets
in the combustion chamber at 0.8 ms after injection.

The analysis indicates that in the lower part of the chamber, droplet temperatures remain close to 300 K,
which is attributed to their recent entry into the flow and the limited time available for heat and mass ex-
change with the surrounding hot gases. As the spray develops upward, the droplets progressively heat up,
reaching maximum temperatures in the range of 500—550 K in the central and upper regions of the chamber.

This distribution highlights the presence of a pronounced temperature gradient caused by the non-
uniformity of heat transfer and the variation in droplet sizes. Larger droplets retain lower temperatures due to
their slower thermal response, whereas smaller ones rapidly approach equilibrium with the surrounding gas-
eous medium. Consequently, the droplet temperature field reflects the complex interplay of heat transfer,

evaporation, and dispersion processes under turbulent combustion conditions.
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Unlike gasoline spray, which is characterized by relatively rapid heating of small droplets and a more
uniform radial distribution within the chamber, diesel fuel spray exhibits greater heterogeneity in both drop-
let size and temperature. Diesel droplets are typically larger and more viscous, which slows their evaporation
and heat exchange with the surrounding gases. As a result, droplet temperatures in the lower part of the
chamber remain significantly lower, and equilibrium with the hot medium is reached more slowly than in
gasoline sprays.

Additionally, diesel sprays often show a wider range of droplet sizes and more pronounced temperature
gradients, affecting the formation of the combustion zone and overall fuel burning efficiency. These charac-
teristics highlight the importance of considering the specific fuel properties when modeling heat and mass
transfer processes under turbulent combustion conditions [23, 24].

The analysis of Figure 6 demonstrates that when the oxidizer temperature in the combustion chamber
exceeds 800 K, the combustion process becomes significantly more intense. This is accompanied by acceler-
ated ignition, an increased rate of chemical reactions, and more complete fuel oxidation. As a result, a sub-
stantially larger amount of heat is released, leading to a pronounced rise in chamber temperature, which in
peak values approaches 3000 K.
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Figure 6. The distribution of the maximum combustion temperature in the combustion chamber,
depending on the initial gas temperature

Particular attention should be paid to the dependence of the maximum temperature on the initial condi-
tions. When the oxidizer temperature increases from 900 K to 1500 K, the maximum flame temperature rises
from 1726.09 K to 2208.53 K.This trend highlights the strong sensitivity of the thermodynamic characteris-
tics of combustion to the initial thermal state, which is associated with intensified heat transfer, enhanced
fuel droplet evaporation, and accelerated oxidation reactions.

Thus, increasing the initial oxidizer temperature not only strengthens heat release but also contributes to
the formation of a more stable and energetic flame, which is of key importance for optimizing combustion
chamber performance under conditions of high thermal loads.

Figure 7 presents the results of numerical simulations of nitrogen concentration evolution in the com-
bustion chamber over time. The analysis shows that nitrogen concentration remains relatively stable during
the initial phase, when fuel injection has just begun and significant interaction with the oxidizer has not yet
occurred.

The most pronounced variations are observed at approximately 1.5 ms, when the injected fuel is fully
delivered into the chamber, has evaporated, and chemical reactions are initiated. At this stage, the combus-
tion process is accompanied by the formation of nitrogen oxides, resulting in a noticeable redistribution of
concentration fields. These findings indicate that the dynamics of nitrogen concentration are closely linked to
the stages of fuel injection, evaporation, and ignition, and may serve as an indicator of pollutant formation
intensity during combustion.

Similar insights into the effects of flow dynamics on species distribution can be drawn from [25], where
the influence of throttle hole diameters on fluid flow in an inertial hydrodynamic installation was investigat-
ed. The results demonstrated that variations in the constriction geometry significantly affect the velocity and
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pressure fields, leading to a non-uniform distribution of fluid properties downstream of the throttle. By anal-
ogy, in combustion systems, such variations in local flow conditions can influence the mixing and transport
of reactants, thereby affecting the spatial and temporal evolution of nitrogen concentration. This emphasizes
that both injector geometry and flow constrictions play a crucial role in shaping concentration fields and may
impact the intensity and localization of pollutant formation during combustion.

Figure 8 illustrates the gas velocity fields in the combustion chamber at different moments in time. At
the initial stage of injection, gasoline droplets enter the chamber with a velocity of approximately 200 m/s,
while the gaseous medium remains at rest. Due to the inertial motion of the droplets, the gas is entrained and
acquires momentum, resulting in the formation of a high-velocity zone along the spray trajectory.

1.5

CeHB

N2
0.766802
0.766535
0.766268
0.766
0.765733
0.765465
0.765198
0.76493
0.764663

H.,cm

0.5

0.764395
0.764128
0.76386

0.763593
0.763325
0.763058

0

0 i
R.cm R, cm

a) 0.5 ms b) 1 ms ¢) 1.5ms d) 1.9 ms

Figure 7. Distribution of nitrogen concentration during gasoline combustion at different time moments
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Figure 8. Distribution of gasoline droplet velocities at different time moments

The highest gas velocities are observed in the central axial region of the chamber, where the fuel jet de-
velops. The maximum velocity occurs within a radial distance of about 1 cm from the chamber axis. In the
radial direction, the velocity gradually decreases, forming a characteristic flow profile with a distinct high-
velocity core and peripheral regions of deceleration.

Compared to biodiesel spray, gasoline droplets heat up and evaporate significantly faster due to their
smaller size and lower viscosity. Biodiesel droplets are typically larger, more viscous, and contain oxygenat-
ed compounds, which slow down evaporation and delay thermal equilibrium with the surrounding hot gases.
Consequently, biodiesel exhibits stronger temperature gradients and a less uniform distribution within the
combustion chamber than gasoline [26]. Gasoline, in contrast, achieves more uniform heating and dispersion,
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which enhances rapid mixing with air and promotes faster and more efficient combustion, giving it a clear
advantage over both diesel and biodiesel in terms of spray dynamics and ignition responsiveness [27].

In addition, the lower surface tension of gasoline promotes more intense breakup of the liquid jet into
fine droplets even at moderate injection pressures [28]. This ensures a more uniform spray formation and
improves vapor—air interaction throughout the combustion chamber. As a result, gasoline is characterized by
a shorter ignition delay and greater combustion stability, especially under transient operating conditions. Fine
atomization also contributes to more complete utilization of the injected fuel, reducing the likelihood of lo-
cally rich zones that typically lead to incomplete combustion and soot formation.

Furthermore, the chemical composition of gasoline, characterized by a high-octane number and high
volatility, provides better controllability of the combustion process. The high-octane number enhances re-
sistance to detonation and allows for higher compression ratios, thereby improving the engine’s thermal effi-
ciency. Rapid evaporation of gasoline ensures earlier and more uniform flame front propagation, promoting
stable combustion and reducing emissions of unburned hydrocarbons. Compared to heavier fuels, gasoline
provides smoother flame development and lower cycle-to-cycle variations, making it particularly effective
for high-speed and highly turbulent combustion systems where precise fuel—air mixture formation is critical.

The comparison of the results obtained in the present study with the numerical analysis data of gasoline
sprays from the Engine Combustion Network (ECN) Spray G case, performed using the Large Eddy Simula-
tion (LES) method and the Eulerian—Lagrangian framework, shows good agreement in the fundamental pat-
terns of droplet breakup, dispersion, and evaporation [29]. Both studies confirm the key role of initial ther-
modynamic conditions, such as gas temperature and pressure, in shaping the spray structure and combustion
intensity. With an increase in the initial gas temperature, a reduction in the mean droplet diameter and an
acceleration of the evaporation process are observed, leading to a more uniform distribution of the fuel-air
mixture and higher maximum temperatures in the combustion zone. Unlike the ECN Spray G configuration,
which considered early and late injection regimes, the present work analyzed a temperature range from 700
to 1500 K at fixed injection parameters. Nevertheless, the penetration dynamics and radial distribution of
droplets show similar trends: at higher temperatures, a stable spray plume with smaller droplets and a pro-
nounced vertical temperature gradient is formed. Thus, the modeling results confirm the universality of the
regularities identified within the ECN Spray G framework for various chamber geometries and turbulence
conditions, enhancing the reliability of the findings and the validity of recommendations for optimizing spray
and combustion processes.

These results demonstrate that the injection process strongly governs the gas-dynamic structure of the
flow, determining the intensity of turbulent mixing and establishing the conditions for subsequent combus-
tion.

Conclusions

This study simulated the processes of gasoline droplet breakup, dispersion, evaporation, and combus-
tion in a model combustion chamber at various initial gas temperatures under high turbulence. The results
obtained allow the following conclusions:

1. Increasing the initial gas temperature leads to a decrease in the average droplet diameter, which is as-
sociated with intensified evaporation and aerodynamic breakup processes, although the change in droplet
size remains relatively small;

2. The droplet propagation dynamics demonstrate stable plume formation: at 0.8 ms, the droplets reach
a height of up to 1.2 cm and are uniformly distributed across the chamber width to a width of 0.2 cm;

3. A pronounced droplet temperature gradient was established: in the lower zone, the temperature is ap-
proximately 300 K, while in the upper regions it reaches 500-550 K, reflecting the influence of droplet size
and heat and mass transfer conditions;

4. As the oxidizer temperature increases above 800 K, the combustion process becomes more intense,
with the maximum chamber temperature reaching 3000 K.As the initial temperature changes from 900 to
1500 K, the maximum temperature increases from 1726.09 K to 2208.53 K;

5. The nitrogen concentration changes most significantly at 1.5 ms, due to the completion of injection,
fuel evaporation, and the onset of a chemical reaction accompanied by the formation of nitrogen oxides;

6. The gas-dynamic flow structure is determined by the injection process: maximum gas velocities are
observed near the chamber axis and reach values within 1 cm along the radius, forming a characteristic flow
profile with a high-velocity core and deceleration zones at the periphery.

90 BecTHuk KaparaHgmMHCKoOro yHusepcureTa



Investigation of Dispersion, Breakup, and Combustion Processes...

Thus, the study confirms the decisive role of the initial gas temperature in shaping the characteristics of
fuel atomization and combustion. The results obtained can be used to improve heat and mass transfer models
and optimize the operating modes of combustion chambers in power and transport systems.

The proposed numerical solutions and identified regularities are applicable within the range of parame-
ters characteristic of small-scale model combustion chambers operating under high turbulence. The results
obtained describe the behavior of fuel droplets under conditions similar to those occurring in gasoline and
diesel internal combustion chambers. The model can also be adapted for the study of biodiesel fuels, consid-
ering their specific physicochemical and thermodynamic properties. However, direct extension of the results
to large-scale industrial systems requires additional verification and refinement of boundary conditions.

The developed comprehensive model has a universal character and can be applied to a wide range of
liquid hydrocarbon petroleum fuels, as well as adapted for simulations involving biofuels. However, varia-
tions in the geometry or design features of the combustion chamber, as well as changes in operating condi-
tions, require additional adjustment of the input parameters and refinement of boundary conditions. This ap-
proach ensures the reliability and adequacy of the computational results when extending the applicability of
the model to broader operating ranges.

The numerical modeling methods implemented in the KIVA-3V software package are reproducible
when using similar computational grids, time steps, and turbulence models. Under these conditions, the re-
sults can be verified not only by other researchers but also compared with experimental data, demonstrating
satisfactory agreement in the main thermal characteristics. This confirms the reliability and physical validity
of the applied approach.

The analysis showed that the general trends in spray and combustion characteristics remain consistent
under moderate variations in the initial gas temperature and injection velocity. However, with significant
deviations of input parameters, the stability of the numerical solution may decrease due to the nonlinear rela-
tionship between the turbulence intensity and the evaporation rate of fuel droplets. This relationship is con-
firmed both by the computational data obtained in the present study and by previously published experi-
mental [13] and numerical works [6, 19], which demonstrate that an increase in turbulence intensity enhanc-
es phase mixing, heat and mass transfer, and consequently accelerates droplet evaporation.

To assess the accuracy, stability, and reliability of the obtained numerical results, a series of verification
calculations was carried out. Convergence tests with respect to the computational grid and time step were
performed, along with a sensitivity analysis of key parameters through sequential variation of input condi-
tions. Calibration of chemical kinetic mechanisms was conducted to reproduce the ignition delay. The relia-
bility of the numerical results was assessed using statistical indicators that characterize the accuracy and in-
ternal consistency of the model. In addition, mass and energy conservation were verified, and the influence
of input uncertainties was assessed using the Monte Carlo method. The results confirm the stability, physical
validity, and reproducibility of the comprehensive model within the range of initial gas temperatures of 700—
1500 K, pressure of 80 bar, and mean droplet radius of approximately 25 pum.

The obtained results advance the understanding of the physicochemical mechanisms of breakup, disper-
sion, evaporation, and combustion of liquid fuel droplets under high turbulence conditions. The identified
relationships between the initial gas temperature, spray flame dynamics, and thermochemical characteristics
of the reacting flow make it possible to refine heat and mass transfer models and improve the accuracy of
combustion parameter predictions. Of particular importance is the revealed role of oxidizer temperature in
determining maximum flame temperatures and nitrogen concentration distributions, which contributes to the
development of combustion theory and reactive flow modeling.

The findings can be applied in the design and optimization of combustion chambers in power plants and
internal combustion engines. It has been shown that higher initial gas temperatures promote more intense
combustion and stable flame formation, thereby increasing fuel efficiency and reducing emissions of harmful
substances, including nitrogen oxides. The results may serve as a basis for improving fuel injection and at-
omization systems and for developing more environmentally friendly and energy-efficient combustion tech-
nologies.
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A.C. Ackaposa, C.A. bonerenosa, I11.C. Ocnanosa,
C.A. bonerenona, I'.E. balinymnaesa, A.3. HypmyxanoBa

Korapbl TypOyaeHTTiNiKTeri CYibIK OTHIH TAMIIBLIAPBIHBIH AUCIIEPCHSICHIH,
BIIBIPAY JKHE KaHy NpolecTepiH 3epTTey

JKymbicTa MOZENbIIK KaHy KaMepachIHAAFbI JKOFaphl TypOYJICHTTUIIKTETi 9CeplieCeTiH aFbIHAAFbl OCH3UH
TaMIIBUIAPBIHBIH BIABIPAY, IHCIEPCHACH XKOHE OyJaHy MpouecTepi 3aMaHayH KOMIBIOTEpIIK MOJIEIbACY
onicTepiH maiianaHa OTHIpHIN 3epTreniHii. Kamepamarbl rasuslH OacTankbl TeMIlepaTypachIHBIH OYpKy
JMHAMUKAChIHA, TAMIIBUIAP/BIH TapajyblHa JKOHE aFbIHHBIH JKBUTYJIBIK CHIIATTaMallapblHA dcepi TaJlaH[bL.
Mopgensaey OOWBIHINA JKYPTi3UITeH €CeNTiK OSKCIEPUMEHTTEpAiH HOTIDKEIepl ocepieceTiH aFbIHHBIH
TeMIIepaTypajblK, a’dpOJAMHAMHKAIBIK JKOHE KOHIEHTPAIMSIIBIK CHIIaTTaMalapblH KAMTHTBIH  TOJIBIK
BU3YaJIM3aLMACHIH alyFa MYMKiHAIK Oepai. ['a3mpiH OacTamkpl TeMIlepaTypachlHBIH ©Cyl TaMIIbLIapAbIH
opTamia eJIeMiHiH KeMyiHe, olapAblH OyJIaHYBIH XeAeNAeTyre jKOHE jKaHy WHTCHCHBTUIITIHIH apTybIHA
Qb KeJETiHI aHBIKTANABl. TaMIIbUIap COIUIONAH e9yip KAIIBIKTBIKKA Tapajbll, CaJbICTBHIPMAibl TYPAE
Oipkenki paguangbl yiecyre ue OONMaThIHABIFEI Oaiikanapl. Kamepa OOHBIMEH >KOFaphl KO3FalFaH CaiblH
TaMIIBUIAPIBIH TEMIIepaTypachl OipTiHIeT apThIN, €Ki (a3aibl aFBIHMEH KYpHeli opeKeTTecyai OelHeneni.
T'a3z TemmepaTypachlHBIH ©CYi >KaHYIbIH KapKbIHIBUIBIFBIH apTTHIPBII, MAaKCHMAJABI TEMIIepaTypajbIK
KOPCETKILITEpAiH aWTapibIKTail >KOFapbUIayblHa BIKMAN eTeTiHi Jgonengenai. JKyprisuireH 3eprrey
HOTIDKeNepi  OoMbIHIIA ra3aelH — OacTamKsl —TEMIIEpaTypachlHBIH OYypKy MeH ajay KYpPBUIBIMBIH
KQJIBINTACTBIPYNaFbl HETI3Ti pesi alKbIHAJbIN, JKBUTYy KO3FAITKBIIITAPEIHBIH JKaHy KaMepaJlapbIHbIH
JKYMBICBIH OHTaiIaHIBIpy OOMBIHIIIA YCHIHBICTAD XKacayFa Heri3 OOJIbL.

Kinm ce30ep: cyWbIK OTBIH, TaMIUbUIAP, XKaHy, AUCHEpCHs, OYpKy, TypOYNEHTTI aFblH, ra3, TeMIepaTypa,
OYPKY JMHAMHKACHI, MOJICIIBICY, )KaHy KaMepachl

A.C. Ackaposa, C.A. bonerenosa, I11.C. Ocnanoga,
C.A. bonerenosa, I'.E. baiinynnaesa, A.3. HypmyxaHoBa

HccaenoBanue npoiueccoB AUCHEPCHH, PAcaia U TOpeHust
KaneJib KUJIKOI0 TOIUIMBA NPHU BHICOKOH TYPOYJEHTHOCTH

B nacrosmeit pabote rccienoBaHbl MPOIECCH PACTIafa, JUCHEPCHH U NCIApeHHs Karenb OeH3WHa B MOJIENb-
HOHM KaMepe CropaHMsi B peardpyrolieM MOTOKEe TP BHICOKOW TYpOYJIEHTHOCTH C MCIIOJIb30BAaHHUEM COBpE-
MEHHBIX METO/0B KOMIIBIOTEPHOTO MojenupoBaHus. [IpoBesneH aHanu3 BIUSHHUA HAa4aJdbHOM TeMIeparypsl
ra3a B KaMepe Ha JUHAMMKY pacIblia, pacIpeseneHue Kamelb U TeIUIOBbIe XapaKTepUCTHKU OTOKa. Pe3yb-
TaThl BBIYUCIUTEIBHBIX SKCIEPHUMEHTOB I10 MOJAEIUPOBAHUIO TIO3BOJIMIM MOIYYUTh JETAIU3UPOBAHHYIO BU-
3yaJIn3alMi0 pearupyoulero MoToka, BKIIOUYAIILYI0 TeMIepaTypHble, adpoJUHaMIUeCKie U KOHLIEHTpalu-
OHHBIE XapaKTEePHCTHKN TOILUTMBHO-BO3IYIIHOW CMECH. Y CTAaHOBICHO, ITO TTOBHIIMICHHE HAYATBHOH TeMIepa-
TYpBI ra3a NPUBOIUT K YMEHBIICHHIO CPEAHETO pa3Mepa Karellb, yCKOPEHHUIO UX UCIApeHus U YCHICHHIO HH-
TEHCHBHOCTH CTOpaHUs. BBIABIEHO, 4TO KAl pacHpOCTPaHSIIOTCS Ha 3HAUUTENBHBIE PACCTOSHHS OT COIIIA,
JEMOHCTPHpPYS TIPH 3TOM OTHOCHTEIEHO PaBHOMEPHOE pajHalbHOE paclperneneHue. IIpu mpoaBikeHNH
BBEpX 10 Kamepe TeMIepaTypa Kaleib IIOCTENIEHHO YBEIMYMBAETCs, OTpaXkas CI0XKHOE B3aUMOJEHCTBUE C
IByX(ha3HbIM MOTOKOM. JI0Ka3aHO, YTO C POCTOM TeMIIepaTyphl ra3a CropaHHe CTaHOBHUTCS 00Jiee HMHTCHCHB-
HBIM, @ MaKCHMaJlbHbIE TEMIIEpaTypHbIe IOKa3aTeIM 3HAYUTEIbHO Bo3pacTaroT. Ha ocHOBe IMpoOBEIEHHOIO
MCClieIoBaHusT 000CHOBaHA KIIOYEBas pOJIb HA4YajlbHOM TeMmIepaTypsl raza B ()OPMHPOBAHHH CTPYKTYPHI
pacmbiIa U (akena, 9TO MO3BOIIET (OPMYINPOBATh PEKOMEHJAIINH 110 ONTUMH3AINN pabOTHl KaMep cropa-
HUS TETUIOBBIX JABUTATEINICH.

Kniouesvie cnosa: JKUAKOE TOIUIMBO, KaIljikd, TOpE€HUE, NUCIIECPCHU, PACIIbLI, Typ6yJ’IeHTHLIﬁ IIOTOK, ra3, TCM-
neparypa, AMHaMHKa paciibljia, MOACIIMPOBAHNUE, KaMEpa CrOpaHust

Cepust «uamkar. 2025, 30, 4(120) 93



A.S. Askarova, S.A. Bolegenovaet al.

Information about the authors

Askarova, Aliya — Doctor of Physical and Mathematical Sciences, Professor of the Department of
Thermophysics and Technical Physics, al-Farabi Kazakh National University, al-Farabi avenue, 71, 050040,
Almaty, Kazakhstan; e-mail: Aliya.Askarova@kaznu.edu.kz; https://orcid.org/0000-0003-1797-1463

Bolegenova, Saltanat — Doctor of Physical and Mathematical Sciences, Professor, Head of the De-
partment of Thermophysics and Technical Physics, al-Farabi Kazakh National University, al-Farabi avenue,
71, 050040, Almaty, Kazakhstan; e-mail: Saltanat.Bolegenova@kaznu.edu.kz; https://orcid.org/0000-0001-
5001-7773

Ospanova, Shynar (corresponding author) — PhD, Acting Associate Professor of the Department of
Thermophysics and Technical Physics, al-Farabi Kazakh National University, al-Farabi avenue, 71, 050040,
Almaty, Kazakhstan; e-mail: Shynar.Ospanova@kaznu.edu.kz; https://orcid.org/0000-0001-6902-7154

Bolegenova, Symbat — PhD, Associate Professor of the Department of Thermophysics and Technical
Physics, al-Farabi Kazakh National University, al-Farabi avenue, 71, 050040, Almaty, Kazakhstan; e-mail:
Bolegenova.Symbat@kaznu.edu.kz; https://orcid.org/0000-0003-1061-6733

Baidullayeva, Gulzhakhan — Candidate of Physical and Mathematical Sciences, Associate Professor
of the Department of Normal Physiology with a Biophysics Course, Asfendiyarov Kazakh National Medical
University, Tole-bi str., 94, 050012, Almaty, Kazakhstan; e-mail: G.baydullaeva@mail.ru;
https://orcid.org/0000-0002-1998-1617

Nurmukhanova, Alfiya — Candidate of Technical Sciences, Senior Lecturer of the Department of
Thermophysics and Technical Physics, al-Farabi Kazakh National University, al-Farabi avenue, 71, 050040,
Almaty, Kazakhstan; e-mail: alfiyanurmukhanova7@gmail.com; https://orcid.org/0000-0002-0289-3610

94 BecTHuk KaparaHgmMHCKoOro yHusepcureTa


mailto:Aliya.Askarova@kaznu.edu.kz
https://orcid.org/0000-0003-1797-1463
mailto:Saltanat.Bolegenova@kaznu.edu.kz
https://orcid.org/0000-0001-5001-7773
https://orcid.org/0000-0001-5001-7773
mailto:Shynar.Ospanova@kaznu.edu.kz
https://orcid.org/0000-0001-6902-7154
mailto:Bolegenova.Symbat@kaznu.edu.kz
https://orcid.org/0000-0003-1061-6733
mailto:G.baydullaeva@mail.ru
https://orcid.org/0000-0002-1998-1617
mailto:alfiyanurmukhanova7@gmail.com
https://orcid.org/0000-0002-0289-3610

CORRIGENDUM

Article
d-] https://doi.org/10.31489/2025PH4/95-105 Received: 10.06.2024
UDC 535.37 Accepted: 19.08.2024

G.K. Alpyssova!, Zh.K. Bakiyeva'*, I.P. Denisov?, E.V. Kaneva®,
E.V. Domarov*, A K. Tussupbekova!

IKaraganda Buketov University, Karaganda, Kazakhstan;
2National Research Tomsk Polytechnic University, Tomsk, Russian Federation,
3X-ray Analysis Laboratory, Vinogradov Institute of Geochemistry SB RAS, Irkutsk, Russian Federation;
‘Budker Institute of Nuclear Physics of the Siberian Branch of the Russian Academy of Sciences Novosibirsk, Russian Federation
(*Corresponding author’s e-mail: shanar83@mail.ru)

Dependence of the Radiation Synthesis Efficiency of
Ceramics Based on Tungstates on the Flow Power

Ceramic samples of monocomponent (CaO, MgO, ZnO and WOs) and two-component (ZnWO4, MgWOu,
CaWOs) compositions were synthesized by direct impact of high-energy electron flow on the charge of stoi-
chiometric composition. Radiation synthesis of samples weighing about 50 g is realized in time of 10s with-
out the use of any additional substances to stimulate the process. Systematic studies of the dependence of ra-
diation synthesis of tungstate ceramics on the flux power density have been performed for the first time. It
was found that the dependences of synthesis efficiency on the flux power density of monocomponent (CaO,
MgO, ZnO and WOs) and two-component (ZnWO4, MgWO4, CaWO4) ceramic samples have the form of
constantly increasing curves. There is a threshold above which the synthesis is realized for all synthesized
samples. The effect of mutual influence of charge components on the efficiency of synthesis of two-
component systems was found. Synthesis of ZnWO4, MgWOs, CaWO4 ceramics is realized under the same
conditions of radiation treatment, while the thresholds of synthesis realization of one-component samples of
CaO, MgO and ZnO and WO3; ceramics differ significantly. It is shown that at all used modes of radiation
treatment the formation of ceramics with the same properties are realized. This effect is due to the inhomoge-
neous distribution of electron flux energy losses in the substance. Synthesis of two-component (ZnWOs,
MgWOQ4, CaWO4) ceramic samples is realized at the same power density above 1,0 kW/cm?. The radiation
synthesis of the ZnWO4, MgWO4, CaWO4 ceramics is mainly determined by tungsten oxide.

Keywords: ceramics; metal tungstate, luminescence; radiation synthesis, X-ray diffraction spectra, EDX anal-
ysis, power density, optical properties of ceramics

Introduction

Crystals and ceramics based on tungstate of alkaline-earth and rare-earth metals have found wide
application as scintillation materials [1-3]. These materials have high absorption capacity of radiation, are
resistant to external factors: temperature, aggressive media. They can be used both for registration of heavy
particles, electrons and X-ray radiation [4-7].

Synthesis of these materials from metal oxides with high melting point is difficult. Moreover, the
melting point of the main initial component, WO; (1473 °C), differs significantly from the melting points of
other components, such as MgO (2825 °C), ZnO (1975 °C), CaO (2572 °C). Therefore, the synthesis
methods used, most often Czochralski and Bridgman [8—11], are labor-intensive, time-consuming, and
require the use of other substances to stimulate synthesis.

Radiation method is promising for the synthesis of ceramics based on metal oxides, fluorides. It realized
and described first time in [12—14]. The radiation method showed that the impact of a powerful flow of
electrons with an energy of 1.4, 2.5 MeV t power density up to 30 kW/cm? on the charge stoichiometric
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composition is possible to form ceramics based on metal oxides, including tungstate. It is established that the
synthesis is realized by direct impact of the electron flux on the charge in the crucible for a time less than 1 s,
with high efficiency, without the use of any additional substances that contribute to the process.

The present work is aimed at studying the dependence of the synthesis efficiency on the radiation ion
treatment modes, in particular, on the power density of the electron flux falling on the charge.

Experimental

Radiation synthesis of ceramics was realized by direct impact of a powerful flow of high-energy elec-
trons on the charge. The synthesis of materials was carried out by direct electron beam irradiation using the
ELV6 electron accelerator at the facility UNU Stand ELV-6 of Budker Institute of Nuclear Physics, of the
Siberian Branch of the Russian Academy of Sciences Novosibirsk, Russian Federation. The ELV-6 electron
accelerator provides generation of electron flux with energies in the range from 1.4 to 2.5 MeV and power up
to 100 kW. The electron beam output through the differential pumping system has a Gaussian distribution in
cross-section. In our experiments, the beam area on the charge surface in the crucible was 1 cm?. A scanning
system was used for obtaining large area samples. The beam was scanned at a frequency of 50 Hz across the
mixture surface in the transverse direction of a crucible with a width of 5 cm and a length of 10 cm. The cru-
cible was displaced relative to the scanning beam at a speed of 1 cm/s for the entire length of the crucible.
Each elementary section of the charge in the crucible was exposed to the radiation flux for 1 s. The total time
of exposure of the electron flux to the treated surface of the charge in the crucible was always 10 s. The syn-
thesis of ceramics was realized only due to the energy of the radiation flux, only from the charge materials,
without additives of other materials facilitating the process.

Measurements of dispersity of initial powders used for synthesis of initial powders for obtaining ceram-
ic samples were carried out by laser diffraction method using a laser particle size analyzer Shimadzu SALD-
7101.

The X-ray diffraction patterns were obtained using a Bruker D8 ADVANCE (AXS, Berlin, Germany)
diffractometer equipped with a scintillation detector.

The luminescence of the synthesized samples (luminescence excitation spectra and luminescence spec-
tra) were measured using a Cary 5000 UV-Vis-NIR spectrophotometer.

Results and Discussion

Mixtures of WO3, MgO, ZnO, CaO starting powders in stoichiometric ratio were prepared for synthesis.
All the starting powders were obtained from Hebei Suoyi New Material Technology Co., Ltd, had a purity
degree of at least 99,95 %.

It was shown in [15] that the results of radiation synthesis are largely determined by the prehistory of
the starting materials, not only their purity but also their particle size distribution. All starting materials have
significantly different melting temperatures [16]. In this connection, we investigated the particle size distri-
bution and performed radiation synthesis of each of the starting materials prior to the synthesis of multicom-
ponent ceramics.

The results of the particle size distribution study are shown in Figure 1. The figures show the distribu-
tion of particles in the used powders in the form of dependence of the number of particles on their size and
dependence of the volume of the particles.

There are two groups of particles with sizes from 0,01 to 1 um and from 1 pm to 50 um for all powders.
The number of small particles is dominant, but in the total volume of powders their volume is much smaller.
Therefore, the synthesis result should be determined mainly by the number of the large particles. The ratio
between the number of small and large particles in powders of different composition differs. As follows from
the presented results, the distributions of large particles of ZnO and MgO overlap with the distribution of
WOs particles. The size distribution range of large CaO particles is much wider than that of WO;. We can
expect a difference in the efficiency of synthesis of ceramics of tungstates of these two groups: a large dif-
ference in the size of the initial particles may appear in the express synthesis due to the existence of local
non-stoichiometry [14].

The starting materials for the synthesis of two-component metal tungstate ceramics have significantly
different melting points: WOs3 (1473 °C), MgO (2825 °C), ZnO (1975 °C), CaO (2572 °C), which can affect
the efficiency of their synthesis [17]. However, for radiation synthesis, ionization processes play a dominant
role in the formation of a new structure from the initial ones, while thermal processes contribute to their effi-
ciency. It seems necessary to study the efficiency of radiation synthesis of ceramics of starting materials. We
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have carried out a series of studies of the dependence of the synthesis of ceramics from starting materials on
the power density of the radiation flux. The charge for synthesis was simply initial powders of WO3, ZnO,
MgO, CaO. Radiation treatment of the charge was carried out under the conditions mentioned above in the
“without scanning” mode. The dependence of the morphology of synthesized samples on the modes of radia-
tion exposure and electron flux power density is shown in Figure 2.
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Figure 1. Particle number and volume distribution of the used powders

Figure 2 shows photos of ceramic samples from the initial materials. The value of power density is in-
dicated in the figures. As follows from the presented photos for monocomponent ceramic samples, the de-
pendence of the synthesis result on the electron flux power density is clearly visible. Especially clearly this
dependence is seen on the example of WO3 and ZnO. This dependence is less pronounced in the synthesis of
CaO ceramics. Synthesized MgO ceramics has high power densities, but the ceramic samples are formed
under the surface of the charge, because the bulk density of the MgO charge (p=0.5 g/cm?) is much less than
WO; (p=2.6 g/cm?) and ZnO (p=1.1 g/cm?). WO; and ZnO differ significantly from MgO and CaO in melt-
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ing temperatures. For CaO, a picture of a sample obtained using the “with scanning” mode is given as an ex-
ample. The synthesis of ceramics from the whole charge in the crucible is realized in this mode. According-
ly, in order to fulfill the equality of absorbed energy in both modes, the power density in the “with scanning”

mode is increased by a factor of 5.

Figure 2. Dependence of morphology of synthesized samples on radiation exposure
modes-electron flux power density

Quantitative dependences of synthesis efficiency on power density in the studied monocomponent
compositions are shown in Figure 3. Synthesis efficiency in this work is understood as the weight of the syn-
thesized sample. Such characterization of the process seems to be quite justified: the charge volume in our

work is always the same using the same crucibles.
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Figure 3.Dependence of ceramic synthesis efficiency from used initial
monocomponent compositions on power density

The synthesis of WO;3 and ZnO ceramics is realized when the power density exceeds 1-1.5 kW/cm?,
whereas for the synthesis of MgO and CaO ceramics, power densities above 2.5 kW/cm? are required.

We consider that it is necessary to emphasize the following. To determine the weight of the synthesized
sample using the “without scanning” mode, the sample is removed from the crucible and cleaned from the
charge adhering to it. This procedure is easily realized when the charge is treated with high power radiation
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fluxes. It is impossible to clean the completely porous sample from the charge at low power densities. There-
fore, the initial points on the dependences are determined with some error. Nevertheless, the full dependence
quite unambiguously indicates that the threshold for the realization of the synthesis of WO3 and ZnO ceram-
ics is lower than that of MgO and CaO. It is necessary to pay attention to the existence of a constant growth
of the sample weight at high power density. The growth of the sample weight is due to the increase of the
sample area, as it is clearly seen for WO; and ZnO. The growth of the bandwidth of the formed ceramics is
due to the fact that the electron beam has a Gaussian distribution. As the integral power of the beam increas-
es, the width of its impact region increases with exceeding the threshold for synthesis, as can be seen from
Figure 2.

A charge was prepared from the above described monocomponent metal oxides and radiation synthesis
was performed. The charge was prepared from oxide powders in stoichiometric ratio. Table 1 describes the
compositions prepared for synthesis, radiation treatment modes used for synthesis, electron flux power densi-
ty. The sample number means the serial number of the experiment according to the accounting system adopt-
ed by the authors. The masses of the charge in the crucible and the yield of the synthesis reaction are also
given. Here, the yield of the synthesis reaction is understood as the ratio of the mass of the sample to the
mass of the charge used. The synthesis was carried out in the “scanning” mode.

Table 1
Composition of synthesized ceramics when treated with 1.4 MeV electron flow
Sample, Ne Sample description P, kW/cm? M, g Output, %
623 ZnWOy4 (Zn0O 26 %), (WO3 74 %) 15 64,63 91,29
624 MgWO4 (MgO 14,8 %), (WO3 85,2 %) 15 47,31 97,17
625 CaWO4 (CaO 19,5 %), (WOs3 (80,5 %) 15 39,46 73,28
627 ZnWOy4 (Zn0O 26 %), (WO3 74 %) 15 62,56 93,36
738 MgWO4 (MgO 14,8 %), (WO3 85,2 %) 18 36,99 98,8
718%* ZnWOy4 (Zn0O 26 %),(WO3 74 %) 22 86,62 90,0
*Note — 718 was obtained at an electron beam energy of 2.5 MeV.

Figure 4 shows photos of samples of synthesized ceramics in standard crucibles with internal dimen-
sions of 100x50 mm.

623 624 625
627 738 718

Figure 4. Photos of samples of synthesized ceramics with numbers 623, 624, 625, 627, 718, 738 (Table 1)

The samples have the form of plates similar to solidified molten mass, about 5 mm thick, with a porous
structure inside. Not the entire volume of the charge is involved in the synthesis of ceramics. They use three
types of crucibles differing in depth: 7, 10 and 14 mm. For each experiment, differing in the composition of
the synthesized ceramics, its bulk density, and electron energy, the one is chosen at which the electrons of
the beam will be completely absorbed by the charge. Otherwise, atoms (ions) from the crucible will be intro-
duced into the formed ceramics. Therefore, there always remains a layer of unused charge under the formed
ceramics. Part of the charge may disappear during radiation treatment, atomized due to charging of particles
by the electron beam. This process can be significant at low mass of dielectric particles of initial substances.
We take into account in determining the yield of the synthesis reaction the existence of residues of the charge
in the crucible and atomization during radiation treatment.
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As can be seen in Table 1, the yield of the synthesis reaction in all samples synthesized in the “with
scanning” mode has a value ranging from 73 % to 98 %. Two reasons for this difference are possible. CaO
(2572 °C) has a melting point higher than ZnO (1975 °C) and WOs3 (1473 °C). But MgO (2825 °C) also has a
melting point higher than ZnO and WOs. Another factor that differentiates the starting materials is the differ-
ence in particle size distribution. In the dispersion spectra (Fig. 1), the number and volume of particles with
sizes above 10 pmare are much larger in CaO than in WO3, MgO and ZnO. It seems to us that this character-
istic can determines the difference in the yields of the material synthesis reaction. Nevertheless, we do not
deny the influence of the difference in melting temperatures on the synthesis process.

Studies of the dependence of the synthesis efficiency of ZnWO4, MgWOQO4, CaWOy ceramics in the
“without scanning” mode were performed, as well as for monocomponent compositions shown in Figure 3.
The results of the studies are presented in Table 2 and Figure 5. The weight of CaWQO4, MgWO4, ZnWO4
tungstate ceramics samples was measured during synthesis without scanning at different electron beam pow-
er densities with E=1.4 MeV.

Table 2

Efficiency of synthesis of tungstate ceramics

Power P, kW Weight of CaWOs, g Weight of MgWOy, g Weight of ZnWO4, g
1,5 8,74 11,07 9,57
2 12,97 14,55 13,47
3 16,88 18,26 20,14

Weight dependence of CaWOs, MgWO,4 and ZnWO, tungstate ceramics during synthesis without
scanning at different electron beam power densities with E=1.4 MeV.
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Figure 5. Weight dependence of CaWO4, MgWO4, ZnWO4 tungsten ceramics on electron flux power density

As follows from the presented results, synthesis in all investigated samples of multicomponent ceramics
is realized at the same regimes of radiation treatment. We emphasize that ceramics of monocomponent sam-
ples is realized at different regimes for CaO, MgO, WO; and ZnO. Note that equal conditions of electron
beam energy losses during radiation treatment in the “without scanning” mode, for example 1.5 kW/cm?,
corresponds to 7-85 kW/cm? in the “with scanning” mode.

The structure of synthesized samples of ZnWO,, CaWO, ceramics was studied by X-ray diffraction us-
ing a Bruker D8 ADVANCE diffractometer (AXS, Berlin, Germany) equipped with a scintillation detector
in step-scan mode over a diffraction angle range of 10 to 90° 20 and CuKa radiation as the source. Details of
the research methodology and analysis are described in [15].

The results of the X-ray powder diffraction investigation are presented in Table 3. The qualitative phase
analysis and indexing of the diffraction patterns utilized the data from the PDF-2 database (ICDD, 2007) as
follows:

- PDF 01-088-0251 “Zinc tungsten oxide (ZnWO4)”, symmetry — monoclinic lattice, space group —
P2/c (#13),a=4.6926 A, b=5.7213 A, c =4.9281 A, =90.632 °.
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- PDF 01-072-0257 “Calcium tungsten oxide (CaWQ4)”, symmetry — body-centered tetragonal lattice,

space group — [41/a (#88),a =5.243 A, c=11.376 A.

- PDF 01-072-0677 “Tungsten oxide (WO3)”, symmetry — monoclinic lattice, space group — P21/n

(#14),a=7306 A, b=7.54 A, c=7.692 A, p=90.881 °.

Table 3

The results of the phase composition investigation

Sample

Phase Degree of crystallinity

Crystallite size

Refined unit cell parameters

ZIIWO4

ZnWOy, 99.9 (5) %

131 (x15) nm

P2/c,
a=4.689(4) A,
b=5.716(7) A,
c=49253) A,

B=90.6(1) °,
V=132.0(1) A3

CaWOq4

CaWO4
(~86 %)

167 (£35) nm

I41/a,
a=5243(2) A,
c=11371(4) A,
V=312.52) A3

99.9 (£5) %

WO,
(~14 %)

114 (£28) nm

P21/n,
a=7311Q2) A,
b=7.5322) A,
c=17.6942) A,
B=90.8(1)°,
V=423.6(1) A3

The results of the study of MgWO, ceramics are not presented due to the absence of complete data on
this material in our database [18]. As can be seen from the results presented in the table, during radiation
synthesis in the samples ceramics formed crystalline phase in the form of crystallites with sizes of
100—170 nm. The dominant phase is ZnWOQ4, CaWO, ceramics, with WOs as the accompanying phase [19].

The main functional characteristic of metal tungstates is luminescence and its properties [20]. Excita-
tion and luminescence spectra were measured for ZnWO4, MgWO4, CaWO4 ceramics samples [21]. The ex-
citation and photoluminescence spectra were measured on a SM-2203 Solar spectrofluorimeter. Figure 6
shows the excitation and luminescence spectra of ZnWQO4, MgWO,, CaWOs.
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Figure 5. Excitation (top) and luminescence (bottom) spectra of ZnWO4, MgWO4, CaWOs, respectively
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In ZnWO4 ceramics luminescence is excited by UV radiation from 230 to 320 nm, in
MgWO04230-250 nm, in CaWO4230-260 nm [22]. The luminescence maxima occur in ZnWOQOj4 at 500 nm, in
MgWOys, at 460 nm, in CaWO4 at 460 nm. In general, the spectral characteristics of photoluminescence cor-
respond to those known for crystalline materials [23].

Conclusion

For the first time, systematic studies of the dependence of radiation synthesis of tungstate ceramics on
the conditions of radiation treatment have been performed. The dependence of synthesis efficiency on the
power density of high-energy electron flux of monocomponent (CaO, MgO, ZnO and WOs3) and two-
component (ZnWO4, MgWO0O,4, CaWO4) ceramic samples has been established. It is shown that these depend-
ences have the form of continuously increasing curves. Nevertheless, for all synthesized samples there is a
threshold above which the synthesis is realized. The knowledge of thresholds and dependence on the electron
flux power density allows us to choose the optimal conditions for the synthesis realization and contributes to
the development of ideas about the processes in the charge in the radiation field that ensure the formation of
ceramics.

The effect of the mutual influence of charge components on the synthesis efficiency of two-component
systems is of interest. Synthesis of ZnWO4, MgWO4, CaWO4 ceramics is realized under the same conditions
of radiation treatment, while the thresholds for the synthesis of single-component CaO, MgO, ZnO and WOs3
ceramics samples differ significantly.

It is shown that at all used modes of radiation treatment the formation of ceramics with the same prop-
erties are realized. This effect is due to the inhomogeneous distribution of electron flux energy losses in the
substance.
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I" K. AnnsicoBa, WL.II. Jlenucos, XK.K. bakuesa, E.B. Kanesa, E.B. JTomopos, A.K. Tycynbekosa

Boabppamar Herisinaeri kepaMMKaAHbIH PAAHANUSVIBIK CHHTE3iHIH
THIMALTITHIH aFbIH KyaTbhIHA TJYeJIIJIIri

Momnokomnorentti (CaO, MgO, ZnOxoneWOs) xoHe ekikoMmoHEHTTI (ZnWO4, MgWO4, CaWOa)
KOMIIO3ULIMSIIAPIBIH KePaMHUKAIIBIK YIITIepi CTEXHOMETPHUSUIBIK KYPaMHBIH IIMXTAChIHA )KOFaphl SHEPTHSLIbI
3IEKTPOH JaparblHbIH TiKeleH acepi apkbuibl cuHTe3menai. Canmarel mramMameHn 50 r GomaThiH YITUICPAiH
paaualMsUIBIK CHHTE31 MPOLECTi bIHTANAHBIPY YIIIH Ke3 KeJIFeH KOCBIMIIA 3aTTapabl Konaanbail 10 ¢ yaksiT
ilIiHae JKy3ere acelpbUIafbl. AJFamn per Boib(pamMarT KepaMUKACBIHBIH PaAHAlMsUIBIK CHHTE3IHIH aFbIH
KyaTBIHBIH TBIFBI3JBIFBIHA TOYENIUNri Typamel >KyHenmi 3eprreyiep >kyprisinmi. CuHTe3 THIMAIIrIHIH
6ipkommonentTi (CaO, MgO, ZnO xone WO3) xoHe ekikoMnoHeHTTi (ZnWO4, MgWO4, CaWO4) kepamuka
YITUIEpiHIH ~ aFBIHBIHBIH  THIFBI3ABIFBIHA TOYEIAUINE YHEMI ecill Kelle JKaTKaH KUCBIKTap TYpiHZAe
GONaTBIH/BIFBl AHBIKTAN/BL. BapiblK CHHTE3JENreH YITiiep YIIH IIeKTi MOH 0ap, OHBIH YCTiHJAE CHHTE3
XKy3ere achIpbUIa/ibl. EKIKOMIIOHEHTTI XKy#HenepAiH CUHTE3iHiH THIMALTIrHEe IUXTa KOMIOHEHTTEePiHiH e3apa
acepiHiH acepi aubikTanabl. ZnWO4, MgWO4, CaWOs kepaMHKachbIHBIH CHHTe31 Oipieil jxarmaiinapa,
panuanusuIblK  eHzeyde >kysere acwippuianel, an CaO, MgO xoHe ZnO jxoHe WO3 KepaMHKaChIHBIH
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G.K. Alpyssova, Zh.K. Bakiyeva et al.

OIPKOMITOHEHTTI YITUIEpiH CHHTE3ley LIeKTepi alTapibIKTail epekiueneHeni. Paguanusuiblk OHACYIIH
OapyiblK KOJJAHBUIFAaH peXuMIepinae Oipaell Kacuerrepi O0ap KepaMHKaHBIH KaJbIITAaCybl >Ky3ere
aCBIPBUIATBIHIBIFBl KOPCETUIreH. Byl ocep 3aTTarbl 3JIEKTPOHIAD AarbIHBIHBIH OSHEPTHs IIBIFBIHBIHBIH
TeTeporeH Ii TapatybiHa GalIaHbICTHI.

Kinm ce30ep: xepamuka, MeTal BOJb(paMaThl, JTIOMHUHECUEHIWS, paJUallMsUIBIK CHHTE3, PEHTTCH
I paKUACHHEIH crektpiepi, EDX-tannay, Kyar TEIFBI3ABIFBI, KEPAMUKAHBIH ONTHKAIBIK KaCHETTEPI.

I'.K. AnmmieicoBa, XX.K. bakuesa, U.I1. Jlenucos, E.B. Kanesa, E.B. Jlomapos, A K. Tycynbekora

3aBucHMOCTDb 3P (PeKTUBHOCTH PATHANMOHHOTO CHHTE3a KEPAMHUKH
HA OCHOBE BOJIb()PAMATOB OT MOIITHOCTH MOTOKA

CuHTE3UpOBaHbI 00Pa3Ibl KEPaMUKH MOHOKOMIIOHEHTHBIX (CaO, MgO, ZnO 1 WO3) U ABYyXKOMIIOHEHTHBIX
(ZnWO4, MgWO4, CaWO4) cocTaBOB MOCPEACTBOM HPSIMOTO BO3AEHCTBHS MOTOKA BBICOKORHEPTETUUECKUX
9JIEKTPOHOB Ha IIMXTY CTEXHOMETPHUYECKOTO COCTaBa. PapmanioHHEIA cHHTE3 00pa3loB BecoM oKoio 50 T
peanu3yercst 3a Bpemst 10 ¢ 0e3 MCHOIB30BaHMS JIIOOBIX JOMOJHHUTEIBHBIX BENIECTB VISl CTUMYJIIIUM IIPO-
necca. BriepBrle BBITOTHEHBI CHCTEMAaTHUECKUE HCCIISIOBAaHUS 3aBUCUMOCTH PaJHallIOHHOTO CHHTE3a Kepa-
MHKH BOJIb()pAMATOB OT IUIOTHOCTH MOIIHOCTH IOTOKA. Y CTaHOBJEHO, YTO 3aBHCHUMOCTH 3(P(PEeKTHBHOCTH
CHHTE3a OT IUIOTHOCTH MOLIHOCTH IOTOKa MOHOKOMHOHEHTHBIX (CaO, MgO, ZnO nu WO3) u IByXKOMIIO-
HEeHTHBIX (ZnWOs, MgWOs, CaWOs4) 06pa3nioB kKepaMHUKH UMEIOT BHI MOCTOSIHHO HAPACTAIONIUX KPHBBIX.
JUi1s BceX CHHTE3HMPOBAaHHBIX 00Pa3IoB MMEET MECTO HAJIWYHME MOPOTra, BHILIE KOTOPOTO CHHTE3 PEalM3yeTCsl.
OO0HapyskeH QKT B3aUMHOTO BIHMSHUS KOMIOHEHTOB HIMXTHI Ha 3(Q(QEKTHBHOCTh CHHTE3a JABYXKOMIIO-
HEeHTHBIX cucTeM. Cunte3 ZnWOs, MgWO4, CaWOs kepaMuKK peau3yercsl Ipu OJUHAKOBBIX YCIOBHSIX,
paaualMoHHOM 00pabOTKH, TOTa KaK ITOPOTH peallM3aliii CHHTEe3a OJHOKOMIOHEHTHBIX 00pa3IoB Kepamu-
ku CaO, MgO u ZnO u WO3 cyuiectBeHHO pasnuuatorcs. [TokazaHo, 4TO NpH BCeX UCHOJIb30BAaHHBIX PEXKH-
Max pagualioHHOW 00paboTKM peanusyercsi GopMUPOBaHHE KEPAaMHKH C OAMHAKOBBIMU cBoiicTBamu. OO0y-
CIIOBJIEH 3TOT 3(G()EKT HEOTHOPOAHBIM PACIIPE/ICICHUEM MTOTEPh SHEPTUH ITOTOKA HIEKTPOHOB B BEIIECTBE.

Kniouesvie cnosa: xepammka, Boimb(pamar MeTania, TIOMHHECHEHIMS, PaJHal[MOHHBIH CHHTE3, CHEKTpPHI
pentreHoBckoit audpakuuu, EDX-ananu3, mIoTHOCT MOIIHOCTH, ONTHYECKUE CBOMCTBA KEPAMUKHI
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AKBUJIBEK KYPCIHYJIbI TYPMYXAMBETOB — 80 ’KACTA

Axagemuk E. A. bexeroB atbiHmarel Kaparanabl YITTBIK YHHBEPCH-
TeTiHiH (u3uKka QaxyIpTeTiHIH HETi3iH KamaymismiapAsiH Oipi, «Kaparanmb
YHHUBEPCUTETiHIH Xabapmbichl. DU3NKa CEPUSCHD) KYPHAIBIHBIH aJIFallKbl ca-
HbIHaH OacTam Kem >Kbuigap OOWbI PeNakivs alIKaChIHBIH MYIIECi OOJIbII
KBI3MET €TKEH, (hPHM3MKa-MaTeMaTUKa FhUIBIMIAPBIHBIH TOKTODBI, mpodeccop,
KapMYVY-nig Kypmerti mpodeccopsr xone Kazakcran PecryOnukachiHbIH 0imimM
Oepy camaceinaarsl Kypmerti Kpi3mMeTkepi Akputoek JKypcinynbsr Typmyxam-
0eTOB CEeKCeHHIH CEHTipiHe asK 0achII OTHIP.

1946 xwinery 8 akmansiHAa Koctanait oOmbiceiHBIH Kapabamnsik ayma-
HBIHAaFbl bepimi aybuteinaa ayHuere kenreH AKputOek JKypciHYIIBI sKachIHAH-
aK OimiMre KymITapiblFbIMEH epekmeneHai. OpTa MEKTenTi alThlH MeAalbMeH
tomamaar, Ka3zak MeMIeKeTTiK YHUBEPCUTETIHIH (u3nKa GaKyIbTeTiHe TYCII,
, KeWiH acTTUpaHTypaHbl JIa OMIaFbIIail asKTaIbl.

1973 >KbUIIBIH aKNaHBIHAA KaHAJaH alibuFaH KaparaHapl MEMIICKETTIK YHUBEPCUTETIHIH Qu3uka ¢a-
KyJbTETIHE KbI3METKE KaObLINaHbIN, OChl OiMiM ophacbiHaa TabaHIbel eHOeriMeH TaHbUIAbl. 2004 >KbUIABIH
KBIpKYliek alibiHa neitin Akanemuk E. A. bexeToB aTteiHnarsl Kaparanisl MEMJIEKETTIK YHUBEPCUTETIHIH (QH-
3uKa (haKyIbTeTiHAE aOBIPONIBI KbI3MET aTKaphil, FHUIBIM MEH OiTIMHIH JAaMybIHa ©3 YJeCiH KOCThL. YHH-
BepcUTETIMI3IIH anFamkel pektopbl E.A. bekeroB «Btopoi B pecmybnmuke» aTthl MakaiaceiHna (bykeros
E.A. I'panu TBOpuecTBa. — Ausima-ATta: JKazymel, 1977. — C. 75) e3iHiH yHBIMAACTBIPYIIBUIBIK, ICKEPIIK
KaOlJIeTIMEH Ke3re TYCKEH jKac MaMaHIIbl epekie intunarnex atan eTkeH. AJK. Typmyxambero KapMV-
JiH 0all TapuXbIHAA O31HIIK 13 KaJABIPIbL. Op KbUIAAPhI TECOPUSUIBIK (DHU3UKA, KbUTY (HU3UKACHI, KA )KIHE
TeopusUIbIK, (hr3mKa KadempamapblHBIH MEHrepyIrici Ooyael, ¢GakylbTeT NeKaHbl KbI3METIH Oimarbliai
atkapael. Con ke3eHne OKy MUHHCTPIITIHIH TalChIpMachl OOWBIHINA ©TKi31IeTiH «CTy/IeHT JKoHE FhUTBIMU-
TEXHUKANBIK JaMy» aTThl BYKUIOJAaKTBIK ONUMIMAaHBl PECIyONUKaNbIK ACHrelae YHBIMAACTBIPHIIL,
Oackappl. Herisri skyMmpICTIeH KaTap KOFaMJIBIK KYMBICIICH JIe IIYFBUIaHyFa Typa Kelii: OipHelre ®Kbut OltiM
MOHE FBUIBIM KbI3METKEpJIepl KocilTiK ofarbiHbIH KaparaHabl 00JbICTEIK KOMUTETIHAE Tekcepy KOMHUCCHSICHI-
HBIH Teparachl 0oyapl. 1980-81 sxburgapel OHakThIK BidiM jKoHE FRIJIBIM MHHUCTPIIT aJIFallKbLIapAbIH Oipi
perinne UranmusapiH TypuH KanachlHIAFbl MOJIUTEXHUKAIBIK WHCTUTYTKE FBUIBIMHU iccamapra kioepmi. YHu-
BepcuTeTke ciHipreH eHoeri enenin, A.JK. TypmyxambetoBke 2006 sxputbl E.A. bekero aTeiHnarsl Kaparan st
MEMJICKETTIK yHUBepcUuTeTiHiH «KypmeTTi ipodeccopbly atarbl Oepii.

A K. TypmyxambetoB 2004 >xbutel 0TOACHUTHIK JKaFaiira OainansicTel K.M. CotbaeB arbianarsl Kazak
WITTBHIK TEXHUKAJBIK YHUBEPCUTETIHE ayBICHIN, YHHUBEPCUTET KypamblHAarbl JKOFapbl OKy OpBIHIAAPBIHBIH
TEXHUKAJBIK MOHJIEP OKBITYLIBUIAPEI MEH HHXEHEPIIIK KaJpiIapAblH OUTIKTIITIH apTTBIPY JKoHE KanTa nasip-
nay JkeHiHJeri PecnyOIMKaNbIK OpTAIBIKTHIH JAUPEKTOPHI KbI3METiH aTkapiabl. COHBIMEH Karap OJ OChHI
KE3CHJIE JKaNIbl JKOHE TEOPHSUIBIK (U3MKa KadeapachblHBIH Npo(eccopbl peTiHAe FhUIBIMH-IIEIArOTUKANIbBIK
KYMBICBIH xkayFacTeipabl. byn skeurmapel K.U. CorbaeB ateiHpmarbl KazYTVY-nmeiH FeutbiMu KeHECiHIH
MYIIeci OOJBIN CaJIaHbII, YHUBEPCUTETTIH FHUILIMU-YHBIMIACTBIPYIIBIIBIK )KYMBICHIHA OETICEHE aTCalIbICTHI.
Conbimen Karap oan-®apabu areiagarsl KazYV skanemgarst «01.04.14 — XKeuty ¢u3ukachkl jkoHe Teopu-
SUTBIK, JKBUTy TEXHUKAChD» MaMaHJBIFbl OOMBIHIIA JOKTOPJBIK TUCCEpTALMsUIap KOPFAlIaThlH MaMaHIAHJIbI-
PBUIFaH KEHECTiH MYIIEC pETiHJIe dKOFaphl FhUIBIMH aTTECTAIUs YAEPIiCiHE 63 YIECiH KOCTHI.
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2018 xpuIIbIH KbIpKYHerinae on-Dapabu ateramarsl KazYY-nbiH Qu3nka-TeXHUKAIBIK (aKyIbTeTiHIH
KBUTYy (PU3MKACHl KoHE TEXHHUKANBIK (r3mka kadenpacsiHa mpodeccop aya3bMbiHA KaObuimausii, 2025
JKBUIIBIH KBIPKYHETiHE IeHiH OCBI KBI3METTI aTKapAwl. by ke3eHAe Kazak jKoHE OpBIC TiLIAepiHIe Oaka-
JaBpHUaT MEH MarucTparypa CTyAeHTTepiHe (PU3NKAHBIH JKANIIbI )KOHE apHAyJIbl IOHJIEPIHEH I9PiC OKBIIM, FhI-
JIBIMU OaFBITTaFbl AUIUIOMIIBIK AKYMBICTAPFA JKETEKILLIIK XKacabl.

150-re KyBIK FBUIBIMH JKOHE FBUIBIMH-ICTEMENIK €HOEKTEep/iH aBTOPHI: OHBIH INIiHAE Ka3akK JXKoHe
OpBIC TiNEPiHAE KAPBIK KOpreH 2 MoHorpadus, 2 oKy Kypajbl koHe | OKyJBIK Oap.

JKana GiniM cTaHAapTHIHA ColiKec OKYJBIK d3ipieyzeri skemicti eHOeri ymiH JKorapbl OKy OpBIHIAPEI
KaybIMAACTBIFbI TapanbliHaH A. balTypchiHOB aTbhiHAarbl «CaHIak aBTOp» MenaiiMeH MmapanartainraH. Co-
HBIMEH Oipre, OKy >KoHE FBUIBIM MUHHUCTPINIri OEKiTKeH, Ka3akK TUTIHZIE XKa3bUFaH «MexXaHWUKa» OKYJIBIFBI
OMBUT TONBIKTHIPBUIBII, TY3€TUIII, YIIiHIII OachIIBIMFA NadbIHAANIBL. Byl GackuTbIMFa KaTHICTBI «3UATKEPITIK
MEHIIK OOBEKTICIH MEMIIEKETTIK TipKey Kyomiri» ambsiaFad. Kaszipri oky >kputbiHIa «MexaHWKay IoHi
OolpIHIIIa peciTyOirKa KeJIeMiHe alfFall peT Ka3ak TUTiHAe d3ipJieHreH OelHenapicTep MeH OeifHeceMuHap-
nap JKAOK >xyiiecinae oKy ypJiciHe eHTi3ilin, KOJIIaHbUIBI Keei.

1974 xbutel KaHIUAATTHIK qucceprtanms, an 2002 bl «bIFbIicKan arpicTapaarbl TypOyJIeHTTIK Tachl-
MaJlJayAblH KYPBUIBIMIBIK 3aHIBIIBIKTAPBED» TAKBIPHIOBIHAA (QHU3MKAa-MaTeMaTHKa FhUIBIMAAPH! OOMbIHIIA
JOKTOPJILIK aucceptanus Kopraapl. 2006 xbutbl AJK. Typmyxamberoke Kazakcran PecmyOmukacer Binim
JKOHE FBUIBIM MUHUCTPJIITiHIH JKoFapbl aTTecTalMsUIbIK KOMHTETIHIH IIeniMiMeH «®Du3uKay MaMaHIBIFbI
ootietama «IIpodeccopy» FeUIBIMU aTarel Oepinmmi. 1997 xpimmaH Oepi TYpakTHI TYpAe OTIM Keie >KaTKaH
«belchI3bIK JKyHenepaeri Xxaoc meH KYpbUIbIMAAp. Teopus »oHe SKCIEPUMEHT» aTThl XalbIKapabIK FHLTI-
MU KOH(EepEeHIUSIHBI YHBIMAACTHIPYIIBIIAPABIH Oipi jKoHE coll Ke3laeH Oactan ¥HBIMIACTBIPY KOMHUTETiHIH
TYPaKThl MYIIIECI.

2003 xeuiel Kazakcran PecnyOnukachiHBIH ¥IITTHIK KapaThUIBICTAHY FHUIBIMAAPHI aKaJIEMHUSCHIHBIH
TOJNIBIK MyIIeci Oonbin cainmangsl. Ken skeuimap Ooiibl E.A. bexeToB aThIHAAFbl YHUBEPCUTETTE IIBIFBII
TypatbiH «Kaparanapl yHUBepcUTeTiHIH Xabapubichl. DU3nKka cepusiCh» KypHAJIBIHBIH PEAaKIUs alKAChI-
HBIH MYIIECI PeTiHIe TYPaKThl KbI3MET aTKapabsl. Kem KbUIFbI ®KeMicTi eHOEK ©31HIH JAaWBIKTH OarachlH a-
nbl. JKorapel OKy OpbIHIaphl OaCHIBUIBIFBIHBIH ANFBIC XaTTapbl MEH rpamoTanapbiHaH Oenek, «Kaszakcran
PecnyOnukaceiabiy OimiM Oepy iciHIH KYpPMETTI KbI3METKepi» TecOenriciMeH, conpaii-ak 2011-2014 oky
XKbULIapelHAa PecryOnuKanblK KOHKYpCTa CTYICHTTEpAiH Y3IiK FBUIBIMH-3€PTTCY >KYMBICTAPbIHA JKETEK-
mrimik skacaranel yuriH Kazakcran PecnmyOmmkachiaplH binmiM koHE FBUIBIM MUHHUCTPIHIH AUIUIOMBIMEH,
«Toyenciz KazakcTaHHBIH pyXaHHU >KOHE QJISYMETTIK JaMy JKOJBIHAA KOJ KETKEH TaObIcTaphbl )KOHE OHBIH
T'YJIeHyiHe KOCKaH 30p yJeci yurin» biiim xoHe FhUTBIM MUHHCTPIITiHIH KypMeT rpaMoTackiMeH Mapanat-
TaJIIbI.

Owmipiik cepiri — TypmyxambOeroBa Enuzasera TanboBHa, pusrka-MareMaTHKa FhUIBIMIAPBIHBIH KaH-
JUJIaThI, JOIEHT, Ka3ipri ke3ze 3eiiHeTkep. Exeyi 58 xbin Oipre Oip miaHsIpakTa TaTy-TITTiI OMIp Cypin Ke-
nexi, orbaceiHAa 3 OanmaHbl TOpOUENeN, OKBITHIN, ocip/i. byrinae HemepenepiHiH KbI3bIFBIH KOPIIl OTHIPFaH
0akpITTBI aTa-oke. JKorappl OKy JKyHeciHaeri kociOum eTimi (cTax) jKapTel FachIpllaH acKaH AKbIIOEK
JKYpCiHWIBIHBIH alIbIHAH MBIHJIAFaH MIOKIPTTEp OTTi, OJap/bIH apachklHaH OiliM Oepy cajlachbIHBIH MaiTai-
MaHAapbl MEH OLTIKTI ©HIIpic MaMaHaphl, eNliMi3re OeNTili FaibMaap IbIKTEL O anjplHa KeNnreH OimiM
aIyIIbIIapFa FaHa eMec, COHBIMEH KaTap ©3 OasanapblHa Aa KaTaH Tajlal KOMBII, JYPhIC TaIiM-Tapoue Oepai.
CoHBIH apKachlHJa YJIKeH KbI3bl COHFBI XKbUIapbl KaparaHjpl )koHe AcTaHajarbl MEIUIMIHA YHUBEPCUTET-
TepiHiH PEeKTOpHI Jaya3bIMbIHIA KbI3MET aTKapca; exinmii Kpi3 Ganackl Hero-Mopkre (AKII) nyruexysine
OenTiyli KOMIIAHUSHBIH MaHbBI3BI JeTIApTAMEeHTIHIH OacHIBICHI; an VIl AnMateina Oeensi JTOTUCTHKAIBIK
KOMIaHusHBIH Oac mupekTtopbl. Hemepenepiniy anaet boctonna (AKILL), enni 6ipi bopmona (®panmus),
AcraHazia ©3 MaMaH/IBIKTapbl OOMBIHIIIA EHOCK eTyIe.

ConbiveH Katap, 2024 xbuiel AJK. TypmyxamOeroBke biniM KoHE FBUIBIM CaJIaChIHBIH MaMaHAAPbIH
KEeHIHEH HacuxaTTay MakcaThIHAA ©TKeH pecriyOiuKaiblk Oaiikay HoTmkecinae «Kasakcranuein Kypmerti
npodeccopbD» aTarbl OepiiIi.

Kazakra «CekcenHeH cekipinm eT...» JereH arkapma Tinek Oap. OChl Wl HHMETIEH Mepeii »acka
XKeTill, OMBIT FaHa TOJBIK 3eHHETKEpIIIKKEe KajaM Oachlll OTBIpFaH KypMmeTTi AKpuiOek JKypcinyiisiHa y3aK
FYMBIP, MBIKTBI JICHCAYJIBIK, OastH bl OAKBIT TLIEHMI3.

I32i Huemnen,
UBUKA-MEXHUKANBIK (DaAKYTbIMemiHil YoCblMbl
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