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O PA3PEIIMMOCTHU HEKOTOPBIX HAYAJIbHO-KPAEBBIX 3AJIAY JJI51 HEJIOKAJIbBHOI'O
TMNEPBOJUYECKOIO YPABHEHUS
ON THE SOLVABILITY OF CERTAIN INITIAL-BOUNDARY VALUE PROBLEMS FOR A NONLOCAL
HYPERBOLIC EQUATION
BEIMJIOKAJI THIEPBOJIAJIBIK TEHJIEY YIIIH KEWBIP BACTANIKBI-IIETTIK ECENITEPIIH
IEMIIIMALIITT TYPAJBI

Annomayus. B nacmosiwei pabome ucciedyiomcs 60npocul KOPPEKmMHbIX NOCMAHOBOK HAYAIbHO-KPAEGLIX
3a0a4 015l HENOKAIbHO2O0 AHAN02A 2UNEepOOIUYEeCcKO20 YPABHeHUs. B ominunmuueckoi uacmu paccmampugaemuix
ypasHenull yuacmeyem HelOKaAbHbll ananoe onepamopa Jlannaca. Mvi maxooum cobcmeennvle QyHkyuu u
cobcmeeHHble 3HAYEHUs KpaesvlX 3a0ay Oisl HeNOKANbHO20 auanoza onepamopa Jlannaca. Ilpeocmaensem
cobcmeenuble YHKYUU 3MUX 3a0ay 8 gUOe CyMMbl YeMHOU U HeYemHol Yacmu OMHOCUMENbHO PACCMAMpPUsaemo2o
omobpascenusi. Hccnedytomes c80Ucmea cuMMempuyHOCmu coOCmeeHHble @QYHKYUU Kpaevlx 3a0ay ¢ YCiosuem
Hupuxne u Heumana. Omu ceoiicmea 6 OdanvHeliuem UCHOAbIVIOMCA NPU NOJIYYEHUU NpeOCMAGieHUll peuleHull
OCHOBHBIX 3a0ay. Paccmampugaemvle Hamu ypagHeHus 6xo0am 8 Kiacc Oug@epeHyuanvublx YpaeHeHuti ¢
npeobpaszosanHviMu apeymenmamu. 3adauu paccmampusaromcs ¢ N+1 - mepuot yununopuueckou obracmu ¢
ocHosanuem wap. B epanuunvix ycnosusx zaoaromes ycnosue JJupuxne u Hetimana. 3adauu pewaromes céedenuem ux K
9IKBUBATIEHMHBIM 3A0aUaM OJisl KIACCUYECKO020 2Uunepoouyecko2o ypasHenus. Mcnonw3ys uzgecmuvle ymeepicoenus 0is
HAYAIbHO-KPAEBbIX 3a0ay 0I5 KIACCUYECKO20 2UNepooIuieckoeo ypasHenus OOKA3aHbl meopembl O CYuWecmeosanu u
eouncmeenHocmu peutenus. Ilokazano, umo KOPPeKMHOCMb PACCMAMPUBAEMBIX 3A0AY CYUWECTNBEHHO 3A8UCUM OM
KO3 huyuenmos yuacmeyowux 6 onpeoeienul HeloKaabHo2o onepamopa Jlannaca. Pewenus paccmampugaemvix
3a0ay nocmpoeHuvl 8 guode psaoa.

Knrwouegvie cnoea: unsontoyus, Hel10KANbHGIN ONEpamop, 2unepoonuyeckoe ypaeHeHue, HAYAIbHO-KPAesds.
3adaua, cywjecmgoganue, eOUHCMEEHHOCMb, ycaosue Jupuxie, ycrosue Helimana.

Abstract. This paper investigates the well-posedness of initial-boundary value problems for a nonlocal
analogue of the hyperbolic equation. The elliptic part of the considered equations involves a nonlocal analogue of the
Laplace operator. We find the eigenfunctions and eigenvalues of boundary value problems for a nonlocal analogue of
the Laplace operator. The eigenfunctions of the problems are represented as even and odd parts with respect to the
considered mapping. The symmetry properties of the eigenfunctions of boundary value problems with Dirichlet and
Neumann conditions are investigated. These properties are further applied in obtaining solutions to the main problems.
The equations we consider fall into the class of differential equations with transformed arguments. The problems are
considered in an n+1-dimensional cylindrical domain with a spherical base. The boundary conditions include
Dirichlet and Neumann conditions. The problems are solved by reducing them to equivalent problems for the classical
hyperbolic equation. Using known results for initial-boundary value problems for the classical hyperbolic equation,
theorems on the existence and uniqueness of solutions are proved. It is shown that the well-posedness of the problems
under consideration significantly depends on the coefficients involved in defining the nonlocal Laplace operator. The
solutions of the problems are constructed as a series.

Keywords: involution, nonlocal operator, hyperbolic equation, initial-boundary value problem, existence,
uniqueness, Dirichlet condition, Neumann condition.

Anoamna. Byn ocymvicma 0i3 eunepbooaanvlk menoeyoiy OeuloKal ananoevbl Yulin Oacmankvl-ulemmix
ecenmepoi KUCLIHObI KOUbLLY Macenenepi sepmmenedi. Kapacmulpulavin omuipean meyoeynepoiy 1Iuncmix oonicinoe
Jlannac onepamopuinbiy 6etinokan ananozsl Kamvicaovl. biz Jlaniac onepamopuiibly 6€UloKal aHano2bl Yulin wemmix
ecenmepOiy  MeHWIKMI  (QYHKYUALapvl Jicone MeHWixmi MaHOepin mabamvls. bByn ecenmepdiy  meHwikmi
DYHKYUAIAPBIH KAPACTBIPLLIBLI HCAMKAH MYPILEHOIpYiep2e KAmblCMblL HCYN JHCIHe MaK OOKMePIHil KOCbIHObICb
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mypinoe epuexkmetimis. Hupuxne oicone Heliman wapmmapviven Oepineen wemmix ecenmepoiyy MeHWIKMI
DYHKYUATAPBIHBIY CUMMEMPUATBIK Kacuemmepi 3epmmenedi. byn xacuemmep andazel yaxeimma Heeizei ecenmepoiy
wewiiMOepin any ywin Koaioawvinaowvl. bi3z kapacmeipamein menoeynep myprendipineen apeymenmmepi 6ap
ougppepenyuanovix menodeynep xkiacvina xcamaovl. Ecenmep nezizi wap 6orzan N+1 emuemoi yununopaix atmaxma
Kapacmuipbinaowl. Llexapanvix wapmmapoa Qupuxne ccone Heiiman wapmmapsl 6Oepinedi. Ecenmep onapow
KIACCUKATBIK  2UNepOonanvly menoey YuiH 9KEUBANEHM ecenmepee Keamipy apkviivl wiewinedi . Kuaccuxanwik
2unepoonanviK meyoey yulin 6acmankwi-ulemmik ecenmepze benzini Hamuoicenepoi naudaiana omulpsin, wewimMHiy 6ap
JHCoHe dcanevl3 OOnYybl mypanvl meopemanap 0anendenoi. Kapacmeipvinivin omuvipean ecenmepoiy KUCbIHObLIbIbI
betinoxan Jlannac onepamopvli aHbIKMAY2a KamMulcamuvli KOIDuyuenmmepee aumaprvikmain mayenoi eKemi
kepceminzen. Kapacmuipvinvin omvipean ecenmepdiy wewinoepi kamap mypinoe Kypuliaobl.

Hezizzi co3dep: ungomoyus, Oetilokanl onepamop, 2unepboianvi menoey, 6acmankvl- uiemmixk ecen, o6ap
oony, scaneviz boryuvl, Jupuxie wapmul, Hetiman wapmut.

Beenenune

Hacrosmas pabota mocBsiieHa K HCCIEAOBAHUIO KOPPEKTHBIX IMOCTAHOBOK HAYalbHO-
KpaeBbIX 3a7ad Uil ypaBHEHWH C TpeoOpa3oBaHHBIMH apryMeHTamMH. B ypaBHEHHsX
paccMaTpuBaeMble HamMH NpPeoOpa3oBaHHE apTyMEHTOB  OCYIIECTBISIOTCS MPU  MTOMOIIU
oToOpaxeHuil Tuna uHBoMOLMU. ClieyeT OTMETUT, YTO OJHUM M3 IEPBBIX OINYOJIMKOBAHHBIX
paboT 1Sl ypaBHEHUN C MHBOJIOTUBHBIMU IIpeoOpazoBaHusaMHU siBisieTcs: paborta T.Kapnemana [1],
I7le U3ydeHbl ypaBHEHHsS CO CIBUIAaMM apryMeHToB Buaa « = o (t),a’(t) =t. HauansHo-KpaeBbie
3a/1a4¥ I HEJIOKAJIBHBIX aHAIOTOB Mapa0oMYeCKIX YpaBHEHHH MCCiieoBaHbl B paboTax [2-8], a
KpaeBble 3a/1aydl 7Sl HEJIOKaJbHBIX JJUTMITHYECKUX YpaBHEHHM u3y4anuch B pabortax [9-11]. B
paborax [12,13] ans HEMOKaNbHBIX TMIIEPOOIMUECKUX YPABHEHUNM B OJHOMEPHOM CIllydae MU3y4YeHbI
3aJja4M, KOTOPBIE MO MOCTAHOBKE SIBJISIOTCS OJIM3KUMHU K HAIIMM UCCIIEI0OBAHUSM.

[lepexoanm K MOCTaHOBKE 3a/1a4, KOTOPbIe OyeM HCcieoBaTh B HacTosmei padore. [Tycts

Q, mmwmHApHyeckas obmacte Q, =(0,T)xQ , rme Q emunuunbli map B R",n>2, 0Q -

enuuuuHas cepa. Janee, mycth S - oproroHambHas marpuna: S-S'=E wu S*=E, rme E

eIMHUYHAs MaTpHIa. [IpuMepoM Takoi MaTPHUIIBI SIBJISIETCS MaTPUIIA OTOOpaKEHHS SX = —X .
Paccmotpum B obOactu Q; crenyronryro HadaabHO-KpaeByIo 3a/1ady:

%—%Az(t,x)—alAz(t,Sx):h(t,x),(t,x)eQT, 1)
2(0,%) =7(x),z,(0,x) = p(X),xe Q, (2)
z(t,x) =0,[0,T]x8Q, (3)

rie a,,d, - HeKOTopble JeiicTBUTeNbHbIE uncna, h(t,x),z(x) u p(X) 3agaHHble QyHKIUN.
Knaccuueckum pemenuem 3amaun (1) - (3) HazoBem ¢Qyskmuio z(t,X) wu3 Kiacca
CH(Q;)NCy (QT ) Y yIOBJIETBOPSIONIYIO ycinoBusaM (1) - (3) B 0OBIMHOM CMBICIIE.

Hapsiny c¢ osroil 3amaueid mMbl OyzneM HcCcleAoBaTh TakXKe HadyadbHO-KPaeBYIO 3a/ady C
ycnoBusimu (1),(2) u rpanndnbM yenoBueM Helimana

d,2(t,x) =0,[0,T]xQ, 4)

0
rae 0, = v MPOM3BOJIHAS 110 HATPABICHHUIO BEKTOpa HOpMaIi K chepe 0€) .
1%

B oToM criydae pemenne Oyziem uckath B knacce hynkunn z(t, X) € C2Z(Q ) NCH (Q; ) :
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Hean uccaenoBanusi: Lensto HacTosmend pabOTHI SIBISETCS YCTAHOBICHUE KOPPEKTHOCTH
paccMaTpuBaeMbIX 3a1a4. JlokazarenbcTBa TEOPEM O CYIIECTBOBAHUS U €JUHCTBEHHOCTH PEILICHUS
3anau ¢ ycaousimMu (1)-(3) u (1),(2) u (4).

Metoabl ncciei0BAaHUA 3212491
B sTOM myHKTE MBI HcclieyeM HadallbHO-KpaeBylo 3ajaauy ¢ ycioBueM Jupuxie. CHauana
IPUBE/IEM U3BECTHOE YTBEP)KICHUE AJISI KJIACCHUECKOro ciydas, T.e. korga a, = 0,a =0. bynem

cuuTarh a, >0 u nepenumem ypasaenue (1) B cienyromiem Buie

Az(t,x)%%:—f %), (t,x) €Q,, (5)

e a=\/g,f(t,x)=éh(t,x).

B pabote B.A.Mnbuna [13] moka3aHo cieyrolee yTBEpKICHHE.
Jlemma 1. [Tycts pynkuuu 7(x), p(X) u f(t,X) yIoBIETBOPSIOT CIEIYIOIIUM YCIOBUSIM:

1) dyukus 7(X) HenmpepbiBHA B oOnactu ) U o0nazaeT B 3TOi 00JIacTH HEMPEepHIBHBIMU

n
NPOU3BOAHBIMU 10 ITOPSAJKA ‘:§:|+2 U MHTETPUPYEMBIMU C KBaJApaTOM IIPOU3BOJHBIMU IIOpsJKA
n
[E} + 3. Kpome Toro,

7(X) = A7(X) = .= A2(X) = 0,k = [”%4} ;

2) gyrkmms p(X) HempepsiBHA B 06macTH Q M 06IagaeT B 9TOH 06IACTH HEMPEPHIBHBIMU

n
MMPOU3BOJAHBIMU O IOPAJKaA |:E:|+l U UHTCIPUPYCMBIMU C KBaApaTOM IMPOU3BOJHBIMU IOPAAKA

[g} + 2. Kpowme Toro,

() = Ap(X) = .= A p(X) = 0,k = {%2} ;

3) dysakmus f (t,X) HempepbIBHA B 3aMKHYTOM IHIJIUHAPE QT =[0,T]xQ n

n
06J'Ia,[[aCT B OTOM NUIMHAPC HCHOPCPBIBHBIMU IIPOU3BOAHBIMU OO TIOpAAKa |:§:|+1 )51

n
MHTETPUPYEMBIMHU C KBaJPATOM MPOU3BOAHBIMU MOPSAKA {E} + 2. Kpowme Toro,

f(t,x):Af(t,x):...:Akf(t,x):o,kz[”%z}

Torma pemenune 3amaun ¢ ycnoBusmu  (5),(2),(3) cymiecTByeT, €IWHCTBEHHO W
NPECTaBIIATCS B BUJIE

0 p .
z(t,x) = 7, C0Sa\ u, t+—-E=sina/u trz, (X)+
;{ ay iy °
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> itf s)sina t—sds} o (X).
+Z-{JZ£ 2(S)sinau, (t=s)ds 12,5 (x)

3nech Z,,,(X) - HOpMUPOBaHHBIE COOCTBEHHBIE (DYHKIMK CIIEIyroIeH 3ana4n Jupuxie
Az(X)+ pz(x)=0,xe Q,2(x) =0,x € 0Q, (6)
art,,p,n f (t) koasbdumuentsr Oypoe B pasnoxennn pynkuuii 7(X), p(x) u f (t,x) mo cucreme
Zm,D (X) .

Jlanee, Ha OCHOBE YTBEP:KJIEHUE 3TOM JIeMMBbI IOcTpouM pereHue 3anauu (1) - (2). Eciu B
ypaBHeHuH (1) MeHsieM TOUKy X Ha SX, TO IMOJydaeM CIEeIYIOIIYIO0 CUCTEMY

{zt(t,x)—aoAz(t,x)—aiAz(t,Sx):h(t,x) @

z,(t, SX) —a,Az(t, X) —a,Az(t, SX) = h(t, Sx)

Beenem o0o3Hauenus

Wo (8, X) = z(t, x) + 2(t, Sx), w (t, x) = z(t, X) — z(t, Sx),

h, (t, x) = h(t, x) + h(t, Sx), h (t, x) = h(t, x) — h(t, Sx) .
Tycts 8, = %. Vicrions3ys fanHble cucTeMbl (7) HMeeM

hy (t, X) = h(t, X) + h(t, SX) =
= 7,(t, X) — 3, Az(t, X) — &,AZ(t, SX) + Z, (t, SX) — &,Az(t, X) — 3, Az(t, SX) =
=0, [z(t,x)+ z(t, Sx) |- A[ayz(t, x) +a,z(t, )| - A[a,z(t, Sx) + ayz(t, Sx) | =

=0, [z(t, x) + z(t, SX) | (@, +a, ) A[z(t, X) + z(t, X) | = O, W, (t, X) — (8, +a, ) AW, (t, X) .
Taxum 06pasom, Uit GYHKIMH W, (L, X) MOTydaeM ypaBHeHHue

O W, (8, X) — (g +a, ) Awg (t, X) = hy (t, X) .

Ananormyno, 11 GyHkuuu W, (t, X) umeem
h, (t, x) = h(t, x) - h(t, Sx) =

=17,(t,X) —a,Az(t, X) —a,Az(t, Sx) — [ z,(t, SX) —a,Az(t, X) —a,Az(t, SX) | =

=0, [z(t,x) - z(t, Sx) | —a,A[ z(t, x) — z(t, SX) | —a,A[ z(t, Sx) — z(t, X) | =

10
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=0, [z(t,x) +z(t, Sx)|—(a, —a,) A[ z(t, x) — z(t, SX) | = W, (t, X) — (8, —a, ) Aw, (t, X) .
Cien0BaTENbHO,
AW, (t, ) — (@, —a, ) Aw, (t, x) = h,(t, x) .
Hanee, w3 ycnosuit (2) u (3) i Gynxumit W, (t, X), j =0,1 nomydaem
W, (0, ) = 2(0, X) + 2(0, SX) = 7(X) + 7(SX) = 7, (X),
9w, (0,x) =8,2(0,X) +6,2(0, 5x) = p(X) + p(Sx) = p, (X),
w; (0, X) = 2(0, X) — (0, SX) = 7(X) = 7(Sx) = 7,(x),
9w, (0,x) = 0,2(0, ) +6,2(0, Sx) = p(X) + p(SX) = p1(X) ,
W, (t, X)|, = 2(t, )|, +2(t,SX)|, =0+0=0,w,(t,x)| .., = z(t, X)|, — 2(t, Sx)|,, = 0.

Takum obOpazoMm, s QyHKUUN w, (t,x), j=0,1 MBI momy4unu CIeAYIOLIUE HaYaIbHO-
KpaeBbIC 331a4H

ij(t,x)—iawét—(;'x)=—ihj(t,x),(t,x)eQT, (8)
&

j €

w; (0, %) =7,(x),6,w;(0,X) = p;(x), xeQ, 9)
W, (t,x) = 0,[0,T]x 80, (10)

e & =3, +&,& =3, —&. bynem cuurars ¢; >0, j=0,1.
Haxomum pemenus 3amau (8)-(10). dust aToro Bocmosb3dyemcsi yrBepkaeHuem Jlemmer 1.
1 :
Ecmu ¢pynkuun 7,(x), o, (x) u f,(t,x)=—nh;(t,x), j=0,1 ynosneropsror ycnosusm Jlemmsi 1, T0
E .
i
pemenue 3aaa4 (8)-(10) cymiecTByeT, eIMHCTBEHHO U MTPEICTABIISIOTCS B BU/IC

w,(t,x) =>4z, cos QMmHAsin it { 2o (X)+
\JEiMim

m=1

+m§;{\/gj%jhjm(5)8in«/8jyj'm (t—S)dS}ZmD(X) (11)

jym 0

11
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Hanee, uccnenyem Hexoropbie cBoiicTBa Gpynkuuu W;(t,X) . B pabore [14] nokasauo, uro

Bce coOCTBeHHBIC QyHKIMU 3ama4yn Jupuxie (6) o0nagaroT OJHUM M3 CBOHCTB CHMMETPHUYHOCTH:
Z,0(X)=2,5(5x) wmm z ,(X)=-2, ,(5X),xeQ. Hcnomp3ys 5T CBOWCTBa 3aHOBO

IepeHyMepyeM COOCTBEHHbIE (QYHKIMH Z ,(X). Bynem cuurath, 4TO YETHBIMM HOMEPaMH
IPOHYMEPOBAaHbl  COOCTBEHHbIE  (QyHKIMM, oOOmajgaromue CBOWCTBaMH  Z ,(X) =27, ,(SX).

COOTBETCTBEHHO, HEYETHBIMU HOMEpaMu OyAyT IPOHYMEpOBaHBI COOCTBEHHbIC (YHKIMU,
oOnajaromye cBokcTBamMu Z, 1, (X) = -2, (Sx).

CripaBe[UIMBO CIIEYIOIIEe YTBEPKIACHHUE.
Jlemma 2. Oyukunn W, (t, X), j =0,1 obnazaror cieayrommmMu CBORCTBAMH:

1) W, (t, X) = W,y (t, SX) u ansa kosdpduumentos z, ., Oy, Ny, (1) crpaBemIuBEl paBeHCTBA

TO,m -

O,m=2k-1 _|Om=2k-1
2(z,2y) =21y, m =2k Fom = 2(p,2,) =25, m =2k’

O,m=2k-1

Non(t) = {Z(h, 2.)=2h, (t),m=2k"

2) w(t, x) = —w,(t, SX) u a1 kospdunuentos 7, ., o, ., 0 (t) cnpasennuBbl paBeHCTBA

0,m=2k 0,m=2k
T = i) m = ]
2, Zy4) =20y, M=2k-1 & 2(p,24) =2y, m=2k -1

0,m=2k

h”"“):{2(h,zzk_l)52h2k_1(t),m=2k—1'

Joka3zaTeabeTBO. 113 ipescTaBnenust GyHKIUK 7,(X) 118 K0d)HUIUEHTOB 7,,,, UMeeM

Toom = (70’ Zrmp ) = ITo (x) ZHmp (x)dx = J.[T(X) + T(SX)] ZLmp (x)dx =

= [ 700 Zmp () + Zy . (SX) X = 2[ 2(X) 25, ()X = 2(7, 251, ) = 27,

Jns ko3¢ PULIMEeHTOB ¢ HEYETHBIMHU MHJIEKCAMU MOJTy4aeM

Toom1 = (To’ Z2m—1,D) = _[To (X)Zy 1 (X)dX = “T(X) + T(SX)] Zy 4 p(X)OX =

Q

= J.T(X) [sz—w (X)+ 210 (SX)] dx = J.T(X) [sz—w (X) = Zymap (X):' dx=0.

12
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Caoiicta k0d(dumentos o, ., h, . (t) mokasbiBaroTcs ananormvnbiM obOpasom. /[lanee,

UCIIOJIB3Ys ITU CBOMCTBA KO3()(DUIIMEHTOB, a TAKKe U3 CBOMCTBA Z,, (X) = Z,,, 5 (SX) coOCTBEHHBIX

Gynaxuumit s Gyakmun W, (t, X) umeem

yo)
W, (t, X) = Z{To om COS /€0 kly ot \/(juism\lgoﬂo 2m } 2m,p (X) +
EoMo 2m

mw {\/Tjho SMOE LNy S)ds} Zyn o (X) =

002m0

m=1

= Z{To 2m COS [ €0 by, amt \/,00% sin \€oto2m } 2m,D (Sx) +
Eolo om

0

+Z{F I o an (S)SiN 2otz (= S>dS}ZZmD(Sx) wit, S%).

CaolicTBa yHKTa 1) 1OKa3aHBI.
Hanee, u3 npeacTasieHus GyHKuuu 7, (X) it Ko3QHUIHEHTOB 7, TOIydaeM

T =(720p) = jq(x)sz(xmx J[r(x) 7(5%)] 25 (X)X =

= j 7(X)] 2y o (X) + 2, 5 (SX) | X

Otcrona, ecmu M=2k, To u3 paBeHcTBA Z,, ,(X)=Z,,,(SX) cmexyer 7,, =0, a u3
paBeHcTBa Z,, , (X) =2, ,,(SX) momywaem t,,.,=2(r,2,,,)=27,,,. OcranbHble cBOHCTBa

¢Gynkuun W, (t, X) kxak B mynkre 1). Jlemma noka3sana.

W3 yrBepKACHUHN 3TON JIEMMBI I10Jy4aeM CIEAYIOIIEe
CaencrBue 1. Pemenus 3aaau (8)-(10) MokHO npeacTaBUTh B BUJIE

Wo(t,x)=22 Tom COS /gty L+ Pan_sin Eollomt ¢ Zomp (X) +
m-1 \ Eotom

+22{\/8_Ih2m (S)Sln \/ 80/“2m (t S)dS}ZZm D(X) (12)

oHom 0

W, (t, X) = 22{% ,COS\Jeut, t \/’Ozmilsln,lgly2m . } Zymao(X)+
1 2m—1

13
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+22{ F j h,, 4 (3)sin e, (t— s)ds}zm (). (13)

1 2m10

AHAJIU3 ¥ OCHOBHbBIE Pe3yJIbTAThI
Jlanee, nokaxeMm oOpaTHOE yTBep)KICHHE. A MMEHHO, eciu GyHKuuu W,(t,X) u w,(t, x)

sBisroTCs permeHusvu 3a1ad (8)-(10), To GpyHKus
1
2(t, x) =§[Wo(t,x)+W1(t,X)] (14)

Oyner pemrenueM 3anauu (1)-(3). [elicrButensho, mycts GyHKmuu W, (t,X) u w,(t, X) sBmsoTcs
pemrenusamu 3amaq (8)-(10). U3 cpoiictB cummerpuanoctr GyHKImA W, (t,X) uw w(t,X) umeem
Aw, (t, X) = Aw, (t, Sx), Aw, (t, X) = —Aw, (t,Sx) . Torma mis ¢ynkumm z(t,X) u3 paBeHcTBa (14)

noJyvyaemM
2
0 Z(t ) —a,Az(t, X) —a,Az(t, SX) =
1[ 0%w (t, x 1 1] 6w (t, x
=E{%—%Awo(t,x)—a@wo(t,x)_+§_%—%Awl(t,x)—aﬁwl(t,x)}:
1| 0w (t, x 1 1 62w (t, x
=5{%—(%+%)Awo(t,x)_+5_% (8, —a,) Aw t, X)}

=—%[AW0(L -1 V60 X’}—ﬁ{ -2 20X X)}
g ot g ot

&y

1 & _l :1 1 =
=—5[—€—Oho<t,x)]—5[ glhl(t,x)j (60 + (6

=%[h(t, X) + h(t, Sx) +h(t, x) —h(t, Sx)] = h(t, x) .

CnenoBarenbHo, ¢pyHkius Z(t,X) u3 paBeHctsa (14) ynosneroBpsier ypasHenuro (1). Hanee,
U3 HadallbHUX ycioBui (9) cnegyer

z(0,Xx) = %[WO(O, X)+w,(0,x)] = %[ro(x) +7,(0)] =7(x),

2,(0,x) = [8 W, (0, X) +0,w; (0, X)] = —[po(x)+p1(x)] p(X).

W nakonert, ncronb3ys ycnosus (10) momyqaem

14



K. A. Acayu amoinoazel Xanvlkapaivlk Ka3ak-mypik yHueepcumeminin xaoapiapot
(mamemamuxka, puzuxa, ungpopmamuxa cepuscwt), N4 (31), 2024

z(t,x)|[OlT]XaQ :%[wo(t,x)+wl(t,x)] =0.

[0,T xéQ

Takum ob6pazom, pyrkius z(t, X) u3 paBercTsa (14) yaoBIeTBOPSET BCEM yCIOBHAM 3a1a9d

(1)-@).
Hanee, noactasidas npeacraBienne Gynkiun W, (t, X) u3 (12) u pynxuun W, (t, X) u3 (13) B
paBeHCTBO (14) moayyaem OKOHYATEIBHOE MpeacTaBieHue pemenus 3agaun (1) - (3).

+8y) b

z(t,x) = {sz COS /(8 +8,) fyt + —=—===5IN /(8 +8,) L1y, } omp (X) +
5, e cos Tt sin T )i

+Z{T2m 41 COS 4/ (@ — @)ty st \/pz;l—_l,u sin \/(ao - ai)/LlZmlt} Zyma,p (x)+
2m-1

+Z{% [Ny (8)sin (B + 80) 0 (0 —s)ds}zZm,[)(x) +

m 0

{ thm 1(S)Slﬂ\/ (B — @)ty 4 (t— S)dS}ZZm 1, o (X) . (15)
N Ham-1 0

Takum 06pazom, oTHOCUTENBHO 3a1auu (1) - (3) mo0Ka3aHO cienyrolee yTBEpKIAeHUE.

Teopema 1. Ilycts a,*a, >0, dynxuuu 7(X), o(X) u h(t,X) yIOBIETBOPSIOT YCIOBHSIM
Jlemmsl 1. Toraa pemenue 3amauu (1) - (3) cymecTByer, eAMHCTBEHHO U MPEJCTABISIETCS B BUC
(15).

OcHogHble pe3yrbmamvl  OMHOCMUMENbHO HAYANbHO-KPAEe8OU 3a0aiu ¢ 2PAHUYHbIM
yenosuem Hevmana

B »>ToM myHKTE MBI HcclenyeM HadalbHO-KpPAaeBYIO 3aqady C TpPaHUYHBIM YCIOBHEM

Heiimana, T.e. paccmarpuaetcs 3anava ¢ ycnosusimu (1),(2),(4). st ynobetBa 3Ty 3amauy
HazoBeM 3anadei N. CHauana, kak U B ciydae 3afaud ¢ ycioBueM Jlupuxie s ypaBHeHus (5)
pPacCMOTPUM BCIIOMOTATEIbHYI0 HadallbHO-KPAEBYIO 3a/lady C HaydaJbHBIMU YCIOBUSMHU (2) U
KpPaeBbIM YCIIOBUEM.

0,z(t,x)=0,[0,T]x0Q (16)

[IpuBenem ananor Jlemmer 1 juist 3amauu ¢ ycnoBueM Heitmana. B ykasanHo# BbIlie pabote
B.A .Mnbuna [13] noka3aHo cienymoluiee yrBepKIeHUE.
Jlemma 3. [Tycte pynkuuu 7(x), p(X) u f(t,X) yIOBIETBOPSIOT CIEIYIOIIUM YCIOBUSIM:

1) ¢ynkmus 7(x) HempepsiBHa B oOmactd (2 u ob6namaeTr B 3TOM 001acTH HENpepbIBHBIMHU

n
MIPOU3BOJHBIMM 10 MOPSAKA {E}+2 Y MHTETPUPYEMBIMH C KBAJpPaTOM IMPOU3BOJHBIMHU MOPAJKA

[g} + 3. Kpome Toro,

15
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7(X) = Az(X) = .. = A*z(X) = 0,k = [”%2} ;

2) bynkmus p(X) HempephiBHA B 001acTH O M 006J1afaeT B TOH 0ONACTH HENPEpPhIBHBIMH

n
IIPOU3BOJAHBIMU 10 TOPSIKA [5}_1 U UHTEIPUPYEMBIMHU C KBaJIpaTOM IIPOM3BOJHBIMHU IOpsIKa

[g} + 2. Kpowme Toro,

() = Ap(X) = .. = A p(X) = 0,k = [ﬂ ;

3) dynakmus f (t,X) HempepbIBHA B 3aMKHYTOM IHJIUHAPE QT =[0,T]xQ un

n
06J'Ial[aeT B OTOM HIUWIMHAPC HCIPCPLIBHBIMU IIPOMU3BOAHBIMU O IIOPAAKaA |:§:|+1 u

n
HHTCIpUPYEMbIMHU C KBAAPATOM IIPOU3BOJHBIMHA ITOPAAKA I:E:| +2. KpOMe TOrOo,

f(t,x):Af(t,x):...:Akf(t,x):o,k:[ﬂ.

Tornma pemenue 3amaun ¢ ycioBusimu  (5),(2),(4) cyumiecTByer, €IUHCTBEHHO W
HPEICTABIISTCS B BUJIC

0 p .
Z(t,X) = > 47, COS Attt + —E=sinay/u, t 1 2, (X) +
{ ay

m=1

+i{i £ (s)sinayu, (t—s)ds}zm’N(x).
m=1 Mo

ot~

3nmech z,, (X) - HOpMUpOBaHHbIE COOCTBEHHBIE (DyHKIMY 3anaun Helimana
Az(X)+uz(x)=0,xeQ,0,z(x) =0,x € 0Q2, a7

art,,p,n f (t) xoasddummentsr Oypre B paznoxennn Gyakuuii 7(X), p(x) u f (t,x) mo cucreme

Zm,N (X) .

[IponenaB Te ke BBIYMCIEHUS, KaK M B ClIydae 3a7aud ¢ ycloBueM Jlupuxie goka3piBaeTcs
CIIEYIOIIEe YTBEPKACHHUE.
Teopema 2. Ilycts a,*a, >0, pynkuuu 7(x), o(X) u h(t,X) yIOBIETBOPSAIOT YCIOBUSIM

JleMMBI 3 TOFI[a peUICHHUC 3a1a4n N CYHICCTBYCT, CAMHCTBCHHO U NIPCACTABIIACTCA B BUAC
z(t,x) = Z{sz COS (8 + )ty t + \/73”’] \ (8 +a,) ot } 2m,N (x)+

16
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+z Tom-1COS+/ (@ — @)ty 4 t+ Ponct sin \ (8 — @) Hopy 5 Zyma,N (x) +
m=1 Y (aO - ai):u2m—l

0 1 t .
h2m om t— d om N
+2, M! ()81 /(8 +8,) 1z (t = S)S 25 (X) +

h2m—1 (s)sin v (ao - ai)/uZm—l (t—s)ds Zym-aN (x).

O t—

- 1
+
mz;l \ Homa

3akiroueHue

B pabote m3yueHbl Ha4aabHO-KpaeBbIE 3aJaudl JJIsi HOBBIX KiaccoB IuddepeHratbHbIx
YpaBHEHHMI B YaCTHBIX MPOU3BOAHBIX. [loka3aHbI KOPPEKTHOCTh paccMaTpuBaeMbIX 3amad. [lpu
JIOKa3aTeIbCTBE EJMHCTBEHHOCTH W  CYLICCTBOBAHHS pELICHUS HCIIOJIB30BAaHBI  CBOWCTBA
WHBOJIIOTHBHBIX OTOOPayKEHHIH.

B nanpHeiimeMm mpennonaraeTcs HMCCICIOBAHUS AHAJTOTUYHBIX 337a4 JUI HEJOKAJIbHBIX
QG epeHraIbHBIX YPaBHEHUH BBICOKOTO TIOPSIIKA.

JlanHas paboTa Obliia BBIIIOJIHEHA MPH MO/IEPXKKE rpaHTa MHUHUCTEPCTBA HAYKU U BBICILIETO
obpazosanust PK (rpant Ne AP19677926).
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TUIEPBOJIAJBIK TEHJAEY YIIIH KOUBLIFAH JUCKPETTI KEPI ECEIl IIEH KOMEKIIII ECEII
IHEIINIMIEPIHIH APACBIHIAFBI BAUJIAHBIC
RELATIONSHIP BETWEEN SOLUTIONS OF DISCRETE INVERSE AND AUXILIARY PROBLEMS FOR
A HYPERBOLIC EQUATION
CBSI3b MEXY PEHIEHUSAMM JUCKPETHOM OFPATHOM M BCTIOMOTATEJIBHOM 3ATAY J1JIS
I'NMNEPBOJITHYECKOTI'O YPABHEHUA

Anoamna. I'envchano-Jlesuman 20ici Ooiivinwia cunepbonanvly menoey yuiin Kepi ecenmepOi wewyoiy 6ip
enueMoi Jcane Ken eauemoi adicmepi OipiHwii dcone exinui mexkmi Dped2onom uHmMe2PaALObIK MeHOeyNePiHil CAHObIK
wewimine akenedi. Byn scymvicma Ienvgpano-Jlesuman adicimen 3epmmenemin cunepooianblK meyoey Yulii KoublieaH
ouckpemmi Kepi ecen neH OUCKpemmi KOMeKWI ecen wewimMOepiniy apacblHoasvl OAUIAHbIC KAPACMbIPLLIAObL.
Anovimen eunepbonanvix menoey yulin KOUbliean Ouckpemmi Kepi ecen nen OUCKpemmi KOMeKWi ecen KoubliblMoapvl
JIcoHe ocbl ecenmepOiy uewimi 6oaamvin MOPAbIK, QYKHYUAIAPOLIH Kacuemmepi kenmipinedi. Kemexwi ouckpemmi
ecenmiy wewimi apKbLIbl AHLIKMANAMBIH MOPALIK QVHKYUAHBIY KYPLLIbIMbL JHCOHE OCbl MOPNLIK QYHKYUA MeH
ouckpemmi Kepi ecenmiy wewimi 601amoil i30€1iHOI MOPIbIK PYHKYUS apacblHOAebl OAUIAHBIC MYPALbl TeMMALAD
Oanenodernedi. Jlemmanapovl danendey bapvicvblHOa OUCKpemmi KoMeKull ecenmiy wewiMiniy dxcane Jfupakmely Oenvma
DYHKYUACHIHBIY OUCKpemmi AHANIO2bIHbIY Kacuemmepi eckepinedi. [Juckpemmi Kepi ecen wiewliMiniy 6ap 601ybl dicone
OHbBIH JHCANRbIZObIELIH KOPCememin meopema 02.1e10eHeOl.

Heczizizi ce3dep: cunepbonanvi menoey, Ouckpemmi Kepi ecen, KoMeKwii OUCKpemmi ecen, uwlewiMHIy
Kacuemmepi.

Abstract. One-dimensional and multidimensional methods for solving inverse problems for a hyperbolic
equation by the Gelfand-Levitan method lead to the numerical solution of Fredholm integral equations of the first and
second kind. This paper examines the connection between a discrete inverse problem and solutions to a discrete
auxiliary problem for a hyperbolic equation studied by the Gelfand-Levitan method. First, we present the formulations
of the discrete inverse problem and the discrete auxiliary problem for the hyperbolic equation, as well as the properties
of the grid functions that are solutions to these problems. Lemmas are proved about the structure of the grid function
determined by the solution of the auxiliary discrete problem, and the connection of this grid function with the desired
grid function, which is the solution to the discrete inverse problem. When proving the lemmas, the properties of the
solution to the discrete auxiliary problem and the discrete analogue of the Dirac delta function are taken into account.
A theorem showing the existence of a discrete inverse problem solution and its uniqueness is proved.

Key words: hyperbolic equation, discrete inverse problem, auxiliary discrete problem, properties of the
solution.

Annomayusn. OOoHomepHble U MHO2OMEPHbIE MEmMOObl peulenus 0OpamHuiX 3a0ay 07l cUnepooIULecKo2o
ypasHenus memooom Ienvgpanda-Jlesumana npusoosm K UYUCIEHHOMY PpeUeHU0 UHMESPAbHbIX VPAGHEeHUU
Dpeodzorvma nepsozo u 6mopozo pooda. B oannoil pabome paccmampusaemcsi césazb Mexcoy OUCKPEmHOU 00pamHuoul
3a0auell U peweHusMU OUCKDEMHOU BCHOMO2AMENbHOU 3a0adu 01 cUnepooIutecko20 YpAasHeHus, Uu3yyaemozo
memooom Ienvpanoa-Jlesumana. Cuavana npugoosmcs NOCMAHOBKU OUCKPEMHOU 0OpamHOUl 3a0ay4u U OUCKPEeMHOU
6CNOMO2AMENbHOU 3a0auu Olisl 2UNEPOONULECKO20 YDABHEHUsl, d MAKICe CBOUCEA CeMOUHbIX DYHKYUL, S6IOUUXC
peuwieHusMU  dmux 3a0ay. Jloxazanvl JeMMbl O CMPYKMype CemouyHOU @QYHKYUuu, ONnpeoessieMou peueHuem
6CNOMO2AMENbHOU  OUCKPEMHOU 3a0auu, U C6A3U SMOl CemOYHOU @YHKYUU C UCKOMOU CemoyYyHOU QyHKyuel,
AssIIOWencs peuweHuemM OUuckpemuoi obpamuou 3aoauu. Ilpu Ookasamenvcmee nemMm YUUMBIBAIOMCS CEOUCMEA
peuierusi OUCKPEMHOU 6CHOMO2AMENbHOU 3a0ayu U OUCKPemH020 aHanoza Oervma-gyukyuu [Hupaxa. [oxaszana
meopema, noKasvi8awds Cyujecmaosanue u eOUHCme8eHHOCMb peleHiss OUCKPEemHol 00pamHoll 3a0ayu.

Knrwouesvie cnosa: cunepbonuueckoe ypagHeHue, OUCKpemHAs O0OpAMHAA 3A0ayd, BCHOMO2ameNbHAs
OUCKpemHas 3a0a4a, C8OUCMEa peuletusl.
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Kipicne

XKymbicta runepOonanblK TEHACY YINIH KOWBUIFAH JUCKPETTI Kepi €CenTi 3epTTey YIIiH
EHTI3UIreH KeMeKIi quckperTi ecente ['enbdana-JleBuran oici KoJgaHbLIA b,

I'enbdang-JleBuran ofici kepi ecenrep TEOPSCHIHAA KEH TapaliFaH dicTepaiH Oipi OoJbIm
taObiIanbl. OHBIH HETI3ri HICSICHl CHI3BIKTHIK eMec Kepi ecenTi DpearoiabMHBIH CHI3BIKTHI
WHTETPAJIIBIK TEHACYIEPiHiH Oip mapaMeTpini yiipiHe KeITipyIeH Typaibl.

I'enbdanna-JIesuran omicinin uaescoin A.C.Anekcees [1], G.Kunetz [2], b.C.ITapuiickwuii [3]
eHOeKTepiHeH OacTar ceiCMHUKaHBIH Kepi ecenTepinae kenten Komaanbuiabl. A.C.biaroseneHckuii
[4] akycruxanbiH kepi eceOi ymiH [enbdana-JleBuran omiCiHIH JUHAMHUKAIBIK HYCKACHIH
kypacteipabel. A.C.AnekceeB nen B.W.JloOpunckuii [5] I'enbdanna-JleBuran omiciHiH AUCKPETTI
AQHAJIOTHIH CEHCMUKaHBIH Oip edmeMal Kepi KUHEMATHKAIBIK €CceOiHIH CaHABIK IIenry
aITOpUTMACPIH 3epTTeyne Koimaanabl. CoHFbI Kbuinaps! I enbdana-JleBuran omiciHiH opTYpIi Kepi
ecernrep/e KoamanblIysl [6]- [14] enOexkTepae YChIHBUIIBI.

byn xymbicta ['enbdana-JleButan onici OoiibIHIIA TUNEPOONTANBIK TEHACY YIIIH KOWBLUIFaH
JUCKPETTI Kepi €cemnTi 3epTTey MaKCaThIH/Ia KOMEKII IUCKPETTI €Cel EHTi31TIM, OChl KOMEKIIi
JUCKPETTI €CeNTiH MEeNIMIHIH KaCUETTePl KOpCeTiIe/i.

EcenTiH KOHBLILIMBI
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HoTrmaxenepai tankpuiay

['mnepOonanelK TeHACY YUIIH KOWBUIFaH AMCKpeTTi kepi ecenti I'enbdana-JleButan omici
OOWBIHIIA 3EpPTTEy MaKCaThIHAA KOMEKII JUCKPETTI €CENTiH KOWBLIBIMBI  AHBIKTAJIIBL.
['umepOonanblK TEHACY YIIIH KOWBUIFAH KOMEKINl JUCKPETTI €CENTIH MICHIMIHIH KachueTTepi
KOPCETLI/I1 )KOHE OHBIH IMCKPETTI KEPi €CENTiH MeniMiMeH OalIaHbIChI 3€PTTEI/I.
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3eprrey OapbIChbIHIA AMCKPETTI Kepi ecel IMeH KOMEKIIi ecel MIeIIIMiHIH apachlHAArbl
OailaHbIChl KepceTeTiH Teopema ponenneHal. byn Tteopemana anbinran ['enbdann-JleBurtan
TEHJIey1HIH AUCKPETTI aHAJIOThIHBIH MaHbI3bI ©T€ 30D.
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KOFAPBI SHTPOIHUSLIBIK KOPBITIIAJIAP JKOHE OJIAPIBI CYTEK SHEPTHSCHIH/IA
KOJIJIAHY
HIGH-ENTROPY ALLOYS AND THEIR APPLICATION IN HYDROGEN ENERGY
BBICOKOSHTPOITMITHBIE CIUIABBI M X IPUMEHEHHE B BOAOPOJHOI SHEPTETHKE

Anoamna. JKosapvl sumponusnvik  Kopeimnaiap (KOK) epexuie  usuxa-xumusnely Kacuemmepine
batliaHbicmel  3aMaHaAyu  Mamepuanoapobly  OaMYbIHOAbL  MAHLI30bI  OaLIMKA — QUHALObL  JiCoHe  cymeei
9HEpPeemUKACLIHOA KOJNOAHY YWiH nepcnekmueanvt 6oavin mabwvliaovl. bByn maxanaoa cymeeini cakmay ywin KOK
KOO0aHy OOUbIHUIA COHEbL 3epmmeynep Kapacmulpblibli, OAapObly MUKPOCMPYKMYPACLIHA, CUHMe3 Jicone dcobanay
adicmepine, cakmay kacuemmepine Oaca uazap ayoapeiiaovl, KIK-moiy apmypini memnepamypa MeH KblCbIMOA
JHCO2APbl  MYPAKMBLILIK, MEXAHUKANLIK OepiKmiK Jicone cymezin Ciyipy Kabinlemi Cuskmvl apmblKUbLILIKIMADY
MAnKbLIGHAdbl, Oip KOMNOHeHMMmi JHCoHe KON KOMNOHEHMMI KOpulmnaiapoviy meicandapsl keamipineen. OLIK owcone
Jlasec asanapvin kammumoin Oip Jicone KON KOMNOHEHMMI KYpulibiMOapsl 6ap Kopbimnaiapobiy cymeini muimoi
abcopoyusanay ocane Oecopoyusanay Kabinemi Kapacmulpwiiadsl. KIOK-meiy owcozaper cakmay mulebi30biebl MeH
KOppo3usiza me3iMOLNieiH pacmatimvli 3epmmey Hamudicenepi KeimipiieeH, 01 o1apovly ¥3aK Kbi3Mem emyiH JHCoHe
MEXHUKABIK, KbI3Mem KOpPCeny WbleblHOapblH azaumyovl Kkammamacel3 emedi. COHbLMeH Kamap, NiacmuKaibLiblK NeH
Gazanvik, KYpolislmOapobly MYpaKxmolibl2blH apmmulpy KAXCemminiel CUskmbl deblMOabl ulekmeyiep maiKbliaHaobl.
Maxanada xypamer meH KYpuLIbIMObIK MOOUDUKAYUACHIH OHMAIAHObIDY 20icmepin a3ipney, mepMOOUHAMUKATbIK
Kacuemmepin JiCaKcapmy JcaHe cymecini 6Hepkacinmix ocagoainapoa cakmay ywin KOK 6eiiivoey Oouvinwa
bonawax 3epmmeynep 6agbLIMmmapuvl YCoinbliaovl. bByn mamepuandapovl api Kapaii 3epmmeyoiy MAybl30bLIbIELL CYymeei
MeXHONIO2UANAPYIH  i2epiiemyae HcoHe MYPAKMbl dHepeUs KO30epiH O0amblmy2d bIKNal emin, 9KOJ02UANLIK ma3d
9HepzemuKaea Kouyoi KamMmamacwsiz emeoi 0en aman ominzeH.

Hezizzi co30ep: scosapvl SHMPONUSILIK, KOPLIMNALAp, Kammbl epimindi (azaniapvl, MUKPOKYPHIIbLIM, Cymezi
aHepeuscsl, abcopoyus, oecopoyus, Cymeziniy ICUHAKMALY L.

Abstract. High-entropy alloys (HEAS) have become an important area of modern materials development due to
their unique physicochemical properties and are promising for application in hydrogen energy. This paper reviews the
latest research on the application of HEAs for hydrogen storage with an emphasis on their microstructure, synthesis
and design methods, and storage properties. The advantages of HEAs are discussed, including high stability at various
temperatures and pressures, mechanical strength, and hydrogen absorption capacity; examples of single-component
and multicomponent alloys are given. Examples of alloys with single- and multicomponent phases, including BCC and
Laves phases, and their ability to efficiently absorb and desorb hydrogen are considered. The results of studies
confirming the high storage density and corrosion resistance of HEAs, which contributes to their long-term operation
and reduced maintenance costs, are presented. Current limitations, such as the need to improve the ductility and
stability of phase structures, are also discussed. The paper suggests directions for further research, including the
development of methods for composition optimization and structural modification, which will improve the
thermodynamic properties of HEAs and adapt them for hydrogen storage in industrial conditions. The importance of
further study of these materials for the advancement of hydrogen technologies and the development of sustainable
energy sources, which will facilitate the transition to environmentally friendly energy, is emphasized.

28


https://doi.org/10.47526/2024-4/2524-0080.14
mailto:yulduz.amangelieva12345@mail.ru
mailto:maidarova@ektu.kz
mailto:sherzod.kurbanbekov@ayu.edu.kz
mailto:baltabaeva-d@bk.ru
mailto:nurs.ertaev@gmail.com

K. A. Acayu amuvinoazel Xanvlkapanvlk Ka3ax-mypik yHueepcumeminiyn, xaoapaapul
(mamemamuxa, puszuka, ungpopmamuxa cepusacwy), Ne4 (31), 2024

Keywords: high-entropy alloys, solid-soluble phases, microstructure, hydrogen energy, absorption, desorption,
hydrogen storage.

Annomauyusn. Bvicoxosumponuiinvie cnnagol (BOC) cmanu 8ajiCHblM HANPAGIEHUEM DA3GUMUST COBPEMEHHbIX
mamepuanos 61a200aps. C8OUM YHUKATbHLIM (DUIUKO-XUMUYECKUM CEOUCMBAM U SGNSIOMCS NePCHEeKMUBHLIMU OISl
npUMeHeHUuss 8 6000POOHOU dHepeemuKke. B Odannoi cmamve paccmampueaiomcs nocieoHue Uccied08anusi no
npumenenuro BOC 0Ona  xpamenus 6000poda ¢ aKYeHmMoOM HA UX MUKPOCHMPYKMYpPY, Memoobl CUHmesa u
NPOeKmMupoBanus, ceolcmea xpanenus,; oocyscoaiomes npeumyuecmea BOC, 6xniouas 6vbicokylo cmaduibHOCmb npu
PA3IUYHBIX  MEMNEPAmypax U OasleHusix, MeXAHUYecKyl0 NpPOYHOCHb U CHOCOOHOCHb NO2IOWAmb 6000pP00;
NPUBOOAMCST NPUMEPbl OOHOKOMNOHEHMHBIX U MHOZOKOMNOHEHMHbIX CHAA606. Paccmompenvl npumepvl cniagog c
00HO- U MHO20KOMNOHeHmHbIMU pazamu, exmodas OL[K u Jlasec ghasvl, u ux cnocobrnocme 3¢pgpexmueno abcopoyuu u
decopbyuu 600opoda. Ilpusedenvl pesyibmamol UCCIe008aHUL, NOOMBEEPHCOAIOUSUE BbICOKYIO NIOMHOCMb XPAHEHUS U
Koppo3uonnyio cmoiikocms BIOC, umo cnocobcmeyem ux Onumenvuylo SKCHAYAMAYUU U CHUdICEHUE 3ampam Hd
obcnyscusanue.  Taxoice  06CydCOaioOmess  mexkyujue O2paHuyenusi, makue Kak HeoOX00UMOCmb  NOBbIUEHUS
nAACmuYHOCMU U cmabunbHocmu hazoevix cmpykmyp. B cmamve npednazaromcsi Hanpasienusi O0iis OaLbHetuux
uccre008aHull, 8KOUAL pa3pabomKy Memooo8 01 ONMUMUZAYUU COCMABA U CMPYKMYPHOU MOOUQUKAyUU, 4mo
nO360AUM  YIyuuums mepmoounamudeckue ceovcmea BIC u adanmuposamv ux Oisi XPAHeHust 8000pood 6
APOMBIUIEHHBIX  Ycrosusx. Tlooueprugaemcst 3HAUUMOCMb  OAIbHEUME20 USYYEeHUsT IMUX MAmepuanog Oisl
NPOOBUINCEHUSL 6000OPOOHBIX MEXHOL02UL U PA3GUMUSL YCIMOUYUBHIX UCOYHUKOS8 dHepaull, 4ymo Oyoem cnocobcmeosams
nepexooy K dKOI02UHECKU YUCMOU dHep2emuKe.

Knioueevie cnosa: svicokodsumponutinvle Cniagwl, meepoopacmeopuvie (asvl, MUKPOCMPYKMYpPA, 8000POOHAs
9HepeemuKa, abcopoyusi, decopoyus, Xparnerue 6000pood.

Kipicne

JKaHa KypbUIBIMABIK MaTepuaiiapAbl jKacayablH 9JIETTET1 dicCi Heri3 peTiHae Oip AIeMeHTTI
TagAaay OOJIBIN TaOBLIAABI, COJAH KEHIH OJ KaKETTI MEXaHUKAJIBIK HEMECe TEXHOJOTHUSIIBIK
KacueTTepre KoJj XKeTKizy yuiH jeripiaeHenai [1,2]. Hotwxkecinae Temip, MbIC, allOMUHUI, TUTaH,
HUKENb >KoHe Oacka Ja KeNTereH KEeHIHEH KOJJAHBUIATBIH KOpPBITIAJap albHAIbL Ocipece,
Hastelloy, BT20, 015X14H19C6b xoHe Oacka Ja KeNTEereH SJIEMEHTTEPMEH JIETipJIeHIeH
KOIIKOMITOHEHTTI KOPBITHAJIAP KBI3BIFYIIBUIBIK TYAbIpaasl. ONapAblH TapTBIMABUIBIFEL OPTYPIi
OepiKkTeH1ipy MEXaHU3M/IEPiH, COHBIH ILIIH/E KATThI epiTIHAIMEH, TUCTIEPCUSIIBIK, Ae()OpMaIUSIIBIK
JKOHE 0acKa 9icTepMEH KYPBUIBIMAAP/IbI KATBIITACTHIPY MYMKIH/IITIHE OalIaHBICTHI.

XKoraper sHTponusIbIK KopelTnanap (JKOK) konmenuumsicel HeOopi 15 »xpim OypeiH, 2000
KbUIAApABIH OacklHNa Maiia OosiFaH, OYJ1 METaTyprusi TapuXbl TYPFBICBIHAH ©T€ KbICKa Mep3iM
6onbin Tadbutaabl [3,4]. Kaszipri yakeirra )KOK keninen 3eprrenyzne. Meicansl, Web of Science
)oHe Scopus 6azanapeinga 5000-uHaH actam sxymMbIc xkapusutanrad. OnapapiH kermimirigge XKOK
METallJT KOPBITMANapblH JAMBITYIBIH e€JeyJdl OJKeTICTIM peTiHAe cumarraitaasl. MyHnai
HKBUMOJISIPIIBIK KOPBITIANIAP KapanaiibiM KaTThl €piTIHAUIEp KYPBUIBIMBIH KAJIBIITACTHIPA aJlaTHIHBI
anbIKTanapl. COHBIMEH KaTap, KONKOMIIOHEHTTI KOpBITHAlAp JKOFapbl KaTTBUIBIK, TO3YyFa
TO3IMIUTIK, JKOFappl  TeMIleparypajapia  OepiKTiK, KOppo3usiFa  Te3IMIUIIK, TOMEH
Temreparypaiapia >KaKChl IUIACTUKAJBUIBIK JKOHE aca IUIACTHKAIBUIBIK CHUSKTHI TapThIMIbI
KacueTTepre ue exeHi oenrimi 6omasr [5-8].

KIK cunarramanapsl MeH KacueTTepi

KOK koHmenuusicbl KOpHITHaAarbl KOMIIOHEHTTEp CAaHbIH KOOEWTY OHBIH TYPAaKTBUIBIFBIH
apTThIpaJbl  JIeT€H MJesiFa  HEeTI3JIeNIreH, OWTKEeHI KOFapbhl  apajacThlpy  AHTPOIUSCHI
MHTEPMETAUTMATIK (a3anapAblH TY3UTylH TEXKEWIl JKOHE KapamaibIM KaTThl epiTIHAUIEpAIH
TY3UlyiHe BIKNan ereni Jen OospkanFaH. OcblFaH OaiIaHBICTBI IIAMaMEH TEH SKBUMOJISPIBIK
KOHIICHTpaIusAIa 5 KOHE OJIaH Jla KOIl dJIeMEHTTEp/ll KaMTUThIH KopbiTnanapasl JKOK nen artay
YCBIHBULIIBL. AJaiiia opTypili KOpBITHA >KyHenepiHe >KYpri3uireH KeiHri 3eprreyiep KeNTereH
KOK kypamblH[Ia peTTeNreH KaTThl epiTIHAUIEp *KoHe/HeMece MHTEpMETAUTMATIK ¢azanap, TINTi
amop® T (aszanap Ty3ureTiHiH kepcerTi [9-11].

Kasipri )KOK 3eptreynepinin Herisri TakplpbeinTapbiHbIH 0ipi — KOK daszacsin Tangayna
apaiacThIpy SHTPONMACHIHBIH BIKTUMAJI 3CEPiH TYCIHY 00N Tabbuta bl. OChiFaH OaillaHBICTHI
Keseci cypak TysiHaanasl: JKOK-Ta apanacTelpy SHTPONUACH AeTeHIMI3 He? AJIJIBIHFbBI
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seprreynepae [12,13] «korapbl SHTPONMHSUIBIK KOPBITIIa» TEPMHHI KOJJAAHBUIFAH, OUTKEHI
KOPBITIIaHbI 1a CypeTiHe KOpCeTUITeHACH Haeal bl epiTIHI PETiHAe MoJenaeyre 0omaibl.
Hemek, Oip MoJyibre apalacThIPYIbIH KOH(PUTYPAIUSIBIK SHTPOMUSICHIH MBIHA TYPIE

kepceryre Gomamel AS . =—RZ:in=lCi InC,, mynmarer R — ras Typakrteichl, Ci — i-wi
AJIEMEHTTIH MOJIBJIK YJIECi , all N — Kypamaac 3JIeMEHTTEpIiH JKairbl caHbl [12,14 ]. Mbicaisi,
1b cyperinme ymTik KOpbITIa MOJEi yutin A Spix KOHTYPIBIK KapTachl KepceTiireH . by
CYpeTTeH KOpiHIll TypFaHJai, KOPBITHAHBIH KypaMbl OPTaIbIK aliMaKKa HEFYPIIbIM JKaKbIH
Oonca, corypibiM A Spix MOHI YIKeH 00Jianel, 0J1 1o opTackiHaa makcumyM 9,15 Jlx/monp K
xketeni. banky temmeparypacel T, ~2000 K OonaThlH THUNTIK KOPBITIIA YIIIH KAJIIBI

SHEPTUSHBIH Ty A Spix KocracklHbIH ~20 kJ[>K/MOIb apTysl OaliKaia bl

0.00

0.00 0.2,5 0.5’0 ().7,5 1.00
AS . (J/ mol K)

mix

Cyper 1. (a) OpTypii TycTepMeH OelHeNeHTeH meHO0epyiep apKbUIbl KOPCETUIreH
ANIEMEHTTEP/IIH Ke3/IeUCOK apanacy KOHIIETIIHICH KO KOMIIOHEHTTI KOPBITHaAa OCiiHEIeHTeH.
AToMIapabIH TEH OJIIIEMI KOHE OJIapabIH 00C OpHANIACYHI 1T OOJDKAaHFaH/Ia, KOPBITIAHBIH
KOH(UTYpAIHSUIBIK apagacThIPy SHTPOMHSICHI UI€ANIbI Ta3/IbIH SHTPOMUSIChIHA Oamamallbl,
COHJIBIKTaH dKBHATOMJIBIK KYpaM apKbUIbl MakcuManaHaabl. (b) KopbITnaHblH cXeMalbIK YT

KOMITOHEHTTI yiecinae 4 Smix (x/mMonb:-K) kouTypnbik rpaduri. Kek TycTti OypbIITHIK aitMakTap

O1p HEMece €Kl HEeT13T1 AIEeMEHTKE HEeT13/IeTITeH KOAIMI1 KOPBITIIaaap bl OUIIIpCe, all OpTaIbIKTaFbl
KBI3bUT aliMakK «GKOFapbl SHTPOMUS allMarbIH Kepceredi [15].

Ogerre, OMHAPNBIK METal KOPBITIANAPbIHAA Y3AIKCi3 KaTThl EpITIHIUIEPAIH TY3UIyiH
oomxkay yurin FOwm-Posepu epexenepi KoiamaHbuianbl. Auaiiyia, TEK OCHl €pekelepre CyuheHe
OTBIPBIN, KON KOMIOHEHTTI JXOFapbl SHTPONHUSIBIK KOpbITIaigapaa Oenrii Oip KypbUIBIMHBIH

TY3UTyiH ceHiMal Typae 6omxay KubiH. Mbicaibl, CoCrFeNi skyliecinig KopbITiache [ 16] aToMabIK
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paaguycTapel yKcac OOJFaHBIMEH, OJIapJblH KpPHUCTaNl TOPJAphl, BAJICHTTIK 3JIEKTPOHAAP
koHueHTpauusicsl (BOK) sxoHe anekrprepicTiiri apTypai 6ojca 1a, KaTThl epiTiHAl KYpbUIBIMBIHA
ne. KopeiTiiara Mn KOCBUIFaH Ke3/le KaTThl €pITIHII caKTanaasl, Oipak Mn-asl Al-MeH anmacTeipy
[17] kabaTTany MeH ket (a3ayibl KYPhUIBIMHBIH TY3UTyiHE oKejeAl. by albipMaIibuiblK, MYMKiH,
Mn panuychl KOpBITHAAarbl 0acka AJIEMEHTTEpIiH paauyCcTapblHA KAaKbIH OONFaHIBIKTaH, an Al
paauychl alTapibIKTail epeKIleIeHEeTIHIIKTeH 001ybl MyMKiH. JKyleeri aieMeHTTepre pajanychl
XKakplH Tarbl Oip amemeHT — V. V kocynblH Mn cuskrel CoCrFeNi kem KOMIOHEHTTI
KOPBITITIACHIHBIH, 0acTamKbl KYPBUIBIMBIH ©3TepTIieyl MYMKiH nernm OoJbkayra Oomanbl, Oipak
onebuerTepae MyHIail KopbeITHanap Typaibsl maniMeT koK. ConbiMeH katap, CoFeNiMnV xoHe
CoCrNiMnV kopeitnanapseiaia [18] ke dazansl KypeulbIMaap aHbIKTaIFaH, OyJ1 V-IbIH KOpPHITIA
KYpbUIBIMBIHA Mn-MeH CaJbICTBIPFaH/a KYpAETipeKk ocep eTeTiHiH kepceredi. OcbiFan
OaitmanbicThl, FOM-Po3epu epexenepine HerizgenreH XXOK KypbUIbIMBIH OOJKay KpUTEpUUIIEPIH
93ipIiey KaXKETTLIIT1 TYbIHIANIBI.

KarThel epiTiHaiiep TY3€TiH YKOFaphl SHTPOIMSUIBIK KOPBITIIAJIApAaH 0acka, YJIKCH KOJeMIIK
yiiecke wue OipHeme QaszanaH TypaTblH KypbulbiMmapasl TyseriH JKOK 3eprreymepi ne
KBI3BIFYIIBUIBIK TYIbIpagasl. MyHIall KypbUIbIMBI Oap €H Kol 3epTTelreH KOpbITHalapablH Oipi —
Al xone Cu anementrepiMer Kockimina jeripienreH CoCrFeNi xyiieciniH KopsiTnace! [19]. by
KOPBITHAHBIH KYPBUIBIMBI Typajibl one0ueTTepie Kapama-Kaliibl akmapaT Oap. bacramkeiaa
KopbITIia KatThl epitinaire HerizgenreH eki I'LIK xone OLIK ¢da3zaman Typanel men OoinkaHfaH,
ajaiaa KeiHipeK KOphITHaaa HHTePMETAIUTMATEP/Il Koca aiFaHaa 0acka ¢azaiapabiH jaa 0ap eKeHi
AHBIKTAIIBL. BYJI KOpBITIIA >KOFaphl KATTBUIBIKTBI, KbICY OEpIKTITiH, TO3yFa JXOHE KOPPO3HSIFa
TO3IMJIUIIKTI YHJIecTipe OTHIpbIN, epekmeneHeni [20], Oipak TOMEH IIaCTHUKAIBIK XOHE MOPT
CBIHFBIINTBHIK KaCUETTepre He OOJFaHIBIKTaH, OHBIH KOJIJAHBUTYBIH IIeKTewmi. KopbITnaHbIH
MEXaHHUKAJIBIK KACHETTepiH NedOopMalUsIblK OHICY apKbUIbl JKakcapTyra Ooiajbl, ajaiiia OHBIH
KOJIJAHBLTYBI TYPaJIbl IEPEKTEp 331pre xKoK.

Ocpinaiiia, KaxerTi Kacuerrepin yinecimine ue XXOK any kebiHe KOPBITIAHBIH KYpaMbl
MEH MHKPOCTPYKTypacbiHa OainaHbICThl. KaXeTTi KypbpUIbIMIBI OoipKay Tocuiaepl oni  Je
KETKITIKTI JeHrelae 3eprrenmereH. CoHpaaii-ak, AeopManusuibIK OHAEYIIH KYPBUIBIMFA KOHE
KOK MexaHuKalbIK KacHETTEpiHE Jdcepl Jie 3epTTeNMereH Kyiine Kaiubin oTelp. COHABIKTaH,
OHTallsIbl OEpIKTIK, IUIACTUKANIBIK >KOHE CepHiMJiI KacHeTTepre Me KapamaiblM Hemece KypAemi
Kerda3zanbl KypbUIBIM JKacay YIIH OPTYpJdl JSJIEMEHTTEPMEH JIETUPJIEY MEH Je(OpMaIlMsUIIBIK
OHJICY/IIH KYPBUIbIMFA jKOHE MEXaHHKAJIBIK KaCHETTEepre oCepiH 3epTTeyre OarbITTalFaH KOCHIMIIA
3epTTeyiiep Kaxer.

7KIK cyrerin cakray Kaoijeri

KOK Tek MexaHUKalbIK KACHETTEPIMEH FaHa €MeC, COHBIMEH KaTap CYyTeriH cakray
oleyeTiMeH 1€  KbI3BIFYIIBUIBIK  Tyablpansl.  CyTeriH  cakray  YOIiH — TUAPHIATEPIIH
TEPMOJMHAMUKAIBIK TYPAKTBUIBIFBIH PETTEYre apHalFaH COHFbI Tocin JKOK anmbiHFaH Ko
KOMIIOHEHTTI KOFapbl SHTPOMUSIBIK THUAPUATEPIl NaimamaHydsl KaMTHUIBL, OYI cyper 2-7e
cxeMmanblK Typae kepceruireH. CyTeri CIHIpUITE€HAE, OJ >KOFapbl JHTPONMSUIBIK KOPBITIIA
MaTpUllaChIHIA TUApUATEp Ty3edi. JKyieHiH Teme-TeHMIK KbICBIMBI CyTeriH Oenriiai  Oip
TeMIiepaTypajnap/aa CiHipy KoHE IIbIFapy KbICBIMBIH KOPCETETIH HET13T1 mapaMeTp OOJIbIN Ta0bLIa bl
[21]. XoFapbl SHTPONUSIIBIK KOPBITHANAP THAPUATEPIHACTI TeMe-TeHIIK KbICBIMBIH JIYPHIC PETTey
CYTETIH THIMJII CIHIPY KoHE AeCOpOIUsIay/Ibl KAMTaMachl3 €Tell, OYJI OJapabl caKTay KyhenepiHiae
naiijananyra THiMJIi €Te/i.
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Cyper 2. Cyrerinin )KOK xoHe onapbIH ColiKkec THAPHATEPIHAC CIHIPiTYl XKoHe Oeinyi
OcitHeneHreH [22]

KOK xondurypanusiablk sHTponust 0ap, on ASconi>1,5R  kypaiiabl. Ocbl KacHETiHIH
apKachlHa OJIAPJIBIH KPHUCTAIIBIK JIehopManusiIapbl epekine, Oy CyTeriH cakTay YIIiH KOJANIbI
dazanapra apTeIKmbUIBIK Oepeni [23]. bip ¢dazanet OLIK kypsuisiMel Oap JXXKOK cyrerin cakray
CBIMBIMJIBUTBIFBI JKOFaphl ekeHi Oenrimi [24-26]. OLIK »xone JlaBec dazamaper 6ap KopsITIamap
cyTeriMeH OenMe TeMIlepaTypachlHa 3>KOFaphl PEaKIMSUIBIK KaOUIeTTUIIKTI KepceTell >KoHE
OoJamiakTa CyTeriH cakTay YIIiH MepCreKTUBTI MaTepuangap 6ombin tTadbutansl [27, 28].

Korapsl sHTponUsIBIK KopbiTHanapabiH acepi C14 tunti JlaBec Gip (aszanbl KypbUIBIMBIHBIH
TY3UIyilHE BIKHOAT €Tedi, ajl CyTeriH cakTay YIIIH MaKCHMaJJIbl CBIMBIMIBUIBIK CyTeri MeH
KOPBITHAHBIH TY317y SHTaNIbIHUACHIMEH ThIFbI3 OaitnanbicThl. Jlemek, OLIK sxone JlaBec dazamapsl
0ap Kem KOMIIOHEHTTI >KOFapbl SHTPONMSIBIK KOpBITHANAP CYTETiH CakKTay YIIiH Tamaria
MYMKIHIIKTEp YChIHA/IBI.

AWKBIH OONFaHmai, KOpPBITHAAAFbl AJIEMEHTTEp THUIpJIeY Ke3lHIe CyTeri aToMaapbIMeH
KOBQJIEHTTIK OaillaHbiCy SHepruscbiHa OalgaHbICTBl OpTypiai pen arkapaisl [29,30]. Cyrerin
CaKTay YIIIH MaiJaNaHbUIaThIH KOpBITIANap yiIiH mamameH 95 macc. % typaktel C14 JlaBec
KYPBUIBIMBI Oap >KOFapbl SHTPONMSUIBIK KOpbITHaIap aca Kaxer [31, 32].

CyrTeriH cakTay KaCHETTEpiH IKCIIEPUMEHTTIK OJIIIeYy 6Te KHBIH IPOoIecc OOIFaHIbIKTaH, KOl
KOMIIOHEHTTI KOPBITHANAPABIH KEeH ayKbIMBIH 3epTTe€y VIIH ecenTey Kypaiaapsl Kaxer. Epre
3eprreyiepaid OipiHae 3enoH xoHe T.0. ken KomMmnoHeHTTI OLIK-KypbuibIMIIbI KOpbITHANAP YIUIH
KBICBIM-KYPaMbI-TeMIIepaTypachl (KKT) JTuarpamMmalapbia ecenrTeyre apHaJFaH
TEPMOJMHAMUKAIBIK MoJienb YChIHAb! [33]. KopbiTnanapasl xkobanayaa MoJenbAl KOJAAHY YIIiH
ojap amiblK OacTamkel KoJbl Oap Garmapmama a3ipiern, oHbl Tig3Vo3Nbo3Mo1 KopeiTiamapbiHbIH
KKT-nuarpammanapsiHa opTypili  METalJaplblH 9cepiH 3epTrey YIUiH Koijgauasl [34].
Tip3Vo03NDbo3SCo1 KopbITIachl 0Ga3aiblK KOpPBITIAAAH YII PETTI TOMEH TEMe-TeHIIK KhICHIMIbI
KepceTTi. bys1 HoTmKenep Mojens MEH KOATHI KONTEreH KOPBITHAIAP/IBI KbUIIaM CKPUHHUHT JKacay
oHe 0oJpKay YIIIH THIMAI MaijanaHyFa OoJaThIHBIH, KOPBITHAIAP/IbI Ko0allay YIIiH KYHAbI Kypal
eKEHIH KepceTe/.

Benrini Gonranaail, MpakTUKAIBIK KOJNJAHY YLIIH CYTETiHIH JecopOIUsaCcH KOoplIaraH opTara
JKaKbIH JKarmaiyapaa, srHu temmeparypa l-gen 100 °C neiiiH xkoHe KpichiM l-meH 10 atm
apaneifeiHga 0omybl kKepek. Kao sxone T.6. [35] C14 JlaBec TunTi 6ip (aszanbl KypbUIBIMBI Oap
CoFeMnTixVyZr, KOpHITHACHIHBIH CyTeriH cakray Kacuertepin 3eprrenmi. CoFeMnTiVZr
KOPBITIAChl 06IIME TEMIIEpaTypachIH/Ia CYTETiH CaKTay OONBIHIIIA MAKCUMAJIBI CHIMBIMABUIBIFRI 1,8
Macc. % neiiH eKeHIH KOPCEeTTi.

AlCoCrFeNi kopbiTnanapbinaa amroMuHUAIIH (Al) aTOMIBIK MafbI3bIH ©3TePTKEH Ke37e
METaJ/Ibl TIKeJIeH TYHIBIPY TEXHOJIOTHUSIIAPBIH KOJAAHY apKbUIbl VI TYPJIi MUKPOCTPYKTYpa
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anpiHael - [36-38]. Al Memmepi apTkaH callblH  MHKpocTpykrypa  Oacramkel [TIK
(rpaneopTanbIKTaHABIpbUTFaH KyOTHIK) KypbulbiIMHaH ['TIK/OLIK (kemeMaik-opTaIbIKTaH IBIPBLIFaH
KyOTBIK) KocnachlHa e3repir, keiinHeH ToubiFbiMern OLIK dasara etti [39,40]. Bopkap >xoHe T.0.
[41] AlICoxCrixFeNi kopsitmaceingarsl kob6anstT (Co) nen xpomusiH (Cr) penmiH skyieni Typae
3eprremi. Hormxkenep kepcerkenaeit, x = 1 kesinme AlCoFeNi kopwitriacet B2 (aszachiHbiH
SKBUAKCHAJIIBI TYHipiepine ue 6omapl, 0y B2 ¢dha3achiHbIH 11IIHIE HUKEIh KOHE aFOMUHUITE Oaid
aliMakTap MEH TeMip jkKoHe KoOanbTKa Oaii allMaKTapIbIH epTe caThlAarkl OemiHyiH Kepceredi. X = 0
ke3inge AlCrFeNi kopbITmachlHBIH TYHipiaepl alKblH CIUHOAAIBIBI BUIBIpAybl KOpPCeTTi, Oy
OLIK + B2 mukpoctpykrypacsibiH Ty3inyiHe akenmi. AlyCoCrFeNi ymin x = 0,15-0,37 ke3inzge
'K daza tysinmi, coman keiin x=0,41 kesinge I'IIK ¢dazaceiama BCC/B2 mpenumuTaiusacel
oonael. Al kypambia omgan opi apTTeipy BCC/B2 6ackimapuibiFbiHa okenmi, an X = 0,69 kesinme
ty#ipiep mekapanapeigaa 'K npeuunuranusicer 6actanasr [42,43].

Kynie >xoHe T.0. cyTeriH cakray KacwerTepiH naszepiik 0ankeity (LMD) mporeci apKbuIbI
anbiarad Zr'TiVCrFeNi kopsITiiacelHa 3epTTei, ajl CiHipy-AecopOuusiay KUCBIKTaphl cypeT 3a-1a
kepcerinreH. CHHTE3ICH KeHiH MaTepuaibl XUMHSUIBIK KypamblH Jkakcapty ymma 1000 °C
Temneparypana 24 carar 6ol Kyiiaipai. KopsiTna Heri3iHeH Jia3epiiiKk CUHTE3JIeH JKOHE KOChIMIIA
KYHIipyZeH KeliH alblHFaH a3gara o-11 KatTel epitiaiciMen 6ipre C14 JlaBec hazackiHaH TYP/BI.
Cyterin cakray CoiMbIMABUIBIFBIH onmey S50 °C  temnepatypaga xoHe 100 ©Oap KpickiMza
xkyprizimmi, anm yari 500 °C  rtemmneparypama 2 carar Ooiibl Oencenmipinmi. Cyper 3a-ma
KOPCETUITeH e, CUHTE3/IeH KeWiH CyTeriH cakTay OOMBIHIIIA MaKCHUMAalIbl ChIMBIMABUIBIK 1,81
macc. %, an Ky#aipreHaeHn kedin 1,56 macc. % kerTi. Anaiina cyTeriHiH AecOpOUMACHIHBIH Teme-
TEH/IIK KbICBIMBI TOJIBIK JECOPOIUS YIIIiH THIM TOMEH OOJIIbI.

TiZrVCrFeNi BakyyMIBIK JOFalbIK OQJIKBITYy TPOIECIH MaiaalaHy apKbUIbl CHHTE3EITeH
MaTepuajIMeH CaJbICTBIPY KBI3BIKTBI, OJ OeiMe TemreparypacbiHaa OeJCceHaipyci3 CyTeriHi
KaWThIMZIBI CaKTayJbpl KamTamachl3 ere anaisl [44]. bys MarepuanablH CyTeri ChIHBIMJIBUIBIFbI
Oipinmi mukiae 1,6 macce. % sxoHe yrriHmm nukiaae 1,7 macc. % Oobl.

AlCoCrFeNi sxone AlCuFeNiCoCr XOK Tek MHUKPOCTPYKTYPAIbIK, KOPPO3HUSIIBIK KOHE
MEXaHHUKAJIBIK KaCHETTEpIMEH FaHa eMec, COHJai-aK CyTeri cakTay KyheJepiHae KOJIJaHy YIIiH
kaxeTTi 'IIK xone OLIK ¢azanapeinbig KymTi 0ip ¢azansl KypbUIbIMAapblH KepceTeni [45,46].
TpancMuccusiiblK  AMeKTpoHABIK MukpockonThl mnaigananein  AlCoCrCuFeNi TepeH 3eptrey
HOTIOKeJepl OOMBbIHIIA KOpbITHA OlpHENIe HAaHOMETP OJIIeMJIErl JOMEH Topi3lil KYpPBUIbIMBI Oap
perrenren OLIK ¢a3achiH KaMTUTBIHBIH KOPCETTi, ajl OHBIH BIABIpaybl OMHAPIBIK >KYHenepiH
apajiacy PHTAJIBIUAChIHA OalIaHbICThl 00JbI [47,48].

HINbTiVZr »ofapbl SHTPONMHUSIBI OTKA TO3IMII KOPBITIIACKHI BaKYYMJBIK JOFANIBIK OATKBITY
omicli apkbulbl Kacamabl, an rtuapney emmemaept 289 °C, 317 °C xone 341 °C xorapbl
Temneparypaiapaa skyprizinai [49]. 10 Oapma Kon JKETKI3IITeH MaKCHUMAaJAbl CHIMBIMABUIBIK,
Oararnay yIIiH KOJJaHBIIFaH TeMIeparypara Kapamacrtas, 1,9 H/M kypassl.

Cyreri snepretukacsiaarbl JKOK KoimaHynbIH HET13T1 apTHIKIIBUIBIKTAPBI:

* Xoraps! caktay THIFBBABIFBL: JKOK KoFapbl cyTeri THIFBI3ABIFEI Oap THAPUATEP/l Kacayra
KaO11eTTi, OyJ1 caKkTay >KyHesnepiHiH THIMAUIITTH apTThIpY YIUiH 6T€ MaHbI3/IbI.

* Koppo3usira Te3imainik: JKoFapsl OSHTPONUSIIBI  KOPBITIIANAp KOPPO3USFA  KOFaphI
TO3IMIUTIKTI KepceTenl, OyJl cakTay >KyHelepiHiH KbI3MET €Ty Mep3IMiH Y3apThill, TEXHHUKAJIbIK
KBI3MET KOPCETY LIBIFbIHIAPBIH a3aiTabl.

* Mexanukanslk OepikTik: KOK-TbIH Korapbl O€piKTiri CyTeriHi cakray YUIIH BIKIIaM 9pi
KEH1UJT KOHCTPYKIUsUIAp KacayFa MyYMKIHIIK Oepei.

» TepMonMHaMHKAIBIK Kacuertepai oHTaimanaplpy: JKOK HeriziHmeri kem KOMIIOHEHTTI
TUAPUATEDP KYHEe OHIMIUIITH apTTHIPAThIH OHTAWIIBI TEPMOJAMHAMUKAIIBIK KAaCUETTEpre KEeTy YIIiH
peTTenyi MyMKiH.
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K¥PBIJIBIM/JIBIK BOJIAT 40XH BETIHIH MUKPOKATTBIJIBIFbIH APTTBIPY YIIIH
TEPMOLUKJIAI JEKTPOJINT-IIVIASMAHBI OHAEY 9ICI
A METHOD OF THERMOCYCLIC ELECTROLYTIC PLASMA TREATMENT FOR IMPROVING
THE SURFACE MICROHARDNESS OF STRUCTURAL STEEL 40KHN
CIIOCOB TEPMOIMKJINYECKOM 3JIEKTPOJIUTHO-IIJIASMEHHOM OBPABOTKH JIJI51
VJIYUILIEHUSA MUKPOTBEPJTOCTH MOBEPXHOCTH KOHCTPYKIIMOHHOM CTAJIU 40XH

Annomayun. B cmamve npedcmasinenvl pe3yibmamyl UCCAC008aHUSL pA3PAOOMKU MEXHOIOSULECKUX PENCUMOB
cnocoba  MepMOYUKIUYECKOU — INeKMPOIUMHO-NAA3SMEHHOU — 00pabomKy  Ona  YAVYUleHUus  MUKPOMEEPOOCmU
KoHcmpykyuonnou cmanu 40XH. Memoo ocHoeéan Ha coyemaHuu 21eKMPOIUMHO-NIA3MEHHO20 YUKIUYECKO20
6030elicmeus, 4mo Nno3eoasiem IQPPeKmusHo Yayuuums  IKCHIYAMAYUOHHbIE  XAPAKMEPUCTUKY — Mamepuad.
Tepmoyurnuueckoe 31eKmMpoIumHoO-niIazMeHHoe 0bpabomka npedocmasisiem cobol KOMNJIEKCHOe 6030elcmeue Hd
NOBEPXHOCMb MAMepuand, eKuouarnuee mepmMudeckue YUuKivl, 31eKmMpOoIumHylo o0pabomky u HIA3MEHHOe
6030eticmaue. B npoyecce obpabomxu npoucxooum usMeHeHue CMpPYKmMypvl NOBEPXHOCMU CMATU, DOpMUPOBAHUE
NJIOMHOU OKCUOHOU U KaApOUOHOU NAEHKU, KOMOPAs 3HAYUMENbHO YEeauuusaem meeépoocmsv U U3ZHOCOCMOUKOCHDb.
Ilpoyecc sxnouaem 6 cebs uepedoganue YUKIO8 HAZPEBA U OXNANCOCHUs 8 YCIOBUAX NIA3MEHHOU 06pabomKu, 4mo
CnocobCcmeyem 3HAYUMENbHOMY YBEeNUUEHUIO NPOYHOCMU CMAU. DKCHepUMEeHmMAbHble UCCIe008aHUsL NOKA3AMU, YO
nocne NpuMeHeHus MePMOYUKIULECKOU IAEeKMPOIUMHO-NIA3MEHHOU 00pabomKy MUKpomeépooCcms NOSEPXHOCMU
cmanu 40XH yeeruuusaemces 6 ~4,5 pasza. Pesynomamol pabomvl noomeepicoaiom 3Q@hexmusHoCmsd npeodyiodceHH020
Memooa Ona VAYYULeHUs MeXAHU4ecKUux Ce0UCme KOHCMPYKYUOHHLIX MAMepuanos, UCHONb3YeMbIX 6 PAa3IUYHbIX
OMPACAAX NPOMBIULIEHHOCIU, 8 MOM YUCTe MAWUHOCMPOEHUe U OMKPbleaen HO8ble 803MONCHOCHU 051 NOBbIULEHUS
HAOENCHOCMU U CPOKA CAYIHCObl KOMROHEHMO8 3Hepeemuueckoll npomviutieHnocmu. Cnocob mepmoyukiuueckou
INEKMPOIUMHO-NIA3MEHHOU 00pabomKkuy A611emcs IQP@eKmuenviM 1 NepCneKmusHblM  OJisd YIVYUIEeHUs CE8OUCTE
KOHCMPYKYUOHHBIX MAEPUAIOs.

Knroueevie cnosa: s>1eKmporumno-niazmennas o6pabomka, KOHCMPYKYUOHHA CMAlb, MEPMOYUKIUYECKAS
NEKMPOIUMHO-NIASMEHHASI 00pAbOMKA, MUKPOMEEPOOCMb, INEKMPOPA3PAOHbIE AGNEHUS, MUKPOCIPYKMYPA.

Abstract. The article presents the results of a study on the development of technological regimes for the
thermocyclic electrochemical-plasma treatment method to improve the microhardness of 40XH structural steel. The
method is based on a combination of electrochemical-plasma cyclic effects, which effectively enhance the operational
characteristics of the material. Thermocyclic electrochemical-plasma treatment involves a comprehensive effect on the
material surface, including thermal cycles, electrochemical treatment, and plasma impact. During the process, the
surface structure of the steel changes, forming a dense oxide and carbide film, which significantly increases hardness
and wear resistance. The process includes alternating heating and cooling cycles under plasma treatment conditions,
contributing to a significant increase in the steel's strength. Experimental studies showed that after applying
thermocyclic electrochemical-plasma treatment, the microhardness of the 40XH steel surface increases by
approximately 4.5 times. The results confirm the effectiveness of the proposed method for improving the mechanical
properties of structural materials used in various industries, including machine engineering, and open new
opportunities to enhance the reliability and service life of components in the energy industry. The thermocyclic
electrochemical-plasma treatment method is effective and promising for improving the properties of structural
materials.

Keywords: electrolytic plasma treatment, structural steel, thermocyclic electrolytic plasma treatment,
microhardness, electrical discharge phenomena, microstructure.

Anoamna. Maxanaoa 40XH koncmpykyusnely — OOIAMbIHbIY — MUKPOKATMbBLIbIELIH — JHCAKCAPMY  YUliH
MepPMOCMUKATIbIK  3JIeKIMPOTUMMI-NAAZMAIbIK, 6HOeY 20ICIHIH MEXHONOSUAIbIK PedCUMOEpIH 23ipiaey Hamudicenepi
Ycvinbiizan.  O0ic  dIeKMPOIUMMI-NAAIMANLIK  YUKIOLIK 2cepliy  Yillecimine Heziz0enzeH, OYn Mamepuanovly
IKCHIIYAMAYUATILIK CUNAMMAMALAPIE MUIMOL  JicaKcapmyaa MYMKIHOIK Oepedi. TepMocmuKkanvlk 31eKmpoaummi-
naazManely oH0ey mamepuan bemine KeueHoi acep emy 60abin madvliadvl, 01 MEPMULTLIK YUKLOAPObI, DNEKMPOIUMMI

37


https://doi.org/10.47526/2024-4/2524-0080.15
mailto:lsulyubayeva@gmail.com
mailto:daryn.baizhan1@gmail.com
mailto:bailymalibekova304@gmail.com

K. A. Acayu amuvinoazel Xanvlkapanvlk Ka3ax-mypik yHueepcumeminiyn, xaoapaapul
(mamemamuxa, puszuka, ungpopmamuxa cepusacwy), Ne4 (31), 2024

6HO0eYOI JCaHe NIA3MANLIK acepli Kammuodvl. Oyoey npoyecinde borammoly Oem KYPbLIbLMbL 632epin, mulebl3 OKCUOMI
Jrcone Kapdbuomi KabviKkwia naivda 00nadvl, OYN OHbIH KAMMbLIbIELI MeH MOo3yed Me3iMOiNiciH aumapiviKkmat
apmmuipaovl. Ilpoyecc Kvi30blpy JiCoHE  CANKBIHOAMY YUKIOAPBIHLIY — NAA3MAILIK — OHOey  J#a0aiiapblHOd
Ke3eKmecyiMeH Jicy3eze acblpvbliaovl, Oyn Oonammbly Oepikmizin aumapivblkmai apmmulpy2d blKnal emeoi.
Dxcnepumenmmix 3epmmeyiep MePMOCMUKANGIK IAEKMPOIUMMI-nAAsManelk eyoeyoen keiin 40XH 6Oonamvinbiy
Oeminiy MUKpOKammolivbiebl wiamamer 4,5 ecece apmamuinbin kepcemmi. Kymvicmoly Hamudicenepi KOHCIMPYKYUAIbIK
mMamepuanoapobiy MEXAHUKANBIK, KACUCMMEPIH JHCAKCAPMY YULIH YCbIHbLIZAH 20ICMIK MUIMOLLiciH pacmaiovl, OYn 20ic
mypai cananapod, OHblY IWiHOe MAWUHA JCACAY HCIHE IHEPLEMUKA CANANAPLIHOA KOLOAHBLIAMbIH MAMeEPUaIoapobly
CeHIMOLNIZI MeH Kbl3Mem Mep3iMIH apmmulpy YUulin Jcana MyMKIHOIKmep auiaovl. TepMOCMUKAIbIK 1eKmpoaummi-
nIasmManely  oHoey 20ICi KOHCMPYKYUSILIK MAmepuanioapobly KACUemmepin JHcakcapmy Yulih muiMoi  JicoHe
nepcnekmueavl 20ic 60avbin maodwviIAbl.

Hezizzi co30ep: >1eKkmpoum-niasmansl oHoey, KYpbliblMOblK 00aam, mMepMOYUKIOL IAeKMPOIUmM-nidsmaHsl
6HO0ey, MUKPOKAMMBLIbIK, 3JeKMpopa3psaomulx KyOuLivlcmap, MUKpOKYPbLIbIM.

Beenenune

YroObl yBEIMYUT TBEPAOCTh JeTalied MallMH M MEXaHU3MOB OOBIYHO IPUMEHSIOT
CIEIMaJIbHbIE BBICOKOJETHPOBAHHBIE CTAIM M JpyrHe JOpOrMe MaTepuaibl, H3-3a YEro
YBEJIMYHUBACTCSI CTOMMOCTh BCeH MamuHbl. UTOOBI CHHU3UTH CTOMMOCTH JeTajleil MalluH, MOXXHO
UCIOJIb30BaTh U MEHEe Joporue cinadoJIErMpOBAaHHBIE CTalM, MpOLIEANIne OOBEMHYIO
YIPOUHSIOIIYIO TEPMOOOPAOOTKY.

Konctpykuuonnas crans 40XH npencrasiser coboii mMaTepual, MHUPOKO UCHOJIb3YEMBIH B
Pa3IMYHBIX OTPAC/IAX NPOMBIIIJIEHHOCTH, TaKUX KaK MAIlMHOCTPOCHME, SHEpPreTHKa, aBUALUs U
aBTOMOOMWIIECTpOEHUE, Osarojaps CBOUM XOpOIIMM MEXaHUYECKUM CBOWCTBaM, IMPOYHOCTU U
u3HOcOCTOMKOCTH. OHAKO B YCIOBMSAX 3KCILIyaTallud, OCOOEHHO IPU MOBBIILIEHHBIX Harpyskax,
TEMIEPATYPHbIX KOJEOAaHUSAX M arpecCUBHBIX BHEUIHMX BO3JCHCTBUSIX, €€ IOBEPXHOCTbH
IOJBEPKEHA 3HAUUTEIBHOMY M3HOCY, YTO OIPaHMYMBAET CPOK CIYKObl KOMIIOHEHTOB,
W3TOTOBJICHHBIX ®3 3TOH crtamu. OpauM w3 3(QQEeKTHBHBIX  CrMOCOOOB  MOBBIMICHUS
9KCIUTYaTallMOHHBIX XapaKTEPUCTUK CTANIU SIBIICTCS YIydllIeHHe €€ MUKPOCTPYKTYPBI U TBEPIOCTU
noBepxHoctH [1-2].

OnHOI U3 NMepCreKTUBHBIX TEXHOJOTHM 7S ATUX Lesiel sBIseTcs TepMUuyeckas oopaboTka ¢
IPUMEHEHHEM croco0a TEPMOLUKINYECKOW 3JIEKTPOIUTHO-TUIa3MeHHOH o0padotku (TOI10),
KOTOpas. MpeACTaBIsieT CcOoO0OW KOMOMHAIMIO TEPMHUYECKUX, IJIEKTPUUYECKHX M IUIa3MEHHBIX
BO3JICUCTBUM HAa Marepual B DIEKTPOJIMTHYECKOW Cpele B KOTOPOW AKTHBHBIE 3JIEMEHTHI
CHOCOOCTBYIOT MOAM(UKALMK 32 CYET KOMMYTALMU 3JIEKTPUYECKOr0 TOKa 4Yepe3 cpeny Ha
MOBEPXHOCTh MaTepuana. Takoi Moaxo] MO3BOJSET HE TOJIbKO 3HAUUTENBHO MOBBICUTH TBEPAOCTH
MOBEPXHOCTHBIX c10€B Marepuana. Ilponecc TOIIO BkimodaeT dyepenoBaHME LIMKIOB Harpesa u
OXJIQXKJIEHUS, YTO CHOCOOCTBYET IIyOOKHMM H3MEHEHHUSM B CTPYKTYpe MaTepuaa, yjaydlias ero
MeXaHWYeCKue cBoicTBa [3-4].

CoBpeMeHHbIE HCCIEIOBaHUS B O0JACTH DJIEKTPOPA3psAHON M AJIEKTPOIUIa3MEHHON
00pabOTKM TMPOBOAAT KaK OTEUECTBEHHBbIE, TaK M 3apyOeXHbIE HCCIIEJOBATENd, Pa3BUBas 3Ty
0o0JyacTh B TEOPETUYECKOM M MPAKTHUECKOM HampaBieHusx. VccnenoBanus 3apyO0eKHbBIX yUEHBIX
CYIIIECTBEHHO 000TaTHIIM 3HaHUS B 00JACTH AJIEKTPOPA3PSAIHON U AIIEKTPOIIa3MEHHON 00pabOTKH.
PaboTts! Takux crnenmanuctoB, kak Edgerton H [5], A. Jones [6], Y. Fukuzawa [7], K. Kagaya [8§],
T. Sato [9], BHecnM BakHBIM BKJIaJ, B TEOPUI0 U MPAKTUKY 3THUX TEXHOJOTHUH, YTO IO3BOJISET
CO03/1aBaTh BHICOKOKAYECTBEHHbIE U SKOHOMHUYECKU 3(PPEKTUBHBIE METObI 0OpPaOOTKH MaTepUaloB,
paclupsisi UMX NPUMEHEHHE B pPa3jIMYHBIX OTPACsIX IPOMBIIUIEHHOCTH B TOM 4YHCIE U B
MaIIMHOCTPOCHHH.

B paGore Vitthal R. Jumbad', um mp [10] mnpuBemeHBI pe3ymbTAaThl HCCIIEIOBAHMS
AIIEKTPOJINTHOU-TIIIa3MEHHOW 00pabOTKH, KOTOpas MPUMEHSETCS AJIsl YIYyUIIEeHUs! MTOBEPXHOCTHBIX
CBOICTB CTajl€il ¢ HU3KUM, CPEHUM U BBICOKMM cojepxkaHueM yriaepona. CoryiacHO pe3ynbraraM
aBTOPOB, B JMalla3oHe OT Yaca J0 5 MUHYT 00pabOTKH MOXHO JOCTUYh HEOOXOAMMBIE JKeJIaeMble
CBOWCTBA, YTO OYEHb MAJIO 110 CPABHEHUIO C TPAJUIIMOHHON TepMOOOPaOOTKOM MTOBEPXHOCTH, a
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TAaK)K€ YKa3aHO, YTO 3aKaJKy, OCAXKICHUE, HAHECEHUE NOKPBITHUS, OYMCTKY, MOJMPOBKY MOXKHO
OCYILIECTBUTh B OJHOW M TOH >X€ YCTaHOBKE C HEOOJIBIIUM YCOBEPIICHCTBOBAaHHEM HMEIOIICH
ycTaHOBKH. B pa0oTe ycCTaHOBIEHO, YTO MpOIECCe KATOTHOM HSIEKTPOIUTHUECKON IUIa3Mbl
HIEPOXOBATOCTh IOBEPXHOCTH YBEIUYUBAETCS, a B IIPOLIECCE AaHOAHOM 3JIEKTPOIIUTUUECKON I1a3Mbl
IIEpOXOBAaTOCTh IOBEPXHOCTU YyMeHblIaerca. IO Takke mnpumeHseTcsl [Uisl IOBBILLICHUS
KOPPO3MOHHOM CTOMKOCTH, COIVIACHO pE3yJIbTaTaM KOTOPBIX Yy KOHCTPYKLIMOHHBIX CTaJel
KOPPO3MOHHAs CTOMKOCTh YBEIMYMIIACh B HECKOJIBKO pa3 OOJIbIIIE, YEM y HEPXKABEIOIIEH CTau.

B pa6ore Sergey N. Grigoriev, u ap. [11] Takke nmamum pe3yabTarbl O BIUSHUS
ANIEKTPOPU3NYECKUX IMapaMETPOB IUIA3MEHHOW AIIEKTPOJIMTUYECKON 00pabOoTKM Ha W3MEHEHHE
CTPYKTypHO-(pa30Boro cocraBa U MOp(oIOruM MOBEPXHOCTH HMHCTpyMeHTaidbHOU ctamu CrWMn,
COIIPOBOJK/IAIOIIEECS TMOBBIIICHUEM €€ H3HOCOCTOWKOCTH. ABTOpaMH YCTAaHOBIEHO, 4yTO Ooiee
TBEp/as MApTEHCUTHAsi OCHOBA HCIBITHIBAET TOJBKO YIPYTYIO JehopMallrio, IOATOMY yBEJIUYCHHE
JI0JIM OCTaTOYHOI'O ayCTEHMUTA IPU a30TUPOBAHUU NPUBOJAUT K CHU)KEHHIO BECOBOI'O M3HOca B 14
pa3 ¥ MPUBOAMT K CHUKCHHIO IIEPOXOBATOCTH MOBEPXHOCTH Ha 42—68%, Tem caMbIM obierdas
CKOJIBKEHUE TTapbl TPEHUS — CHIDKAETCsl KOAQPHUIIMESHT TPEeHUs U u3HOC Beca. M3yuas paboTer S S
Korableva u gap. [12] MOXHO YBUIETh pe3yNbTaThl O BO3MOXKHOCTb KAaTOAHO-TIIa3MEHHOIO
AIIEKTPOJINTUYECKOTO OOPUPOBAHUS CPEIHEYIVIEPOJUCTON CTaJldi B BOJHOM pacTBOpE XJIOpHAA
aMMOHHMSI U OOpHOM KHUCIOTBI C TOCIEAYIOUIEH aHOAHOW IIa3MEHHO-3JIEKTPOIUTUYECKOM
MOJIMPOBKOW C M3MEHEeHHeM pabouero HanpspkeHus. MccinenoBanbl MOPQOIIOTHS U MIEPOXOBATOCTh
MOBEPXHOCTH, MHUKPOTBEPJOCTh MOIUGUIUPOBAHHOTO CJIOSA. Y CTAHOBJIEHO, 4YTO KaTOJHOE
OopupoBanue mpu Temmeparype 850 °C B Teuenne 5-30 MHUH TPUBOAUT K YHIPOUYHEHHUIO
noBepxHoctHoro cios no 1050 HV c¢ yBennuenuem mepoxoBaroctd B 1,5-2,5 paza u
M3HOCOCTOMKOCTH B 3,5 paza.

Takum 00pa3oM COrIacHO, aHATN3y YCTAHOBIIEH, YTO TEXHOJIOTMHA OCHOBAHHBIE HA MPOIIeccax
AIIEKTPOPA3PSAIHBIX SBJICHUU MPUMEHMMbl KaK ajJbTEpPHATHBA TPAAULMOHHON TepMooOpaboTKe ¢
LEeNbI0 YIYYIICHUs SKCITyaTAallMOHHBIX XapaKTePUCTHK OOIIMPHOTO Kiacca CTallel, OJHAKO
OTpesieNieHue TEXHOJIOTUYECKUX PEXUMOB KaTOAHOW AIIEKTPOJIMTHO-TIIIA3MEHHOM 00paboTKu ¢
TEPMOLIMKIMPOBAaHUEM HE M3ydanoch 1mojapoOHo. [loaTomy, Lienbio HacTosAlled paboThl SABIAETCS
pa3paboTKa MW UCCIEIOBAHHE METOJa TEPMOUUKIMYECKOW SJEKTPOJIMTHO-TIIIA3MEHHOU 00pabOTKH
JUIS yIy4IIeHUs] MUKPOTBEPAOCTH KOHCTpyKuMoHHOM ctanu 40XH. B xone uccnenoBanust 0yayt
paccMOTpEeHbl OCHOBHBIE TEXHOJOIMUYECKHE IapaMeTphbl Mpolecca, a TaKKe €ro BIMSHHE Ha
(bU3MKO-MEXaHNYECKHUEe CBOMCTBA CTallM, YTO MOXKET 3HAUUTENBHO MOBBICUTH €€ JIOJITOBEYHOCTDH B
YCIIOBUSX 3KCILTyaTalllu.

Matepunajibl M1 MeTO/bI HCCJIEOBAHME

Cranp 40XH, kak cpenHeyriepoaucTas JETMpOBaHHAs CTajb, MCIOJb3YeTCA JiA
M3TOTOBJICHUSI BBICOKOHArPY)KEHHBIX JeTajlel MallMH M MexaHu3MmoB. K umcny Takux neranen
OTHOCSITCSL BaJIbl, IIECTEPHU, OCH, CTYNUIBI W KPHUBOIIUIIBI, KOTOpPhIE PabOTAlOT B YCIOBUSAX
MEPEMEHHBIX HAarpy30K, BUOpaIii U ylapHbIX BO31EHCTBUH.

Breibop wmatepmana Uil MccieqOBaHUS OOYCJIOBJIEH TEeM, 4YTO OSTH CTald LIMPOKO
UCIOJIB3YIOTCS. B MAIIMHOCTPOEHUHU, DHEPreTUKEe M JIPYIHMX OTPacisX MPOMBIIIEHHOCTH, TJe
KPUTUYECKH BAXXHBIMHM  SIBIISIIOTCSL TaKW€ CBOMCTBA, KaK MPOYHOCTb, H3HOCOCTOMKOCTb,
TEPMOCTOMKOCTh U CIIOCOOHOCTh COXPaHSITh MEXaHHYECKHE XapaKTepUCTUKU MpPH BO3AEUCTBUU
BBICOKHMX TEMIIEPATyp U Harpy30K.

Mapxkuposka 40XH o3nauaet cpegHee komuuectBa yriepoaa (C) MeHee OJHOTO MPOIIEHTA,
6onee 0,4% xpoma (Cr) u 1,0% uukens (Ni). Tounsiii xumudeckuii coctas o ['OCT 4543-71.
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Tabmuma 1. Xumuuaecknii cocras crais 40XH

C Si Mn Ni Cr S P Cu
0.36-044 |0.17-037 |05-0.8 |1-1.4 |0.45-0.75 6‘0035 o 0.035 |10 0.3
DJEKTPOTUTHO-TNIA3MEHHOE  TEPMOLMKIMYECKOEe yIpoyHeHue oobpasuo cranmu  40XH

IPOBOJMIIN Ha MOAepHU3HpoBaHHOM ycraHoBKe B HUIL «MHXkeHepust MOBEPXHOCTH U TPUOOIOTHSI»
(Puc.1). Cxematnueckuii ycranoBka TOIIO coCTOUT U3 3JIEKTPOIUTHUECKON STUEUKH U NCTOUYHUKA
nUTaHusA. MoepHU3UPOBAHHAS YaCTh MCTOYHMKA IUTAHUS YCTAHOBKU BKIIIOYAET B €05l HECKOJIBKO
KIIFOUEBBIX MOJYJEH, BaXXHBIMU 3JE€MEHTaMH KOTOPBIX SIBJISIFOTCS OJIOK CHHXPOHH3ALMH,
MHUKpPOIIPOLIECCOPHBIN OJIOK, OJIOK MUTaHMs, OJIOK CUJIOBBIX BBIBOJOB M OJIOK ympaBieHus. biok
CHHXPOHH3AIMKM OTBeYaeT 3a (ha3upoBKYy M obOecreueHHue KOPPEKTHOTO B3aWMOJCHCTBHS MEXKIY
INUTAOLIEH CEeThI0 W TUPUCTOpPaMU. MHKpPONpOLECCOPHBI OJOK I03BOJIAET HACTPAUBaTh
napaMeTpbl TEPMOLMKIMPOBAHMS, 33JaBaTh PEXHUMbl padOThl U OCYLIECTBISATH aBTOMATHYECKOE
ylnpaBiieHue Bceil cucteMoil. biiok nmuTaHus npeoOpa3yeT BXOJIHOE HAIpsHKEHHE B HEOOXOAUMBIE
YpOBHU AJis oOecriedeHusi paboThl BCeX IpYrux MonyJied. biaok CHIIOBBIX BBIBOJOB 00€CHE€UUBAET
[0Jja4y TOKOB BBICOKOM MOIIHOCTH JUIsl 0OpaOOTKH CTalbHbIX OOpa3loB, a OJOK yIpaBiIEHUS
CUHXPOHMU3UPYET AECUCTBUS THUPUCTOPOB, OCYILECTBISAS UX BKIIIOUEHUE U BBIKIIOYCHHE B HY)KHbIE
MOMEHTHI.

OO0pa3ipl TOTOBWIM Ha IUIOCKO-IITH(OBaIbHOM cTanke Metapol-2000P ¢ mocnemnyromieit
IIOJIMPOBKOM € UCIOJIb30BAaHUEM aJIMa3HBIX IIACT.

MuKpoCcTpyKkTypa 0Opa3loB OBUIM BBIABICHBI XHMHYECKAM CIIOCOOOM TpaBJICHUS C
npuMeHeHueM  4%-Horo pactBopa a3oTHoM kucinotel (HNO3) B asTWiioBoM  crmpre.
MUKpOCTPYKTYpPY HCXOOHBIX W OOpabOTaHHBIX CTajeld W3ydalld METOJaMH ONTHYECKOU
MHUKpockonuu Ha Mukpockone Olympus BXS53P B oTpakeHHOM cBeTe IpU CBETJIOM IOJie IpU
yBenuueHusix  x4000, x10000. Cpemka mNpoBOAMIIACH B PEXKHMMax BTOPHUYHBIX M 0OpaTHO
pacCesiHHbIX JIEKTPOHOB.

Jlnsg ompeneneHuss TBEpAOCTH MO TINIyOMHE OOpas3lOB HCIOJIB30BAM MHKPOU3MEPHUTEIND
tBeproctd METOJIAB 502, ocHamieHHBIN 4YeThIpEXTpaHHOW anMa3HOW nupaMuiel Buxkepca c
KBaJIpaTHBIM OCHOBAaHUEM M YIJIoM o = 136° Mexay NMpOTUBOIOJIOKHBIMU TPaHSIMU MPU BEPIINHE
npu crporom cobmonenun tpeboBanuii 'OCT 9450-76, npeabsBiaseMbIx K MeTony Bukkepca.
AnmaszHblii uHAeHTOp nox Harpy3kod F = 1 H BaBnuBasnics mepneHIUKYISIPHO U BbIIEPKUBAJICS
non Harpy3koii 10 c¢. U3mepsimucs quaronanu ornevyatka d1, d2.

OOmuii BUJ U cXeMa YCTaHOBKH AJIEKTPOJIMTHO-TIIIA3MEHHOM 00pabOTKH MOKa3aH Ha PUCYHKE
2. VYcTaHOBKa KOHCTPYKTMBHO COCTOMT W3 HCTOYHHMKA IIUTaHWs, KaMepbl DSJIEKTPOJIUTHO-
1a3MeHHOU 00pabOTKN MaTepUaoB.

A — Dnexrponurnueckas sueiika st TOIO, b — McTounuk nutanus
Pucynoxk 1. CxemaTudeckoe n300pakeHUE YCTAaHOBKHU JJIST TEPMOIUKIHYECKON
ANEKTPOIIUTHO-TIIIA3MEHHOM 00paboTKH
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B xoze skcneprMeHTaNbHbIX padOT MPOBOIMINCH U3MEPEHUS TEMIIEPATyphl HA TTOBEPXHOCTH
oOpa3ua. [lias 3TOro MCHOJIb30BAIMCh TEPMOIAPbI, H3IOTOBJIEHHBIE METOJOM €ECTECTBEHHOI'O
TEPMHUYECKOTO crasi. TepMonapsl pa3MeIaich B IBYX ClIosx oOpasna Ha rioyoune 1,0 u 2,0 MM ot
HarpeBaeMoi MOBEPXHOCTH, YTO MO3BOJIWIO (UKCUPOBATH TEMIIEPATYPHbIE U3MEHEHHSI Ha Pa3HBIX
yYpOBHSIX Marepuaia. Pazmenienue TepMonapHbIX CaeB CXeMaTUYHO MPEJICTABICEHO Ha PUCYHKE 2.
[Tpu pacuére TemmepaTypbl Ha MOBEPXHOCTH OOpa3la ObLJIO MPUHATO, YTO BECH TEIJIOBOW MOTOK
pacmpocTpaHsieTcss OT MOBEPXHOCTH BryOb Marepuaia. ITO JOMYIICHHE MO3BOJISIET CUMUTATH
TEIUIOBOM MPOIECC OJHOHAIPABICHHBIM M YYUTHIBATh BIUSHUE TOJBKO TeX (DaKTOPOB, KOTOpHIE
CBSI3aHBI C Tiepeiadyeil SHepruu BriryOb oOpasia, 6e3 yuéra BO3SMOXKHBIX TOTEPh HAa M3JIy4eHHE WU
KOHBEKIIMIO. Takoi moaxo/| yIpoILaeT aHalu3 U MO3BOJISIET 00Jiee TOYHO ONPEIEIUTh TEMIIEPATYPY
Ha MTOBEPXHOCTH.

__Tepmonapa T,

+~—— Tepmonapa T,

— 3NEKTPONNUT

Pucynok 2. Cxema pa3melieHus TepMonapbl B TOBEPXHOCTHOM cjioe oOpasia mpu N3MEepeHHH
TEMIIEPATYPHI B IPOLIECCE AIEKTPOJIUTHO-TIJIA3MEHHOT0 HarpeBa.

CymHOCTh mpolecca 3JIEKTPOJUTHO-IIIa3MEHHOE TEPMOLIUKINYECKON YIPOUHEHHSI COCTOUT B
cnenyromeM. [lpu mansix Hanpsokenusx (150 B) B anmekrpoxumuyeckoil sueiike, copeprkarieit
BOJIHBIN PacTBOp JIEKTPOJINTA, HAOIIOJAeTCs KIIACCUUECKHM 3JeKTpoxumuueckuid mpouecc. [Ipu
nosbiieHMH HanpsbkeHuss (300 B) HaumHaeTcs HMHTEHCHBHOE 3JIEKTPOJHOE Ta30BbIIEICHUE
npuBoJslIee K GOPMUPOBAHUIO IIPU AIEKTPOJIHOTO Ta30KUAKOCTHOTO ciosl. [lo Mepe moBbIlIeHus
HaNPsDKEHUS IUIOTHOCTD YIIAKOBKU Ia30BBIX IY3bIPHKOB B IIPH 3JIEKTPOJHOM ra30’kKHIKOCTHOM CJI0€
BO3pAacTaeT, ¥ CyMMapHasi IUIOLIA/lb MIONEPEYHOr0 CEYECHHUSI DIIEKTPOIIMTHBIX MOCTUKOB MEXAY HUMH
yMeHbIIaeTcsl. B pesynbrare [pKOylieBa TEIUIOBBIACIECHUS TEMIIEpaTypa JJIEKTPOJUTa B OJTHUX
MOCTHKAaX JIOCTUraeT TemrepaTypsl kuneHus. [Ipu nepexoqe oT my3bIpbKOBOTO peXuMa KUIIEHUS K
IUIEHOYHOMY BOKPYI' HOTPY)XEHHOTO B D3JIEKTPOJIUT M3Jenus Bo3HHMKaeT ToHKas (50—100Mxm)
naporasoBas obosouka (III'O), cocrosimias u3 nmapoB Bojbl, akTuBupoBaHHBIX OH-, H+ u nonon
Na" u COs*", Bxomdmux B cocTaB 3jekTponuTa. HampspkeHHOCTs anextpuueckoro noas B IO
pocruraer 10°-10° B/em. ITpu temmeparype okosno 100°C Takas HampsKEHHOCTh CIOCOOHA
BbI3BaThb HOHM3ALMIO TApOB, a TaKXKE SMUCCHUI0 HOHOB U D3JIEKTPOHOB, HEOOXOAUMYIO IS
NONJEPKAaHUSI  CTAl[MOHApPHOTO 3JeKTpuueckoro paspsina. W B pesynbrare obOpasyercs
aNeKTpoiuTHas Iuia3Ma. PactBop kapOonata Hatpus (Na;COs) ucnosib3oBajcsi B KadecTBe
VMCTOYHHMKA HAIPEBA U OXJIAXKICHUS.

Pe3yabTaTsl U 00cyKIEHHE

ITpoBenénnble nccne10BaHus MOKA3aiy, YTO MU Mojave deKTpuueckoro noreHnuana 300 B
B LIENIb HarpeBareisl MPOMCXOAUT OBICTPBIM HarpeB moBepxHocTH oOpasua. CkopocTh Harpesa
nosepxHoctu pocturaet 500°C B cexynnay. IIpu nepruoauueckoM NEPEKIIOYEHUH MEXIY BBICOKUM
anektpudeckuM noteHimaaoMm (300 B) u auskum (150 B) HabmromaeTcst MUKINYECKOe U3MEHEHUE
CKOpOCTM HarpeBa. Takoil peXuM MO3BOJIIET KOHTPOJIMPOBAaTh WHTEHCUBHOCTH TEIJIOBOTO
BO3/ICHCTBUS, YTO CIOCOOCTBYET YBEJIWYEHHIO MPOJOJLKUTENIBHOCTH HarpeBa M (hOpMHPOBAHHIO
Oojiee TOJICTOTO HArpeToro cjos Ha MOBEPXHOCTH Marepuana. Ha mepBoM psae rpaduxos
npeJicTaBiIeHbl TpU pexkuma Harpesa (Pucynok 3). Pexxum Nel xapakrepusyercs uepeaoBaHueM
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nogaun HanpstkeHus 300 B Ha 4 cekynasl 1 200 B Ha 2 cexkyHAbI, YTO CO3MAET HUKIUYHOCTH B
Harpese. Pexum Ne2 otnngaercs 0osiee 4acTbIM 4epEJOBAHUEM BBICOKOTO M HU3KOI'O HAIPSHKEHUH,
a oOmiee BpeMsi OOpaOOTKH YBEJIMYEHO, YTO MPHUBOJIUT K Ooyiee JIMTEIHLHOMY BO3ICHCTBHIO Ha
matepuai. Pexxum Ne3 nmeer emni€ 6osiee HHTEHCHBHOE YepeloBaHUE HANPSHKEHUI U yBEIMYCHHOE
obmiee Bpemsi pabotel m0 40 cexyHa. Takue pexUMBI TO3BOJSIOT KOHTPOJIHMPOBATH IMPOIIECC
HarpeBa, oOecmedrBas pas3Hble TeMIepaTypHble MNPOPWIM W HHTEHCHUBHOCTH TEIJIOBOTO
BO3/CUCTBUS HAa 00PA3IIbI.

——U.B

—Uu.B Pexkum Ne3 —u.s

Pexum Nel Pewmum Ne2

uB

—— ——— —t— C . ' v T . .
16 0 5 10 15 20 2% 30 0 10 2 30

t, cek t, cek

Pucynok 3. JIluarpamma nepruouYHOCTH MOJKIIOUEHUS SJIEKTPUUECKOTO MTOTSHIHANA TPU
TEPMOLIMKINYECKOM Harpese.

Jlns HarpeBa UCIONIb30BaJICs BOJIHBIN pacTBop KapOoHaTa HaTpus (Na:COs) ¢ KoHIIeHTpaIueit
10% u 15% (macc. %). B tabnune 2 npuBeaeHbl MapaMeTphl AIEKTPOJUTHO-TUIA3MEHHOTO HarpeBa
pa3nuunbix Mapok ctanu (40XH) B pactBopax kapbonata Hatpus (Na:COs) ¢ KOHILIEHTpauusMu
10% wu 15%. llenslo wccnemnoBaHuil OBLIO ONPENEIWTHh BIMSHUE KOHICHTPAIMU SJICKTPOJIHTA,
HANPSDKEHUS, CHIIbI TOKAa M JIJIUTENbHOCTH HarpeBa Ha M3MEHEHHUE TeMIIepaTypbl MOBEPXHOCTH
CTaJIH, SJIEKTPUUECKON TPOBOIUMOCTH pacTBopa (YIII) u apyrux xapakTepuCTHK IIpoliecca.

B Ttabmuue 2 mpenacTaBieHHblE JAaHHBIE XapaKTEPU3YIOT MapaMeTpbl AJIEKTPOJIUTHO-
asmeHHoro HarpeBa cranu 40XH B pactBopax kapOonata HaTpus (Na:COs) ¢ KoHUEHTpauuei
10% u 15%. [dnsa pactBopa ¢ koHueHrpanueit 10% Na.COs HauanpHas TeMIieparypa 3JIEKTpOJINTa
cocraimsiia a0 33°C. B mepBom nukie HarpeBa npu HanpsokeHuun 300 B, toke 40 A u
IPOJIOJDKUTEIBHOCTH 5 CEKyH/]I TeMIIepaTypa MOBepXHOCTH ctanu gocturana 390°C npu mioTHOCTH
toka 13,3 A/cm?. B mocnenyronmx IUKIax, MpU aHAJIOTHYHBIX TMapaMeTpax, TeMIepaTrypa CTaIu
Bo3pactana a0 875°C (Bo Bropom 1ukie) u 1000°C (B Tperbem 1ukie). Harpes compoBoxxaancs
HUKJINYeCKUM depenoBanrem HamnpspkeHuid: 300 B wa 4-5 cexynn u 150 B Ha 5 cekyHnm, uTo
o0ecreynBao paBHOMEPHOE paclpe/ieleHue TEMJIOBOM 3HEPruM M IMOCTENEHHOE IOBBILICHNE
temriepatypbl. [lpu yBenmuennn kouuentparmuu Na:COs mo 15% nHabmronanoch MOBBIINICHHE
IJIOTHOCTU TOKa 10 26,6 A/cM?, uTo obOecrneunBalio 0oJiee MHTCHCUBHOE TEIUIOBOE BO3JCHCTBUE.
HavanbHas Temneparypa anekTponurta coctaBisia ao 35°C, a teMmeparypa cTajld JOCTHraiza
750°C yxe BO BTOpOM LiMKJIE. B TpeTbeM 1ukie TeMieparypa cranu ysenuuusaiach 10 900°C, a
TEMIIepaTypa 3JEKTPOJIMTA K 3TOMY MOMEHTY Bo3pactasa 1o 39°C. HarpeB mpm 3TOM Takxke
IPOMCXOIWI IIMKINYHO: HanpsbkeHue 300 B nmonaBanock Ha 1-2 cekyHABI, OCTE Yero CHUXAIOCh
10 150 B na 3 cexynasl. [1omo0HBINH peXuM MO3BOJISIT KOHTPOJIUPOBATH MHTEHCHBHOCTH TETIIOBOTO
BO3/ICUCTBUS M MPEIOTBpalaTh MeperpeB Marepuaia. [IpuMedarenbHo, 9YTO B KOKIOM IUKIE TIPU
YBEJIMYEHUH TEMIepaTyphl d3JEKTPOJIUTa IUIOTHOCTh TOKa OCTaBajach CTaOWJIBHOM, 4YTO
CBHUJIETEJILCTBYET O BBICOKOH 3((eKTHBHOCTM TMepenaud TEIJIOBOM »HEPrUu OT Karoxa K
MOBEPXHOCTU cTanu. MakcuMainbpHasi TeMIeparypa MOBEPXHOCTH, TOCTUTHYTas B pexume ¢ 15%-
HeIM pacTBopoM NaCQOs, cocraBuna 900°C, yto oOecneunBaeT TIyOOKOE U pPaBHOMEPHOE
IIpOrpeBaHre MaTepuania.
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Tabmuma 2. [TapameTpsl TEPMOIUKINYECKON 3JICKTPOJUTHO-TUIA3MEHHONH 00pabOTKH CTaau
40XH mpu pa3HbIX pexumax

Pexrmn 1-Pexmm
1-mERT 2-ITHEKIT 3-ITHKII
U.B 300 | 150 | 300 150 300 | 150 | 300 | 150 | 300 | 150 [ 300 [ 150
t.cex s | s | 4 5 s | sl a]ls] 515 4]s
LA 40 | 15 | 40 15 40 | 15| 40 | 15| 40 | 15| 40 | 15
T°C
390 875 1000
obpasna
T A/em2 [133] 5 [133] 5 133 5 [133] 5 [133] 5 [133] 5
DNeKTPOIHT 10% Na2CO3

+90% THCTHLIHPOBAHHAS BOJa

PesgpmM 2-Pexxmm
1-mERT 2-ITHEKIT 3-ITHKII
U,B 300 | 150 | 300 | 150 | 150 | 300 | 150 | 300 | 150 | 300 | 150 | 300 | 150 | 300 | 150
t.cex 2 3 1 3 5 4 5 2 3 1 3 2 3 1 3
LA 80 | 22 |80 | 22| 8 | 30| 8 | s0o | 22| 80 | 22| 80 | 22| 80 | 22
"c 406 750 200
obpasna
T Aem2 [266]73[266]73]26] 10 [26]266] 73266 73]266] 73][266] 73
DNeKTpoIHT 15% Na2CO3

+85% THCTHILTHPOBAHHAS BOJA

Taxum 006pa3zoM, pe3yinbTaThl UCCIIEAOBAHUM MOKA3bIBAIOT, YTO KOHLIEHTPALUS 3JEKTPOJIUTA U
BHIODAHHBIA PEKUM HArpeBa OKa3bIBAIOT 3HAYMTEIBHOE BIMSHUE HA TEPMUYECKYI0 00pabOTKY
ctaneil. Bricokass koHIeHTpauus 3iekTposuTa (15%) B coueTaHuu ¢ ONTHUMAJIbHBIMH PEXUMAMU
HarpeBa (Hampumep, pexxumbl Nel u Ne2) cnocoOcTByeT yBETMYEHHIO MHUKPOTBEPIOCTH 3a CUET
00JIbIIEH MIOTHOCTH SHEPTUH U UHTEHCUBHOT'O Harpesa.

Ha pucynke 4 mpoaeMOHCTPUPOBAHO IMONEPEYHOE CEUYEeHHE MHUKPOCTPYKTypbl cramu 40XH
nocne TOIIO B anekrponute coaepxkamum 10% coast (Puc.4a) u 15% coast (Puc.46) snextponure
npu 2x nukinax,. [lonepeunoe ceuenue craneid mociae TOIIO cocTOMT M3 HECKONBKUX 30H. 30HA
3aKaJleHHOTo ci1osi cocTouT u3 o’-Fet+ Fe3C, a 30Ha TepMUUECKOro BIHSHUS COACPKHUT (Pa3bl o’-
Fet+y-Fe, nocnenytomast 3ona matpuusl cranu 40XH umeer deppuTHO-NEPIAUTHYIO CTPYKTYpY.
Y CTaHOBIJIEHO YTO 3aBUCUMOCTH OT TEPMOLIUKIMPOBAHNE 3TU 30HBI UMEIOT Pa3HyIO TOJILUHY.

550 pm

25 keV -

Pucynok . MukpocTtpykTypa nonepeunoro ceuenus ctaneit 40XH nocie TIIIO npu pazHbix
pexnMax.
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Ha pucynke 5 mokazaHbl pe3yJbTaThl UCCIEAOBAaHUM, KOTOPBIE MPOBOAWINCH Il U3y4EHUS
BIIUSTHUS 3JIEKTPOJIUTHO-TUIA3MEHHOTO HAarpeBa Ha MUKpoTBepaocTh ctanu 40XH. Ha rpadgukon
MpEJICTaBICHa 3aBUCHUMOCTh MHUKPOTBEPAOCTH OOpaOOTaHHBIX 00pa3loB OT KOHUEHTPALUU
JJIEKTPOJINTa U BBIOPAHHOTO PEXMMa HarpeBa. B HMCXOJHOM COCTOSIHME MHKPOTBEPAOCTh CTalld
40XH wumeer 3nauenne 290MIla, a B pexume Nel npu koHuenrpanuu snekrpoiuta 10%
Ha0JI0/1aeTCs 3HAUUTENIBHOE YBEIMUEHUE MUKPOTBEPJOCTHU 110 CPABHEHUIO ¢ KOHIeHTparueit 15%.
DTO CBA3aHO C BHICOKOM MJIOTHOCTHIO SHEPTUU MPU KPATKOBPEMEHHOM BO3/CHCTBUU.

1400

40XH 15%

1o I 40XH 10%
1000
800
600
400
200

0

1 2

Pucynok 5. 3aBucumocts MukpoTBepaoctu ctanu 40XH ot pexxuMOB 3JIEKTPOIUTHO-
MJ1a3MEHHOTO HarpeBa

MuxporBepaocTs, HV

3

3akio4enue

Ha ocHoBe mONyYyeHHBIX pe3ylbTaTOB ObUIM  ONPENENEHbl MHKPOCTPYKTypa |
MHUKpPOTBEPAOCTh  KOHCTPYKIUMOHHOM cTasn 40XH npu TEpMOLMKIMYECKON 3JIEKTPOJIUTHO-
ma3MeHHo o0pabotke. CorjacHo pe3ynabTaTtaM, ObBUIO ycTaHOBJAeHO, 4To Tipu TOIIO
KOHCTpYKUMOHHOM ctanu 40XH B snekrponurtax coxaepxkamux 10 u 15% Nay,COz; + 90 u 85%
JTUCTUJUTMPOBAHHON BOJBI, (popMUpYETCS] MOAUPUIIMPOBAHHBIN 3aKaJICHHBIA CIOM C TOJIIUHOMN
6onee 600 MKM, CTPYKTYpHO COCTOSIIAasi M3 OCHOBHBIX (pa3 MapTeHCHTa M IIEMEHTHTa,
(dbopMHUpOBaHKE KOTOPBIX MOITBEPK/1A€TCS OBBILIEHMEM MUKPOTBEPIOCTH B ~ 4,5 pa3za. Ha ocHoBe
MOJYYEHHBIX pe3yJabTaToOB ObLI pa3paboTaH ONTUMANBHBIM TEXHOJOTMUECKHH peXuMm crocoda
MOBEPXHOCTHOM  TepMHUuyecKoil  00paboTku  KOHCTpykimuoHHOM ctanum 40XH  meromom
TEPMOLMKIINYECKOH 37EKTPOIUTHO-TIIIA3MEHHOM 00pabOTKH.

OT0 wHccnenoBaHUWEe ObUIO BBIMONHEHO Npu (uHaHCOBOM moaaepxkke Komurera Hayku
MuHuCTEepCTBa HAyKU | BhIcIIero oopasosanus PecryOnuku Kazaxcran (rpant Ne BR24992879.).
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APPLICATION OF MACHINE LEARNING ALGORITHMS IN DETECTING MALICIOUS
SOFTWARE APPLICATIONS ON THE ANDROID PLATFORM
ANDROID IINIAT®OPMACBIHAA 3UAH/AbI BAFTAPJIAMAJIBIK KOCBIMIIIAJIAPIbI
AHBIKTAYJA MAIIWHAJIBIK OKBITY AJITOPUTMAEPIH KOJIJAHY
HCITIOJB30BAHUE AJITOPUTMOB MAIIMHHOI'O OBYYEHUA JIS1 OBHAPYKEHUA
BPEJJOHOCHBIX IMPUJIOKEHUM HA IIJIAT®OPME ANDROID

Abstract. The work brings forward the methods for the application of the machine-learning algorithm in
identifying the presence of malicious programs on the Android platform. In the modern world, Android devices are the
most widely used and at the same time bring a great risk for other computer systems due to malicious attacks or
software opportunities. The traditional method for detecting malicious applications depends either on static and
dynamic analyses. However, conventional methods are already becoming ineffective since these codes have gradually
become so sophisticated. This challenge can be met through machine learning, whereby the Black Box is able to predict
with high accuracy potential malicious conduct patterns by analyzing target behavior applications.

Android malware detection importance is pegged on the rapidly evolving hostile applications that are readily
available in the Android Operating system. In this work, the authors present a comparison of three classifiers:
RandomForestClassifier, LGBMClassifier, and XGBClassifier using various preprocessing and sampling schemes so as
to achieve the novel goal of inter-class learning for malware detection. Our analysis shows that the best models are
obtained when using RobustScaler and SMOTE in conjunction with a RandomForestClassifier, since it generates more
accurate models and best results considering both precision and recall. The LGBMClassifier and XGBClassifier look
good, but they do not quite reach the same level of efficiency as the best-performing model, RandomForestClassifier.

It also points out that the present research underlines suitable preprocessing and sampling methods in order to
enhance model performance. The results make suggestions on the improvements that should be made in Machine
Learning systems targeting malware detection for further advancement of cybersecurity solutions.

Keywords: Android, Machine Learning Classifiers, RandomForestClassifier, LGBMClassifier, XGBClassifier,
Preprocessing Techniques, SMOTE Sampling, Model Performance Evaluation

Anoamna. Maxana Android niamgopmacvinoa 3uanovt 6ba20apramanraposbly OOIYbIH AHBIKMAYOAd MAWUHATBIK
OKbIMY ANOPUMMIH KOAOawy adicmepin anea mapmaovl. Kazipei anemoe Android xypuineviiapvl ey Kon
KOJIOAHbLIAMbIH KYPbLISbLIAp O0Nbln madvliadbvl HCaHe COHbIMeH Oipee 3usiHObl uabyvlioap Hemece 6a20apiamanviy
Jrcacakmama MymMKiHOIKmepine 6ailianblcmel 0ACKA KOMNbIOMEPIK Jcylenep YuiiH YaKen Kayin meuoipedi. 3usHovl
KOCLIMIUANAPObL AHLIKMAYObIH 02CMYPI 20iCi CMAMUKAIbIK HCIHe OUHAMUKANLIK mandaynapea baiianvicmel. Anaioa,
a0emmeei a0icmep Kazipoiy 63iH0e muimciz Ooavin Keneodi, eumxkeni Oy koomap 6ipminden dxcemindipiie 6acmaosi.
Byn maceneni mawunanvix, oxoimy apxuiiel wewyee 601aovl, Ouviy komezimen Kapa Kawix maxcammor mine3-Kynvlx
KO0aHOAapbln manday apKblivl bIKIMUMATL 3USAHObL MiHE3-KYAbIK YAcLAepi Hco2apbl 0an0iKneH O0oaicall anaoul.

Android 3usnovl 6az0apramanapviy aHbIKMayovly Mayvl3oblaviesl Android Onepayusnvlk scyiiecinoe oyail Ko
JHCemimMOl JHCLLIOAM OAMBIN Keae HCAMKAH OYUNanowlK Kordanbarapea baiianvicmul. Byn scymvicma asmopnap yut
Kaaccuguxamopovt canvicmulpyosl ycvinaovl. RandomForestClassifier, LGBMC Classifier ocone XGBClassifier 3usnowvi
basdapramanapobl AHLIKMAY YWiH HCAHA CHIHBINAPATLIK OKbIMY MAKCAMbIHA HCemy Yulin apmypai aiobin aia oHoey
Jicone  ipikmey cxemanapwin naudarana omuipvin. bizoiy mandayvimeiz Kepcemkenoeui, Ewy oicaxcol yneinep
RobustScaler )Kone SMOTE Konoanbanapwin Randomforest Kiaccuguxamopuvimen 6ipee naudananzan Kesoe
ANbIHAObL, OUMKeH i 011 0a10iKkmi Oe, ecke mycipyoi 0e eckepe omulpbin, 0dNipeK Yacinepoi JHCaHe HCAKCbl Homuoicenepol
acacaiiovl. LGBMClassifier ocone XGBClassifier exeyi de oicakcwl kopinedi, oipak onap Ey orcaxcwl scymvic icmeimin
randomforestclassifier yneicimen 6ipOeii muimoinix Oeneelline dxceme aimatiosl.

Conoaii-ax, byn 3epmmey Mo0enbOiy OHIMOILIZIH apmmbvlpy MAKCAMbIHOA AN0bIH Al 6HOey MeH ipikmeyoiy
Konailibl a0icmepin aman Kepcememinin kopcemeoi. Homuoicenep kubepkayincizoix wewimoepin 00am api ineepitemy
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Yuwiin 3uanowl bagoapiramaniapost anvikmayea davimmanean Mawunaneis Oxwuimy oacyiienepin scemindipy OouvlHuA
Ycwinvicmap 6epeoi.

Hezizei  coz0ep:  Android, Machine Learning  xaaccugpuxamopraper, RandomForestClassifier,
LGBMCclassifier, XGBClassifier, Preprocessing Techniques, SMOTE Sampling, Model Performance Evaluation

Annomayusn. B cmamve npedcmasienvl Memoovl NPUMEHEHUsl ANOPUMMA MAWUHHO20 00yUeHust O
BbIAGNEHUSL NPUCYINCMBUSL 8PEOOHOCHbIX npozpamm Ha niam@opme Android. B cospemennom mupe ycmpoiicmea Ha
baze Android ucnoavsyromes naubonee WUPOKO U 8 MO dce 6peMsi npeoCmagisom OONbulOU PUCK Olsl Opyeux
KOMNBIOMEPHBIX CUCTHEM U3-30 6PEOOHOCHBIX AMAK ULU 803MONCHOCHEN NPOSPAMMHO20 obecneuenust. Tpaduyuonnulil
MemoO 0OHapyscenus 6peOOHOCHBIX NPULOINCEHUL OCHOBAH KAK HA CINAMUYECKOM, MAK U HA OUHAMUYECKOM aHATU3e.
Oonaxo mpaouyuonnvie Memoobl yice CMAHOBAMCS HeIPHEeKMuUGHbIMY, NOCKOILKY MU KOObl NOCMENeHHO
CMAano8aAmcs 6ce boiee CIOHCHbIMU. Dma 3a0aua mMoxcem Obimb peuleHd ¢ NOMOWbI0 MAWUHHO20 00yYeHuUs, b1a200aps
xkomopomy "Yeprutii auuk" cnocoben ¢ 8b1COKOL MOYHOCHBIO NPEOCKA3bIBANb HOMEHYUANbHblEe MOOeNU 8PEOOHOCHO20
noGeOeHUsl, AHATUZUPYSL NOBEOCHUE YeNe6blX NPUTLONCEHUIL.

Baoicnocmv  06Hapyscenus gpedonocuvix npozpamm oaa Android ceéaszama ¢ 6vicmpo paszgUBArUWUMUCS
BDEOOHOCHBIMU NPUTIOJCEHUSIMU, KOMOpble JIe2K0 OOCMYNHbL 8 OnepayuoHHou cucmeme Android. B smou pabome
agmopvl  NpedCcmaesisAm cpasHeHue mpex Kiaccuguxamopos: RandomForestClassifier, LGBMClassifier u
XGBClassifier, ucnons3yrowux pasiuinsie cxemvl npedsapumenbHol 0opabomru u eblOOpKU, 4modbl 00CMUtb HOBOU
yem - MeXNCKIACco8020 00yyenusi Ois 0OHAPYICeHUs 6peOOHOCHbIX npoepamm. Haw ananus noxasvieaem, umo
Hauayuuwiue modenu noayiaromes npu ucnonvzosanuu RobustScaler u SMOTE 6 couemanuu ¢ RandomForestClassifier,
HOCKOIbKY OHU 2eHepupylom 6oiee mounble MOOeIU U OQiom HAULYHuUe pe3yibmanmsl KaxK ¢ MOYKY 3peHust MOYHOCMU,
max u ¢ mouku 3penus sanomunanus. LGBMClassifier u XGBClassifier eviensosm xopouio, HO OHU He QOCMUSAIOM
mo2o dice ypoeHsL dghpexmusnocmu, umo u Hauboaee sgppexmuenas modens RandomForestClassifier.

B nem maxoice ommeuaemcs, umo 6 HACMOSWEM UCCAEO08AHUL NOOUEPKUBAIOMCST NOOX0Osiuue Menmoobl
npeosapumenbHoll 00pabomku u 8bl00PKU OAHHBIX O/ NOBBIULEHU NPOU3BOOUmeNbHOCMU Modenu. B pesyremamax
cooepaicamest RPeododCeHUst NO YCOBEPUEHCIBOBAHUSIM, KOMOPble Cledyen GHeCmU 8 CUCEMbl MAWUHHO20 00YYeHuUsl,
HayeneHnble Ha 0OHApYIICeHUe BPEOOHOCHBIX NPOSPAMM, OISl OANbHEUUE20 COBEPUEHCIBOBAHUS PEeueHUll 6 0biacmu
KubepbeszonacHocmu.

Knruesvte cnosa: Android, knaccuguxamopvr  mawunnozo  obyuenus, RandomForestClassifier,
LGBMClassifier, XGBClassifier, memoObt  npedsapumenvhoi  obpabomku, evibopka SMOTE, oyenxa
npoU3800UMENLHOCIU MOOETU.

Introduction

The exponential growth in mobile technologies has completely changed the way people
interact with the digital world. Among several mobile operating systems, Android is the most
adopted platform and lays claim to a lion's share in the global market. Wide circulation and the
open nature of the Android ecosystem bring ample opportunities and challenges. While it has
enabled a great variety of applications and innovations, at the same time it has turned out to be an
attractive target for malicious actors to discover its vulnerabilities and compromise users' security.

The rapid proliferation of mobile devices and their applications is radically changing the
way in which people are communicating with one another, search for information, and perform a
task in daily life. Among them, Android-powered smartphones have dominated more than 70% of
market share among mobile operating systems worldwide. On the other hand, the openness and
ubiquity of the Android platform have also made it a perfect target for cybercriminals. For this
reason, malware in Android has emerged as one of the major security threats to date, posing critical
risks to users' privacy, data integrity, and financial security[1].

Android malware, which comes in a broad array of malicious software targeting Android
devices, has become a widespread and serious problem. The malware has a broad landscape,
including, but not limited to, adware, scareware, and SMS malware. Adware typically-used
applications that hard-sell advertisements to users often degrade both user experience and device
performance. Scareware, on the other side, is used as a psychological manipulator to instill fear in
coercing users to perform actions that are harmful, such as buying fake security software. SMS
malware, through text messaging, steals sensitive information or accrues unwanted charges. Each
malware type has its own way of deception to avoid its detection and carry out its nefarious goals.

Due to the phenomenal changes in malware techniques and advanced developments of
cyber-attacks, traditional signature-based methods for their detection are not effective. In a
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signature-based approach, predefined patterns of known malware are relied upon, and that is the
reason it misses novel or polymorphic variants [2]. That naturally leads to a shift and movement
towards behavior-based and data-driven detection mechanisms, especially in the related areas of
machine learning and artificial intelligence. These can theoretically allow the detection of zero-day
threats by analyzing the pattern and anomaly in the behavior and attributes of an application.

In this regard, the "Android_Malware.csv" dataset will go a long way in contributing to
malware detection research. Scraped from the Canadian Institute for Cybersecurity repository, this
dataset consists of 355,630 instances with four different labels, namely Android Adware, Android
Scareware, Android SMS Malware, and Benign applications. Each example/instance is described by
85 features, providing a wide view about characteristics and behaviors of both malicious and benign
applications.

First of all, the large volume of the dataset, along with its feature set, makes it possible to
investigate different detection methodologies deeply. Based on the given problem, a significant goal
of the research study is to extend this dataset with advanced model proposal and performance
evaluation for Android malware detection using machine learning. By trying various methods, from
traditional ones - including classic classifiers and ensemble methods to recent techniques based on
deep learning, we try to find the best way of distinguishing malware types from non-malicious
applications [3].

What is more, the intrinsic imbalance of the dataset-the fact that malicious instances are
much more than the benign instances-is a challenge that requires being carefully handled. We
consider these problems using techniques from data resampling and synthetic data generation,
among others; metrics relevant for performance evaluation in the presence of an imbalanced dataset
will also be explored.

We have contributed to the holistic review of various techniques of detection, assessed
various techniques for their effectiveness through an empirical experiment, and discuss implications
of our findings. We investigate strengths and limitations for a range of different approaches, gain
insights into the nature of Android malware, and provide recommendations for future research and
practical applications.

The bottom line is that, with the dynamically changing face of malware in Android devices,
innovative detection techniques are required to safeguard mobile users and to keep the integrity of
the Android ecosystem intact. We further hope that this research will help in bridging the gap in
knowledge of malware detection techniques and further assist in the development of more robust
and adaptive security solutions.

Since then, Android malware detection has gained rapid development in the last decade due
to the ever-increasing sophistication of malware and a proper security response to it. In this respect,
this paper will proceed with the literature review regarding the critical approaches, techniques, and
challenges in Android malware detection by focusing on traditional methods, behavior-based
approaches, and machine learning applications.

Traditional Methods of Detection

Detection of malware in Android operating systems was dependent on purely signature-
based solutions, wherein they relied on the identification of malware through app code or behaviors
by comparing with a database of known signatures. This is straightforward, simple, and works well
for known threats but fails with new or modified variants. Works like those in point out, in
particular how this technique fails in allowing the identification of zero-day threats or even of
polymorphic malware, that is, malware that intentionally modifies its code to evade detection[5].

Behavioural Analysis

A complementary approach, thought of as an alternative with respect to signature-based
methods for overcoming the weaknesses described above, is behaviour-based analysis.

It investigates and builds insights into the runtime behaviour of apps. This approach puts a
lot of emphasis on activities that are considered anomalous or suspicious against the characteristics
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of normal behaviors. For example, [6] proposed a dynamic analysis framework using sandboxing
for monitoring app behaviors during execution and detecting the malicious ones by system call
patterns and sensitive data interactions. In, some other behavior-based detection system was
proposed which used runtime monitoring as a means to detect malware based on behavioral profile.
While these behavior-based methods guarantee better detection, the detrimental factors include
higher computational overhead and larger runtime analysis times. Additionally, behavior-based
methods have shown vulnerability to certain obfuscation techniques used by malware authors[7].

Machine Learning Approaches

It has been remarked that one of the landmarks in the Android malware arena has been
introducing machine learning into it. These machine learning models learn for themselves from the
data without any specific preprogrammed rules and define a pattern indicating malicious
behavior[8]. Works like decision trees, SVMs, and random forests have classified applications as
good or bad based on their features and behaviors[9].

Some of the major benefits of machine learning approaches are how easily they can be
adapted to new and evolving threats. Regarding this, in [10], several classifiers were combined
using ensemble methods to enhance robustness and accuracy in malware detection. Very recently,
several deep learning techniques were investigated in [11] using CNNs on app features and
behavior, which achieved state-of-the-art performance in malware classification.

However, even machine learning-based methods have their own challenges, which mainly
include the need for huge and diverse datasets that can sufficiently train models and address
challenges in data imbalance, feature selection, and model interpretability. The dataset used here is
"Android_Malware.csv." It is well4fone, hence providing a very good base to delve into these
challenges in detail and review different machine learning techniques.

Recent Trends and Advances

Over the last years, the development of Android malware detection has emerged with
various approaches combined to enhance the detection effectiveness and efficiency. Hybrid
methods that integrate both static and dynamic analysis with machine learning techniques bring
forth directions for overcoming certain limitations that have been the result of using individual
techniques. For example, [12] presented a hybrid framework, combining static feature extraction
and dynamic behavior analysis, with improved overall results of the detection performance.

In addition, there are the adversarial machine learning novelties testing the capability of
malware detection systems. In an adversarial attack, small perturbations are introduced into the
input data to mislead the model into incorrect classification that could result in misclassifying
malware as benign [13-14]. Different countermeasures and robust model training techniques are
also being considered by researchers in order to deal with this kind of attack.

The literature outlines both the advancement and challenges of detecting Android malware.
The traditional methods, behavior-based analysis, and machine learning approaches add to the
progress but need an integrating approach with a multi-techniqgue methodology to overcome their
own limitations. The current research will extend existing studies by exploring and evaluating
advanced methodologies for malware detection using the "Android_Malware.csv" dataset [15].

Methodolgy

The research work will systematically investigate the performance of various machine
learning algorithms on detecting Android malware. The "Android_Malware.csv" dataset will be
used to achieve this work by undertaking data preprocessing, model training, and evaluation to find
an effective classification technique on 355,630 instances categorized into four classes: Android
Adware, Android Scareware, Android SMS Malware, and Benign.

Data Preprocessing

The cleaning process first deals with the missing values, which are determined and imputed
using proper techniques wherever applicable, or the instance with a large amount of missing data is
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removed. The outlier detection helps in reducing the effect of anomalous data points on the model's
performance (Fig 1).
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Fig 1. Data preprocessing in the machine learning process.

Feature selection is used to enhance both the model's performance and explainability by
applying correlation analyses or mutual information scores. Further, only those features that are
highly correlated with the target variable are retained, while the rest that add minimum extra
information are dropped off. This helps in filtering in only the most relevant attributes for model
training.

It uses stratified sampling to divide the data into training and testing subsets while
preserving the distribution of original labels. This implies that 80% can be used for training and the
remaining 20% for testing. Stratification will help in each subset being representative of the diverse
class distributions present within the dataset.

Address the class imbalance inherent in the dataset to improve model performance. Apply
techniques for balancing the class distribution, including synthetic minority over-sampling
technique. Employ undersampling techniques with a view to reducing the number of instances of
the majority class. These methods will provide an improved generalization across all classes.

Model Training

RandomForestClassifier

The RandomForestClassifier is the ensemble method based on decision trees. Because of its
robustness, it can be used here and handle big feature spaces. It tunes some important
hyperparameters: the number of trees, maximum depth, and minimum samples per leaf using grid
search with cross-validation to find the best configuration for the classifier.

LGBMClassifier

The Light GBM Classifier is selected because of its efficiency in dealing with big datasets
comprising high-dimensional features. Performing hyperparameter tuning on parameters such as the
learning rate, boosting rounds, and maximum depth trains the model to utilize the full capacity of
LGBM's fast and efficient classification.

XGBClassifier

Extreme Gradient Boosting is employed here because of its high performance and flexibility
in model tuning. Some key hyperparameters-learninig rate, number of estimators, and maximum
depth-are optimized for the best classification accuracy of the classifier and its generalization. Its
training involves comprehensive cross-validation to ensure sound performance.
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The classifiers will be trained one by one with this preprocessed training dataset. During the
training phase, it also involves hyperparameter optimization by a grid search with k-fold cross-
validation to ensure the stability and performance of the models are validated against various
subsets of the training data.

Model Evaluation

Accuracy, precision, recall, F1-score, and ROC-AUC form a set of overall metrics which
will be used to measure the performance of the models. These metrics give a full-scale judgment
regarding each classifier's performance in terms of correct identification and categorization of
malware and benign applications.

Confusion matrices for each model have been created to give a detailed breakdown of the
classification results. This underlines the number of true positives, false positives, true negatives,
and false negatives, thereby making the performance evaluation in-depth with respect to all classes.

Comparatives have been done with RandomForestClassifier, LGBMCIassifier, and
XGBClassifier in order to choose the best model for malware detection in Android. Performances
will be compared by performance metrics to find out which of these classifiers will provide the
optimal balance of accuracy, precision, recall, and overall reliability.

Examples of such analyses leverage feature importance scores and SHAP values in the quest
to improve model result understanding. These techniques give meaning to the interpretability of
various features by explaining how much each feature contributes to the model's decisions, further
allowing insight into why certain factors drive malware classification.

Results

Results of experiments by RandomForestClassifier, LGBMClassifier, and XGBClassifier
using the "Android_Malware.csv" dataset are reported in this section. Further, each of these
classifiers is measured through accuracy, precision, recall, F1-score, and ROC-AUC metrics. Also,
the effects from data preprocessing and balancing techniques are discussed.

PR curves and their respective AP scores were further analyzed to look into the performance
of classifiers. These metrics give a more in-depth evaluation of how well the models can handle
class imbalances and, in turn, define boundaries between malware and benign applications
effectively.

Precision-Recall Curve

The Precision-Recall Curve provides one aspect of the evaluation methodologies for a
classifier, especially when dealing with unbalanced datasets. It plots the precision against the recall
at various thresholds to form a curve that depicts the trade-off between precision and recall for this
model (Fig 2).

Precision-Recall Curve

1.00 4 e === Dummy Classifier (AP = 0.93)
0y
N Optimized Model (AP = 0.98)

Precision
o 4 o o
w o "] w
o - @ ]
-
e
-

4
0
v}
4

o
w0
B
-
-

ot
-}
w

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Recall

Fig 2. Precision-Recall Curve
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The Precision-Recall curve for the dummy classifier, drawn in dashed line, is the performance
of the dummy classifier in terms of precision versus recall. The Average Precision score is given on
the curve for this classifier. As might be expected from its simplicity, it has limited ability in
distinguishing malware from benign applications, as reflected in its lower AP score.

Precision of the optimized model: The Precision-Recall curve of the optimized model
normally comes higher than the dummy classifier's curve because of better performance. Its AP is
higher to show enhancement in the ability of finding malware instances with higher precision and
recall.

Precision and recall are computed using the precision_recall_curve function from
sklearn.metrics. This provides the curve using the probabilities of the prediction for each class.
Then, compute precision and recall at several thresholds using the probabilities derived from both
the dummy classifier and the optimized model.

This Average Precision score summarizes the precision-recall curve into a single scalar
value. The average_precision_score function calculates it, which is actually reflecting the area
under the precision-recall curve, as shown in Fig 3. Basically, higher AP scores indicate better
overall performances. Compared to the optimized model, the baseline dummy classifier has an AP
score of much lower, showing that the optimized model classified data more effectively.

Top 10 Most Important Features
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Fig 3. Feature Importance Analysis

To understand how different features may be influencing the predictions made by
RandomForestClassifier, we took a glance at the feature importances from the best model. The
feature importances derived from RandomForestClassifier tell about the extent to which each
feature has contributed to the classification.
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The following plot shows the top 10 features, ordered by their importance score: the
importance score of a feature represents its contribution relative to other features toward the model
performance in prediction.

The features whose values are more important help to outline the malware from the benign
applications. "Flow IAT" has the highest value, showing its importance to the model in making
such a prediction and how it is relevant in network-based analysis.

We have plotted the features 'Flow IAT Max' vs. 'Flow IAT Min' in an attempt to visualize
the importance of the key features for the classification task for the classes '‘Benign’ and ‘Malware".
Figure 4: Scatter plot of 'Flow IAT Max' and 'Flow IAT Min' for actual class labels.
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Fig 4. Feature Visualization

The following plot, created with the seaborn library, summarizes how 'Flow IAT Max' and
'Flow IAT Min' features change w.r.t. class labels. Color-coding the data points with respect to their
respective classes intuitively conveys feature importance and class separation. Prominent clusters
and overlapping regions from this scatter plot indicate the separation these features make between
benign and malicious applications. This analysis justifies the interpretation of model performance
and gives further underlining to the relevance of those features within malware detection.

Some of the main comparisons done between these various classifiers were based on some
cross-validated metrics such as F2 score, F1 score, recall, and precision. In this respect, each of the
classifiers was evaluated with different preprocessing techniques and samplers in order to learn
about its optimal configuration while in operation for Android malware detection (Table 1).
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Table 1: Classifier Performance Metrics

lassifier Preprocessor | Sampler | CV 2 CVFl | CV Recall cv
Score Precision
RandomForestClassifier | RobustScaler | SMOTE | 0.888826 | 0.890909 | 0.887476 | 0.894520
LGBMClassifier MinMaxScaler | SMOTE | 0.875125 | 0.881374 | 0.871266 | 0.892758
LGBMClassifier StandardScaler | SMOTE | 0.872793 | 0.879819 | 0.868495 | 0.892720
XGBClassifier StandardScaler | SMOTE | 0.866005 | 0.876265 | 0.860042 | 0.895837
RandomForestClassifier | StandardScaler | SMOTE | 0.865381 | 0.875577 | 0.859423 | 0.894954
XGBClassifier RobustScaler | SMOTE | 0.863801 | 0.873708 | 0.857919 | 0.892309
LGBMClassifier RobustScaler | SMOTE | 0.852035 | 0.865657 | 0.844230 | 0.891837
RandomForestClassifier | MinMaxScaler | SMOTE | 0.851265 | 0.865473 | 0.843227 | 0.892996
XGBClassifier MinMaxScaler | SMOTE | 0.849302 | 0.864674 | 0.840901 | 0.895032

The best performance by a model, in terms of evaluation for the F2 score, was done by
RandomForestClassifier with RobustScaler and SMOTE at 0.8888, which results in a very good
balance between precision and recall. This setup also produced the highest F1 score of 0.8909,
showing, in essence, robust performance on both classes. Recall and precision values are 0.8875
and 0.8945, respectively, for this setup.

Its closest competitor was the use of LGBMClassifier implemented in conjunction with
MinMaxScaler and SMOTE at 0.8751. Coming somewhat off from that top performer, the model
generated by RandomForestClassifier reached an excellent score of 0.8814 and a highly respectable
precision at 0.8928.

Whereas other combinations involving XGBClassifier with StandardScaler and SMOTE,
together with RandomForestClassifier with StandardScaler and SMOTE, were equally good but
only just took the backseat compared to the above two. Generally, the settings of XGBClassifier
had high precision but low recall, while setting LGBMClIassifier had a better balance but slightly
low overall score.

Ultimately, analyses show that the best, most balanced, and efficient performance in the
detection of malware in Android, considering all studied metrics, is provided by
RandomForestClassifier combined with RobustScaler and SMOTE.

Conclusion

This article presents an in-depth study of various machine learning classifiers on Android
malware detection by analyzing their performance with different preprocessing techniques and
sampling methods. Based on this, different models were assessed to choose the best among them to
identify malicious and benign applications from a highly imbalanced dataset.

The best combination derived is RandomForestClassifier with RobustScaler and SMOTE.
Giving the best F2 score of 0.8888, it also showed balanced performance in precision and recall. A
very similar F1 score of 0.8909 emphasizes that this model is very robust and consistent in
maintaining the performance balance of both classes. A recall of 0.8875 and a precision of 0.8945
prove this setting is outstanding in the minimization of both false negatives and false positives,
offering the best reliability in malware detection.

Comparing the results with other models-LGBMClassifier and XGBClassifier-it turned out
that in spite of the fact that those other classifiers did a great job, none of them outperformed the
RandomForestClassifier when looking at the whole picture. The other nice performance was given
by LGBMClassifier with MinMaxScaler and SMOTE with an F1 score of 0.8814 and a precision of
0.8928, though a bit lower in F2 score. Similarly, all the settings of XGBClassifier showed very
great accuracy but were somewhat less efficient on recall compared to the best setting presented by
RandomForestClassifier.
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These findings emphasize how preprocessing techniques and the ways of sampling play a
crucial role in model performance optimization. RobustScaler and SMOTE proved to be an
important aid in powerfully enhancing the capabilities of the RandomForestClassifier in malware
detection. This further justifies the fact that choosing appropriate classifiers is not enough, but
rather refining preprocessing and sampling plays an important role in handling class imbalances and
enhancing accuracy in the sphere of detection.

It provides the basis for further work to be done on malware detection. Further research
could therefore involve more techniques of model optimization, more advanced feature engineering
techniques, and adaptation to new malware variants which may emerge. Above avenues would,
therefore, always be in need to develop more resilient and adaptive malware detection systems with
ever-changing digital world aspects.

Hence, this research work presents the fact that a properly selected combination of
classifiers, preprocessing techniques, and sampling methods may achieve dramatic improvements in
malware detection performance. Thus, a robust solution is proposed by RandomForestClassifier
combined with RobustScaler and SMOTE for a well-balanced approach in identifying malicious
activities with minimal errors for improving useful insights into future research and practical
applications in cybersecurity.

References

1. Liu, K, Xu, S., Xu, G., Zhang, M., Sun, D., & Liu, H. (2020). A review of android malware detection
approaches based on machine learning. IEEE access, 8, 124579-124607.

2. Kouliaridis, V., & Kambourakis, G. (2021). A comprehensive survey on machine learning techniques for
android malware detection. Information, 12(5), 185.

3. Muzaffar, A., Hassen, H. R., Lones, M. A., & Zantout, H. (2022). An in-depth review of machine learning
based Android malware detection. Computers & Security, 121, 102833.

4. Mahindru, A., & Sangal, A. L. (2021). MLDroid—framework for Android malware detection using machine
learning techniques. Neural Computing and Applications, 33(10), 5183-5240.

5. Herron, N., Glisson, W. B., McDonald, J. T., & Benton, R. K. (2021). Machine learning-based android
malware detection using manifest permissions. Proceedings of the 54th Hawaii International Conference on
System Sciences.

6. Christiana, A., Gyunka, B., & Noah, A. (2020). Android malware detection through machine learning
techniques: A review.

7. Wang, X., & Li, C. (2021). Android malware detection through machine learning on kernel task
structures. Neurocomputing, 435, 126-150.

8. Tahtaci, B., & Canbay, B. (2020). Android malware detection using machine learning. In 2020 Innovations in
Intelligent Systems and Applications Conference (ASYU), 1-6. IEEE.

9. Unver, H. M., & Bakour, K. (2020). Android malware detection based on image-based features and machine
learning techniques. SN Applied Sciences, 2(7), 1299.

10. Bayazit, E. C., Sahingoz, O. K., & Dogan, B. (2020). Malware detection in android systems with traditional
machine learning models: a survey. In 2020 International Congress on Human-Computer Interaction,
Optimization and Robotic Applications (HORA), 1-8. IEEE.

11. Shatnawi, A. S., Yassen, Q., & Yateem, A. (2022). An android malware detection approach based on static
feature analysis using machine learning algorithms. Procedia Computer Science, 201, 653-658.

12. Abdullah, T. A., Ali, W., & Abdulghafor, R. (2020). Empirical study on intelligent android malware detection
based on supervised machine learning. International Journal of Advanced Computer Science and
Applications, 11(4).

13. Dhalaria, M., & Gandotra, E. (2021). Android malware detection techniques: A literature review. Recent
Patents on Engineering, 15(2), 225-245.

14. Kim, J., Ban, Y., Ko, E., Cho, H., & Yi, J. H. (2022). MAPAS: a practical deep learning-based android
malware detection system. International Journal of Information Security, 21(4), 725-738.

15. Hou, S., Saas, A., Chen, L., & Ye, Y. (2020). Deep4MalDroid: A Deep Learning Framework for Android
Malware Detection Based on Multi-level Feature Fusion. Computers & Security, 96, 101873.

56



K. A. Acayu amuvinoazel Xanvlkapaivlk Kazax-mypik yHueepcumeminivn, xaoapaapul
(mamemamuxa, puszuka, ungpopmamuxa cepusacwy), Ne4 (31), 2024

ABTOpJIap Typajbl MaJdiMeTTep

Kynucos H.M. ~ PhD, Koxxa Axmer Slcayu aTeiHaarbl XanblKapaiblK Ka3ak-Typik yHuBepcureti (Kazakcran,
Typkicras .), e-mail: nurseit.zhunissov@ayu.edu.kz

Ab6ymaxma A.A. - marucrpant, Koxa Axmer Slcaym arbiHAarbl XaiblKapajblK Ka3aK-TYPiK YHUBEPCHTETI
(Kazakcran, TypkicraH K,.), e-mail: aktore.abushaxma@gmail.com

Cgengenue 00 aBTopax

Kynucos H.M. - PhD, MexyHapoHblii Ka3axCKO-TypeLIKUH YHUBEPCUTET UMEHH X0k Axmena SlcaBu
(Kazaxcram, r. Typkectan), e-mail: nurseit.zhunissov@ayu.edu.kz

Alymaxma A.A. - MarucTpaHT, MexxayHapoHBIN Ka3aXCKO-TypEeIKUI YHUBEPCUTET UMEHU XOKH AXMmena
Scasu (Kazaxcras, r. Typkectan), e-mail: aktore.abushaxma@gmail.com

57


mailto:nurseit.zhunissov@ayu.edu.kz
mailto:aktore.abushaxma@gmail.сom
mailto:nurseit.zhunissov@ayu.edu.kz
mailto:aktore.abushaxma@gmail.сom

K. A. Acayu amuvinoazel Xanvlkapanvlk Ka3ax-mypik yHueepcumeminiyn, xaoapaapul
(mamemamuxa, puszuka, ungpopmamuxa cepusacwy), Ne4 (31), 2024

90K 004.8
MFTAP 20.23
https://doi.org/10.47526/2024-4/2524-0080.17

A.B. Aden', H. O6aikannap’
Loxeimywnr mazucmp, Kooca Axmem HAcayu amoindaze Xanwikapanlk Kasak-mypix yHugepcumeni
(Kaszaxeman, Typxicman x.), e-mail: arypzhan.aben@ayu.edu.kz,
2 emyoenm, Kooca Axmem Hcayu amvindagol Xanvlkapansix Kazag-mypix yuusepcumeni
(Kazaxcman, Typxicman x.), e-mail: axmet4047 @gmail.com

OKIIEHIH KATEPJII ICITTH AHBIKTAY A MAIIINMHAJIBIK OKBITY Ibl KOJIJAHY
APPLICATION OF MACHINE LEARNING IN LUNG CANCER DETECTION
INPUMEHEHUE MAIIUMHHOT'O OBYYEHMUSA JJIS1 OBHAPYKEHUSA PAKA JIETKHUX

Anoamna. Kaszipei manoa orcacanovl unmenieKm KenmezeH cananapoa KeHiHeH Kondawvliyoa. Meouyuna
canacvliHoa 0a JHcacanovl UHMeNIeKn KeHineH Koloawvic mankas. Byn sepmmeyode exneniy Kamepni icik aypyrapuin
anoviH ana OonHCay YuiiH MAWUHATBIK OKbIMY MOO0erb0epiH Nanuoananvliovl. 3epmmeyoe OKneHiy xamepai iciel
aypybiHa WANObIKKAH HAYKACMAPObIH OepeKmepiHeH MYPamvlH 0epeKmep JHCUblHbl Nauoaiansliovl. Okneniy Kamepii
icicin epme anvikmayoa mawunanslk oxbimy mooeavoepinern K-Neighbor Classifier, Support Vector Machine (SVM),
Logistic Regression, Random Forest Classifier, Gradient Boosting Classifier, LGBM Classifier, scane Support Vector
Classifier kondanwinovl. Byn moodenvoepdiy 6ondcam dandikmepi anviHobl, Homuoicecinoe SVM owcone Support Vector
Classifier mooenvoepi 99% owcoeapvl kepcemxiu kepcemce, K-Neighbor Classifier scone Random Forest cusixmol
backa oa moodenvoep 87.39% - 94.96% apanvievinoa scozapevi Hamudicesepee anvliHObl. Hamuoicenep kopcemrenoetl
OKNeHiy Kamepai ICI2IH AHbIKMAy0a MAWUHALLIK OKbIMY MOOeIbOepi Hco2apabl Hamuicesep Kopcemin, boiauiakma
oKneHiy Kamepii iciein anvlKmayoa JdHcaHe OCbl cana sepmmeynepine YaKeH yaec Kocmvl. 3epmmeyoe nauoalanbliean
Odepekmep JHCUbIHbI MeH MAUWUHATBIK OKbIMY MOOenboepi MeOUYUHd CANdCbiHOA NAUOANaHy OApblCLIHOA JHCOAPbl
Homuoicenep aublHamvlHbl 0271e10eH0l.  3epmmeyde KaApacmulpblizaH MAWUHAILIK OKbIMY MOO0eiboepimen Kocd
bonawiakma meper oKbimy mMooenboepi natldaiaHy YColHbLIObL.

Hezizzi co30ep: Oxne kamepii iciei, #cacanObl UHMeNIeKN, MAWUHALBIK OKbIIY, DOIHCAM HCACay.

Abstract. Currently, artificial intelligence is widely used in many fields. Artificial intelligence is also widely used
in the field of medicine. This study used machine learning models to predict lung cancer. The study used a dataset
consisting of lung cancer patients. Among the machine learning models used in the early detection of lung cancer are
K-Neighbor Classifier, Support Vector Machine (SVM), Logistic Regression, Random Forest Classifier, Gradient
Boosting Classifier, LGBM Classifier, and Support Vector Classifier. The prediction accuracies of these models were
obtained, as a result, SYM and Support Vector Classifier models showed high performance of 99%, while other models
such as K-Neighbor Classifier and Random Forest achieved high results ranging from 87.39% to 94.96%. The results
show that machine learning models in lung cancer detection have shown superior results and have made a great
contribution to future lung cancer detection and research in this field. The datasets and machine learning models used
in the study have been proven to yield superior results when used in the medical field. In addition to the machine
learning models considered in the study, it is recommended to use deep learning models in the future.

Keywords: Lung cancer, artificial intelligence, machine learning, prediction.

Annomayusa.B nacmosaujee 8pems UCKYCCMBEHHbIU UHMENIEKM WUPOKO UCNONb3Yemcs 60 MHO2UX cepax.
Hckyccmeennviii  uHmeniekm makace wupoko UCHOIb3yemcs: 6 cghepe meduyumnvi. B omom ucciedosanuu
UCNONIBL308AUCH MOOETU MAWUHHO20 OOVUeHUs 01 NPOZHOZUPOSAHUsA paka je2Kux. B ucciedosanuu ucnonvzosancs
HAbOp OAHHbBIX, COCMOAWUL U3 NAYUeHmMos ¢ pakom aeekux. Cpedu moodenell MauuHHo20 00yYeHUs, UCROTb3YeMbIX 0I5
pannezo 8vlAGleHUsA paKa eckux, — Kkiaccugpuxamop K-cocedeil, mawuna onopnuvix eekmopos (SVM), noeucmuveckas
peepeccust, KIAcCUpuKamop CayuatiHo2o iecd, Kiaccu@ukamop nosviuieHus epaduenma, xiaccugpuxamop LGBM u
Kraccugukamop OnopHuix 6ekmopos. bviiu nonyuenvt mouHocmu npocHO3UPOBAHUS SMUX MOOerel, 8 pe3yibmame
mooenu SVM u knaccugpuxamopa onopHuix 6eKmMopos8 noKA3aiu 6blCOKY npou3gooumenvHocms 99%, 6 mo epems kax
Opyeue moldenu, makue kax kraccugpukamop K-cocedeii u cruyuaiinviil jec, 00CmMuenu 6bICOKUX Pe3yIbmamos 6
ouanasone om 87,39% 0o 94,96%. Pe3zynvmamsi nokazuléaiom, umo Mooeiu MauunHo20 obyueHus npu 0OHapysceHuu
PAKa Ieekux NOKA3aau nPeeoCcxo0Hble Pe3yibmamyl U 6Hec U O0IbUOl 6KIA0 6 Oydyuee 0OHAPYIICeHUe PAKA Ne2KUX U
uccnedo8anus 8 amoi obracmu. JJokazano, Y¥mo HAOOPbI OAHHLIX U MOOEIU MAWUHHO20 00YYeHUs, UCNONb30BAHHbIE 8
uccnedoganuu, O0aiOm NPeBOCX0OHble pe3yIbmamvl NpU  UCHOIL308AHUU 6 Meduyunckou cepe. Tlomumo
PACCMOMPEHHBIX 8 UCCAe008aHUU MoOenell MAUUHHO20 00yueHus, 6 OdlbHeliueM pPeKOMeHOYemcs UCHOIb308amb
Mooenu enyboxo2o 0oyuenus.

Knrwouesvie cnosa: pax nezkux, UCKyCCmMeeHHbIL UHMENLIEKM, MAWUHHOe 00yYeHUe, NPOSHO3UPOBAHUe.
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Kipicne

OkneniH karepni iciri Kazakcranga kem TapajfaH »oHE KayilTi OHKOJIOTHSIIBIK aypy Typi
O6osbin TaObuTampl. CTaTHCTHKA KOPCETKEHIeH emimizne kbul cailbiH 3500-re XKybIK amaM OChI
aypyMeH aybIpanbl. Anaiiga nHaykactapablH 80%-bl MEIUIIMHANBIK KOMEKKE aypyAblH acCKbIHFaH
KEe3eHIHJIe FaHa >KYTiHETiHI aHbIKTasFaH. Karepmi icikTepai epTe aHBIKTAy YIIiH OHKOJOTTap
CKPHHHUHITIK TEKCEPYJIEH OTy MIHJIETTI 0OJybl KepeK Jen ecenTeii. OKMeHiH KaTepii iCiriHiH eH
KOIl TaparaH TypJiepi marbiH kacymanbl okneHid kKarepdi iciri (CKJIK) jxoHe marbiH Kacymiassl
emec eokmeHiH Karepiui iciri (¥TKK) Oonsin tabbutagel. byn skarmaitma SCLC OGaprabik exme
icikrepiniy mamameHn 10-15% kypaiinpl. An KanFaH OKIIEHIH Karepl iCIrIMEH aybIpaThiH
HaykactapabH 80-85% -s1 NSCLC perinne xikreneni[1].

JlyHue Ky3iH/e OKIeHIH KaTepii iCiri eiM-KITIM CaHBIHBIH apTybIHA XKeTeKii ce0eOi 00JIbIT
otelp. Amepuka Kypama IllTarrapblHBIH JepeKTepiHe CoiKec, ©KIe parbl epjep MeH oienaep
apachlHJa KEeH TapayifaH. byJl OHKOJOTHSIIBIK ©JiMHIH opOip Oecinmii Oesmirin Kypaiabl. 2024
KBUIFA apHaJFaH OoJpkamaap ekme iciriHig mamamen 234 580 jkaHa >KarjaiiblHa JMArHo3
KoubLaabl. Hotmxkecinne HaykactapasiH 125 070 emim xaraiibl OpbIH anafbl. OKIEeHIH KaTepii
iciri kebiHece 65 »kacTaH acKaH amampiapia kesnaecemi[2]. 3epTreyne HBICAHBI PETiHJE AbIHFaH
aypyMeH OalllaHBICTBl OJIM-XKITIM JIeHIeil >KOFapbl OOJFaHIBIKTaH, €pPT€ aHBIKTAy Ka>KeTTLIIri
epeKIe MaHbI3/IbI UE.

MeaunuHagarsl COHFBI KbUIAApAA >KacaHAbl UHTEIEKT (Al) 'koHE MaIIMHANBIK OKBITY
ITOPUTMJIEP] CallaapblHAAFBl OKIE ICITiH epTe aHBIKTay VIIiH XaHa MYMKIHIIKTEp alllblll OTHIP.
MamuHambIK OKBITY YIKEH JE€PEKTep KUBIHTHIFBIH OHI€Y MYMKIH/IT apKbLIbl JOCTYPIIl SAICTEpMEH
CaAJIBICTBIPFAaHAA aypybl IMAarHOCTUKAJIAY/Aa YIKEH IONIIK TeH KbUITaMIBIKTBl YChIHA ajanbl. by
ANTOPUTMCP OKIIE ICITIHIH epTe Ke3eHEPiH/Ie aHbIKTay KHbIH OOJAThIH YIATUIEP MEH aybITKYIapIbl
AHBIKTAY YIIIH YIKEH KOJEMJIETi PaJuoIOTHUIBIK KECKIHACp MEH METUIIMHAIIBIK JePEKTep i Tanaan
amagel. MyHJail TeXHOJOTHSUIapAbl KOJJaHy JWAarHOCTUKAHBIH CamachlH apTThIpaabl. by
TEXHOJIOTHSUIAp COHAAW aK eMJeyll YaKTbUlbl OacTay/bl, MAallMEHTTEPJAIH OMip CYypy CalachlH
JKaKCapTaIbl.

Byn 3eprreyae MamMHAIBIK OKBITY aITOPUTIMIEPIH TaialaHa OTHIPHINT aypyAblH epTe
KE3eHHEH aHBIKTayJblH TOCULIEpiH YycbhlHaAbl. Kazipri yakpITTa ©KIEHIH KaTepii iciriH
JMarHOCTUKANAyIa dPTYPIl MAIIMHAIBIK OKBITY 9IICTEpi KONIaHbUIa el by camana 3eprreynepae
TEPEH OKBITY KOHE YKacaHbl HEUPOHMBIK JKETIep CHUSKTHI TEXHOJOTHUSIIAp MEH MOJENbIEp KHi
KOJIJIAaHBUTBIN JKYpP. Byl omicTepaiH apTHIKIIBUTBIFBI YIIKSH JEPEKTEP JKUBIHTHIFBIH KBIIIAM OHICY
KOHE aypyJbl aHbIKTay JQJIITH KaKcapTy KaOileTiHae ue eKeHi OOJbIN OTHIP.

Byn 3eprreyain MakcaThl MallWHAIBIK OKBITY SJICTEPIH KOJIJAHY apKbUIbl OKIEHIH KaTepii
ICITiH epTe AMarHOCTHKaJay[blH THUIMAUITIH 3epTTey. COHBIMEH KaTap OChl cajaJlaFbl COHFBI
JKETICTIKTEP/Il TaJKblIay 00BN TaObLIA/Ibl. 3€pPTTEY OPTYPJIl MAIMHAIIBIK OKBITY alrOpUTMIEPIHIH
epeKIIeTiKTepiH >KOHE ONapAblH KIWHUKAIBIK KOJJAaHy MYMKIHIITIH 3epTTeiini. Makanana
COHBIMEH KaTap TUArHOCTUKAIBIK OSIICTEPHiH apTHIKIIBUIBIKTAPhl MEH IIEKTeyJepi TallJaHa[Ibl.
3eprTeye Oonalak 3epTreyepre YCbIHBICTAap aTarl oTieTiH 00Iabl.

Epme anvikmay scone ouomapkepoi maoy

['ynn sxone 1.6. (2021) omeTTeri KIMHHUKAIBIK JKOHE 3€pPTXaHANBIK JCpEeKTepli MaiimanmaHa
OTBIPBIN, OKIEHIH KaTepil ICIriH epre aHblkTay YyumiH ML MojenbaepiHiH NaiaagblIbIFbIH
3eprreni[3]. OnapablH HOTHXKENepl JOTMCTUKAIBIK PErpeccHsl >KoHE Ke3JeHCOK OpMaH CHSKTHI
AITOPUTMACDP €pTe JMArHOCTUKAHBI aWTapJIBIKTal J>KaKcapTa ajajabl, OKIEHIH KaTepil ICITiHIH
KaymiH >KOFapbhUIaTaThlH JOINIIKIEeH Ookaiinel. Xie xkoHe T.0. (2021) ML omictepin KomnaHa
OTBIPBII, €PTE AMATHOCTUKAIIBIK OMoMapKepiepAl amnryra OarbiTTanrad [4]. OyHKuMsiapabl TaHAay
9/IiCTEpiH KOCY apKbUIbI OJlap AMAarHOCTHKAJIBIK MPOLIECTI JKaKcapTa ajlaThlH THICTI OMoMapKepIiepIi
anbIKTagel. [lereamen, Nageswaran sxoHe T.0. OkneHiH KaTepdi icirin ML skoHe KeckiHal eHaey
apKBLIBI XKIKTEYAlI MakcaT eTkeH (2022) keifiHipeK aubIHBIN TacTalabl, Oy 3epTTeyaeri 9/IiCTEMENIK
KaTaHJIbIKTBIH MaHBI3IbUIBIFBIH aTall oTTi[5].
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Bonostcay scane scikmey yutin MauiuHaavlK 0OKblmy anzopummaoepi

OkneHiH KaTepi icirin 6osmkay canaceiHaa Ilatpa (2020) optypai ML monenaepiH, COHBIH
IIIiHAE MIENIM aFallTapbiH, KOJJay BEKTOPJBIK MamuHaigapelH (SVM) skoHe k-eH jkakbIH
kepurinepai (KNN) maiinanan,an GonateiH[6]. By 3eprrey mMomenb Donfiri MEH CHIHBIITAHIBIPY
THIMJAUIITIH apTTBIPYaFbl aJTOPUTMII TaHIAyJbIH MaHBI3ALl peniHe aTkapabl. CoJ  CHSKTHI
UYarypsenu xone T.0. (2021) xe3nelicoK OpMaH aJrOpUTMI TEKCEPIITEeH OMICTEp/IiH apachlHIa ¢H
YKOFaphl JOJJIIKKE KOJI JKEeTKI3TeHIH aHBIKTaAbl. OKIIeHIH KaTepJi iCIriH 0oyKay oHE JKIKTEY YIIiH
oipueme ML omicrepin enrizai [7]. Mukherjee and Bohra (2020) aumarHOCTUKAIIBIK HOTHXEIIEPIi
JKaKcapTyAa JAepeKTep/il alAblH aja eHJCYIiH XoHE MYMKIHIIKTEp/l TaHIayAblH MaHbI3AbLIbIFbIH
KepcerTi[ 8].

bonscamovik mooenvoep rncone mayekenoi oazanay

Abnymna xone 1.0. (2021) ML axictepiMeH OipiKTIpUIreH KOPPeTsSIUsUIBIK TaHAAY 9IiCTepiHe
HETI3JIEJITeH OKIe OOBIPBIH OOJDKAy JKOHE JKIKTey MOJEHiH YChHABI [9]. OmapasiH HOTHXKEIEpi
MYMKIHJIIKTI THIMJI Tagaay OoJpKay JQJIITiH alTapibIKTail apTThIpa alaThIHBIH KepceTTi. Jpumac
neH Tpurka (2022) mauueHTTepiH A€HCAYIBIFBIHBIH OpTYPJIl ailHBIMANbUIAPBIH OipIKTIPETIH OKIIE
iciri KaymiH 0opkay yiriH ML yarinepid a3ipiemi. 3epTTeynriiep aHcaMOIbIiK 9IICTEP TOYCKeI T
JKOFapbl Oaranaynapl KamTamachl3 eTeTiHiH aHbIKTanawel [10]. ConbimMeH katap, TyHkan xkoHe T.O.
(2020) optypmi ML anroputMaepi apKbUIBI OKIEHIH KaTepii ICITIMEH CBIPKATTAHYIIBLUIBIKTHI
Oomkayabl 3epTTereH OosaThiH. boipkay nomniri TpaiMeHTT] KYHIEWTETiH MallldHaiap €H >KaKChl
HOTIKE OepeIi IereH KOPBIThIHBIFA KEJIi.

Kemindipinzen adicmep »ncone mycinoipy

Ancunrnasu xoHe T.0. (2022) exne oObIpel Oap HayKacTap/blH aypyxaHaja 0011y y3aKTbIFbIH
Oomkayra apHanraH TyciHmipiieTiH ML kypbutbiMbiH eHTi34i[12]. Byn monens GomkaymapabiH
JICHCAyJBbIK CaKTay IMpOoBaiepiepl YIIiH TYCIHIKTI OONyBIH YIIIH HHTEPIpETAlUsIIay OliCTEpiH
Koimanasl. ML KonmpaHOamapelHOA AIIBIKTBIK — KaXETTUIMNH —KapacTbipagbl. OCBhl  CHUSAKTHI
3eprreynepain Oipi Yaynssa xone T1.0. (2021) KT keckinaepi apKbUIbl OKII€ 1CITT THUCTOJIOTHUSCHIH
KIKTEY YIIIH TEepeH OKBITY ONICTepiH KOJAAHIbL. 3epTTeyle TepeH HEHPOHIBIK >Keliiep
TUCTOJIOTHSUIBIK 1IIKI TUOTEPAl KOFapbl JANIIIKIEH JKIKTeW alaThIHIBIFBIH KepceTTl. Ochlaiiiia
PaIHUONIOTHSIIBIK JMATHOCTHKA YIIIH KYHJBI Kypalabl KaMTamacsi3 erefi [13].

Kewenoi macinoep men wionynap

JIu xoHe T1.6. (2022) opTypini omicTepli, COHBIH IHIIHJE OaKbUIAHATBIH OKBITYAbI, TEPEH
OKBITY/Ibl KOHE HBIFAUTYIBl OKBITYIBl TAJIKbUIAABI. OKMNEHIH KaTepii ICITiH JMarHOCTHKajayna,
emzeyze xoHe 6omkayna ML koceiMIanapsiHa MYKUST IOy skacafsl [ 14]. Payd xone 1.6. (2020)
JONIIK TIeH JoNIK [15] CHSKTBI OHIMIUIIK KOPCETKIIITepiHEe HETI3/eNreH OipHelie MOoAeNIbaepl
Oarananpl. ML keMeriMeH exme oObIpbIH OOJpKayFa KeleH 11 TOCUIAl YChIHABL. by exneHin karepii
ICIT1HIH TUAarHOCTUKACKIH THIMIIPEK 13/Iey/I€ 3€PTTENETIH SPTYPIIl 9AiCTEMENepi KOPCETEIl.

OKIIeHIH KaTepii iciriH AMarHoCTHUKAalay/a oHe OoikayJa MAlIMHAIBIK OKBITYIbl KOJJaHY
JOCTYpJIl  anropuTMaep/ieH Kypaem Tocuimepre Oenmi. COHBIH 1IIIHIE TEpPEH OKBITY MEH
aHcaMONBIIK oiicTepre aybica OTBIPBIN, aWTapibIKTail ngambiael. Kapamran —3epTTeynep
JTUArHOCTUKANBIK JQJIK MEeH KIMHUKAJIBIK KOJAaHY MYMKIHJITIH apTThIpy YIIIH €peKIIeTiKTepal
TaHAAYAbIH TOHEKTUTIK KepceTTi. bruoMapkepi epTe aHBIKTayAbIH *OHE MOJENbJI TYCIHAIPYIIH
MaHBI3JIBUTBIFBIH JOHEKTI TypJle aTam KepceTeli. AJTOPUTMII TaHaay JKOHE dIICTeMENIK KaTaHIbIK
CHSIKTBI KMBIHJBIKTap OKIEHIH KaTepii iciriH aHbIKTay yiuiH ML memnMaepin THiMAlI KOJAaHyaa
adTapibpIKTal  Kexepruiep Tyablpyaa. Ochbl  KUBIHIBIKTapAbl MICHIy MAIIWHAIBIK  OKBITY
TEXHOJIOTHSUIAPBIH KIMHUKAJIBIK TOXKiprOere HHTErpausuiayapl iIrepijieTy MaHbI3/Ibl.

Marepunanaap MeH Taciagep

byn 3eprreyne exmeHiH Karepii ICITIHIH KaymiH Ooypkay YUIIH apHailbl 931pJjeHTeH
JEPEKTEP O KUBIHTBIFBI KOJIJAHBLIAABl. 3€pTTeyle MalJajlaHbUIFaH JEpPEKTEp KUBIHbI
HayKacTap/blH
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JEpeKTepiH TaijanaHa OTBHIPHIN, KaTepii ICIKTI Aon OoipkayFa €3 YIeCiH Kocaabl. 3epTey
0apbIChIHIAa MAIIMHAJBIK OKBITY aJITOPHUTIMJACPIH CajChipa OTBIPBIN JKACAIbIHFAH MOJIEIb
YCBIHBLIAIBL. 3epTTey/Ie MaialaHbUIFaH apXUTEKTypa TOMEHIE 1-CypeTTe KopCeTireH.

Machin Leaaing Mode

Gender

Age

Smoking

Yellow fingers
Anxiety
Peer_pressure
Chronic Disease
Fatigue

Allergy

K-neighbor Classifi o
el Performance Metrics

. e Sensitivity (Recall
Prediction
Alcohol Gradient Boosting Classifier

Shortness of Breath LGBM Classifier
Swallowing Difficulty
Chest pain

Lung Cancer

Support Vector Machine

Logistic Regression

Random Forest Classifier

Support Vector Classifier

Cyper 1. 3epreyae KoJIITaHbUTFaH MOJICNIb APXUTEKTYpPaCHI.

JlepeKTep KUbIHbIHA IOy
3epTeyneH MNalJalaHbUIATBIH JEPEKTep JKUBbIHBI OKIEHIH KaTepil ICIFIMEH ayblpraH

HayKacTap JACpPEKTepHIMEH jKacalblHFaH. JlepeKkTep »KHUbIHBI HAyKacTapAbIH JEHCAYJIBIKTapbhIHA
0aiiaHbICTBI Op TYPIi (aKTOpiapbl €CKepe OTBIPBII KOHE KaTepili iCIKTI Oaranayra apHairaH 284
UHCTAaHIMS MeH 16 OaranaH Typansl. JlepexTep KKIEHIH KaTepili iCiriH aHBIKTayJa MarbI3[bl PO
aTKapazabl. TeMeH/ie OChl JiepeTep )KUbIHBIH cunaTTama OepiireH:

JKeIHBIC: HAYKACTBIH JKBIHBICHIH Olnniperin kateropus (M = Ep, F = Oiien).

JKacbl: HayKacTbIH JKacblH KOpPCETETiH OaraH aTaysbl.

Temexki miery: HayKacThlH T€MEKI IIeTiN, MEeKNereHairi Typasl aknapar OepeTiH KaTUropus
MO =2,KOK =1).

Capsl caycakTap: HayKacTBIH capbl caycaKTapJblH 0ap HeMmece KOK CeKEHIH KepCeTeTiH
kareropus (MO =2, )KOK = 1).

Ma3achI3IbIK: Ma3achI3ZlaHy JACHIeHIH KepCceTeTiH KaTeropusulblk aiHbmMansl (MO = 2,
XKOK =1).

BipieckeH KpICBIM: TEH JOpEkKeNIeri KbICHIM 9CEPiH KOPCETETIH KaTerOpHSIIBIK aifHBIMAIIbI
(MO =2, KOK =1).

Co3plImansl aypy: CO3bUIMANbI aypyJIapAblH OONYbIH KOPCETETIH KaTerOpHsUIBIK aifHbIMAaJIbI
(Mo =2,KOK =1).

Hlapmay: [lapiiay nenreifin kepcereTiH kareropusiblk aitHsiMaisl (MO = 2, )KOK = 1).
Anneprusi: Ajuieprusi KyiHiH KepceTeTiH KaTeropusuiblk aifHpiMansl (MO = 2, )KOK = 1).
Keipbuigay: ceipsuinap Oenriiepin KepceTeTiH Kareropusuiblk aiibiMansl (MO = 2, XKOK =
1).

AJIKOTOJIb: aJTKOTOJIB/II TYTHIHY/IBI KOPCETeTIH KateropusuiblK aiiHbIMaisl (MO = 2, )KOK =
1).

Xeten: xeTen CUMITOMIAPBIH KOPCETETIH KaTeropusiblk aitHpiMansl (MO = 2, )KOK = 1).
ThIHBIC amyJbIH KbICKA OOJMYBI: €HTITYJl KOpCEeTETiH KaTeropHsuiblK aiHbIManbel (MO = 2,
XKOK=1).

JKYThIHY KUBIHIBIFBI: KYTHUTY KUBIHJIBIKTAPBIH KOPCETETIH KaTErOpUSJIBIK alHBIMAIbl MOH
MO =2,KOK =1).

Keyneneri aysipcbiny: Keyneneri ayblpCchIHYIBI KOPCETETIH KaTeTOPHsUIBIK aitHbIMab! (MO
=2, XKOK=1).
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e OkrmeHiH KaTtep:i iciri: OKneHiy KaTep:i iciriHiH 06ap eKeHiH KOpCEeTeTiH eKiTK MaKCcaTThl
kareropus(110, XXOK).

MammHaJbIK OKBITY YJITiJIEpi

Byn 3eprreyne 6epiireH qepeKTep KUBIHTHIFBIHA HET13/ICTTeH OKIIE iCiT1 KayIliH 0oyhKay YIIiH
MalIuHAIBIK OKBITY MOJEIbISPIH KOJIAHBUIILIL. OpOip MOAEbAIH Olperei KyITi »KoHE oJIcCi3
xKakTapel Oap. Byn omapabl KikTey TalCBHIPMAChIHBIH OPTYPJl €pEeKIICTIKIeH OpbIHAAYybl YIIiH
KOJIAIJIBI €TENl.

K-Exy oicaxvin kepwinep kraccughuxamopot (KNN)

K-EHn xakpra kepmriiep (KNN) nanara HeriznenreH OKbITY anroputmi 0osbin Tadbutaabl. O
EBKIMITIK KaIIBIKTBIK CHUSKTHI KAIIBIKTBHIK OJIIEMAEPIMEH ejmeHei. K-eH jKaKbIH KOpUIiIepiHiH
KOIIIIIK KJTacChlHA HET13/ICTCH IePEKTEP HYKTEICPiH JKIKTEH I,

Konoay eekmopnvix mawunacet (SVM)

Konnay BekTopnblk MamuHackl (SVM) kiacctapapl 06y YIiH KOFapbl eJIeMIl KEHICTIKTE
TUTEPXKA3BIKTRIKTAPABl KYPAcThIpaabl. Makcar - OpTypil CBIHBINTAp apachlHAAFbl MapiKaHBI
OapbIHILIA APTTHIPATHIH THIIEPKA3BIKTHIKTHI Ta0y.

Jlocucmukanvix pecpeccus

JloruCTHKANBIK perpeccusi — JOTHCTUKAIBIK (DYHKIUSHBI KOJJAHY apKbUIbl Oip Hemece
OipHemie OOJDKAYIIBI aWHBIMAIBUIAP HETI3IHAC EKUIIK HOTMDKCHIH BIKTHUMAJJIBIFBIH OaFraiailThiH
JKOHE eKLUTIK JKIKTEY YIIiH KOJIaHBUIAThIH CTATUCTUKAIIBIK JIIC.

Kesoeiicox opman knaccugpuxamopwi

Kesneiicok opmaH KiacCH(pHUKATOPBl — JKATTBIFy Ke3iHAe OipHelle IemiM aramTapbiH
KYpacThIpAaThIH JKOHE JSJAIKTI JKakcapTy KojaaHbuiafgsl. COHBIMEH Karap apThiK OpHATYAbI
OakpUIay YIIIH OJIApJbIH OODKaMIapbIiH OIpIKTIpETiH aHCcaMOJIbIi OKBITY ofici. Om opOip aramiThl
JIEPEeKTepAIH Ke3/eHCOK KUbIHBIHA YHPETY YIIIH KanTay/bl MaiganaHaabl.

I'paouenmmi Kywetimemin Kiaccugpukamop

Gradient Boosting kimaccudukatopsl yariaepai AoWeKTi Typae KypacTbipaisl. MyHaa op0ip
JKaHa YJIr1 ajlIbIHFBICBIHBIH KaTeJepiH TY3eTyre opeKeT xacaiiapl. O )KoralnTy pyHKIMSICHIH a3anuTy
YILiH TPaJMeHTTI TYCIpy/Al KOJIJaHa OTBIPHII, JICi3 OKYIIbUIAP bl KYIITI OKYIIbIFA O1piKTipei.

LightGBM knaccugpuxamopwi (LGBM)

LightGBM (Light Gradient Boosting Machine) — skpiimamMasik TieH THIMALTIKKE apHanFaH. JKaarel
a3 KOJIIJaHyMEH YJIKEH JCpeKTep JKUBIHBIH ©HJeyre Kaouierti aramn Herizaenred. LightGBM
KJI1acCU(UKAaTOPBI OKBITY AJITOPUTMAEPIH MaiijaaHaThIH TPaIueHTT] KYIIEeHTETIH 9JIiC.

byn wmonenpaep exme iciri  KaymiH = OOJDKayAblH —OPTYPJl  TOCUIAEPIH  YCHIHAJBI.
MonenbaepaiH OpKalchIChl Jon Oaranay YIIIH €H THIMAI HIelmiMJi aHbIKTay YIIiH JIepeKTep
JKUBIHTBIFBIH KEIIeH 11 Oaranayra bIKIa eTe/Il.

Hoaruxesnep

Byn 3eprreyne HaykacTapiblH >KachlHA, JKbIHBICHIHA, TEMEKI IIETy 9JeTTepiHe, alKOrojb/i
TYTBIHYFa JKOHE OKIIe ICIT JKaFJaiIapbIHBIH JKaJIbl TapallyblHA Ha3ap ayaapbuibl. 3epTTey
OapbIChIHIA OKIIIH KaTepii iciri JepeKTep >KUHAFbIH Tajjay YIIIH OpTYpJi BU3yaIH3alMsuiap
xacanabl. Keneci GenmiMaep opblHIalFaH KOpHEKI TanjayjaplaH ajblHFaH HOTIDKEIep.l erKei-
TEKENI1 CUTaTTABL.

Temenne Cyper 2-me HayKacTapblH >KacblHbIH TapaidyblH Oaraiay YIIiH THCTOrpamma
KepceTuUreH. byn rucrorpamMma eKMeHIH KaTepii iCiriMeH aybIpaThlH HayKacTapAblH >KacCThIK
OeiHyiH HaKTBl KepceTy yuriH 30 KanTaHbl nainamnanapl. [ McTorpaMManarbl THIFBI3IBIK KHUCBHIFBI
(KDE) exnenin kaTep:i iciriHeH eH KoIl 3apAal MIEeKKEH *Kac TONTapbIH KOCHIMILIA KOPCETE/Ii.
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25 A

20 A

Frequncy

10 ~

20 30 40 50 60 70 80 90
AGE

Cyper 2. OKIIeHIH KaTepIi iciri YIIiH KacTapblHBIH Tapallybl THarpaMMachl.

Temenne Cyper 3-Te oKIEHIH KarepJi iCiriMeH ChIPKaTTaHYIIbUIBIKKA KAThICThI KbIHBICTBIH
Tapallybl KepceTuireH. KepceTiuiren amarpammana epiiep MeH OHENIepIiH apachlHAa aypy/IbIH
TapaJlyblH aHBIKTAy/1a MaHBI3Jbl POJI aTKAPaIbI.

LUNG_CANCER
s YES
s NO

120 4

100 A

80

Count

60 A

20 A

M F
GENDER

Cyper 3. Okrnie iciri G0HBIHIIA KBIHBICTHIH Tapaybl.
Keneci Cyper 4-Te Temeki LIETyIiH OKIEHIH KaTepii iciri KayIiHe ocepl caHay ChI30achl

apKBUIBI KOpCETUIreH. byl HayKacTap/IbIH TeMEKi IIery MopTeOeciHe Kapai kikTeiai. Temeki mery
MEH OKIIe iCiriHiH maia 601ybl apachlHAaFbl OAWIaHBICTHI alllyFa KOMETIH THUTI3e/i.
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LUNG_CANCER
. YES
120 1 = NO

80

count

60

204

NO

YES
SMOKING

Cypert 4. OkneHiH KaTepi iciri OoHbIHIIA TeMEK] IeryAiH Tapalybl.

AJKOTOJIBII TYTHIHY/IBIH OKIICHIH KaTepJIi iciriHe acepiH Oaranay yiriH 6acka caHay chi30achl
canblHabl. CypeT 5-Te alKorojb/l TYTBIHY OETTepl MEH OKIe ICITIHIH JKULIIrN apachlHAAFbl
0ailJIaHBICTHI KOPCETEII.

LUNG_CANCER
140 m— YES
e NO

1201

201

YES NO
ALCOHOL CONSUMING

Cyper 5. AJKOTOJIB]TI TYTHIHY/BI OKIIE iCIT1 OOMBIHIIIA 0OTy.

JKacka OalimaHbICTBI TCHICHITUSIIAPIBI Opi Kapail Tajjay YIIiH MalueHTTEP IiH JKachl 9pTYpIIi
*ac TonTapsl OoiibiHIIA aHbIKTay Cyper 6-1a kepcetuireH. CyperTe eKmne OOBIPBIHBIH TapaayblH
3epTTeyre MyMKiHAIK Oeperin xkomriktepre (AGE BIN) skikrenmi. by xikTey exmeHiH Karepii
iCIriMEH aybIpaThlH HayKacTapfa OalIlaHBICTBI jkKacKa OalIaHBICTBI Kayin (haKTOpJIApbIH KaKCh
TYCIHYT'€ MYMKIHJIIK Oepe/ti.
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LUNG_CANCER
140 4 YES
NO

120 1

100 1

80 A

Count

60

40 A

20 A

T T T
20-40 40-60 60-80
Age Group

Cyper 6. Xac Tontapbl OOHBIHIIA OKIIE ICITHIH TapaTYHI.

JlepekTep KHUBIHBIHAAFBI OPTYPJI aTpUOYyTTap apachIHIAFbl KOPPEISLUSHBI 3€pPTTEY YIIiH
KBUTY KapTacel kepcerinai. by Busyanmuzamus opTypii Kayin (akropiapbl apachIHIAAFbl KapbIM-
KaTbIHAacThI kepcereni. Cyper 8-1e HayKacTapblH OKIEHIH KaTepili iCiriHe bIKTUMaJ 3Cepi Typalibl
TYCiHIK Oeperi.

1.0

GENDER 1.00 g}

AGE

0.8

ANXIETY [ReB
PEER_PRESSURE
CHRONIC DISEASE V8

FATIGUE

ALLERGY
ALCOHOL CONSUMING X

COUGHING
SHORTNESS OF BREATH X

SWALLOWING DIFFICULTY

CHEST PAIN
LUNG_CANCER

GENDER
ANXIETY
FATIGUE

ALLERGY
WHEEZING
COUGHING

PEER_PRESSURE

YELLOW_FINGERS

o -
=

-
©

ALCOHOL CONSUMING -
©

CHRONIC DISEASE
SHORTNESS OF BREATH

Cyper 7. [lepektep >KUbIHBIHBIH KOPPENSALUSIBIK KbLUTYy KapTacChl.
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3eprTey OapbIchiHIa OOKAIABI YATUIepAiH eHiMautiriH Oaranay ymin ROC AUC Tangayst
Kyprizinai. by tangay exne iciriHiH OH K9HE Tepic JKaFAalIapblH aXbIpaTyarsl 9pOip MOJIENb/IiH
THIMJIUTITIHIH YKaH-KaKThl KOPIHICIH KaMTaMachl3 ereli. JKanraH OH KOPCETKIIKEe KapChl IIIHAWBI
OH KOPCETKIIITI Oaranmaiiipl.

Temenne cyper 9-ma exmeHiH Karepiai iciri 0ap j>KOHE OHCBHI3 HayKacTaplblH TapalyblH
KOpCeTy YIIiH JOHTeNeK auarpaMMa KepceTiunreH. byn Bu3yanmm3amus OKIEHIH KaTepii iCiriHiH
00JTyBbIHA KATBICTHI IEPEKTEP KUBIHTHIFBIHBIH KYPAMBIHBIH HAKThI IOTYBIH KAMTAMACHI3 €TEII.

Cyper 8. Okrie iciri xafaaliIapbIHbIH Tapalybl.

Ocpnl GetiM/Ie YCHIHBIUIFAH CYPETTE OKIIEe ICIT JePEeKTePIHIH KUBIHTHIK TATIAYbIH KaMTaMachl3
eTelll, OKIe ICITHIH JKUUIriHE ocep eTeTiH MaHbI3Abl (akTopiapasl Kepceteni. KacTbiH,
KBIHBICTBIH, TEMEKI IIETY/IiH, aJKOTOJbIl TYTHIHY/IBIH KOHE OKITe OOBIPBIHBIH JKaJIbl TapATYBIHBIH
TapalxyblH 3epTTed OTBIPHIN, OYJI 3epTTey OChl aypyMeH OalIaHbICThI Kayill (akTopiapbl Typajbl
KYHJIBI TYCIHIKTEpre BIKMan eremi. byyn HoTmwkenep Oi3NiH ©OKIe parbl TUHAMHUKACHIH TYCIHYII
KaKcapThlll KaHa KOWMai/bl, COHbIMEH KaTap OJaH opl 3epTTeylep MEH MakcaTThl apajacy
CTpaTerusuIapbiHa KOJ allabl.

OKIIeHiH KaTep:i icirid 6ospkayaa opTypill MallMHAIBIK OKBITY YJTiUIepiHiH eHimawtiri Kecre
1-ne >KMHAKTaFaH HOTIDKEJIepMeH OaramaHabl. J[ommik KepceTkimTepi IepeKTep JKUbIHBIHA
HET13/Ie/ITeH OKIIe 1CIT1 JKaFJaiiapbIH KIKTeyAeri opoip MOJENbAiH TUHIMALIITT KOpCeTUIreH.

Kecre 1. Oknenin kKaTepi icirid 60spKay YUIIH MalllMHAIBIK OKBITY YATUIEpiHIH HOTIOKEIepi.

Mojaeanb Hannaik (%)
1 | K-Neighbor Classifier 90.76
2 | Support Vector Machine (SVM) 99.16
3 | Logistic Regression 87.39
4 | Random Forest Classifier 94.12
5 | Gradient Boosting Classifier 94.12
6 | LGBM Classifier 94.96
7 | Support Vector Classifier 99.16
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Kecrene Oepinrenpeld Kojimay BEKTOPIBIK MamuHAckl (SVM) jxkoHE Koijlay BEKTOPBIHBIH
KJIaCCU(UKATOPHI €Keyl Jie €H KOFapbl IJAIKKE KO KeTKi3al - 99,16%. byn epekie eHimauik Oy
MOJICNIbICPAIH OKIIeHIH KaTepJli iCiri >Kardaiyiapbl MEH eMeC JKarJdaiJIapblH aXbIpaTyla »KOFaphI
TUIMJII €KeHIH Kepcereai. Moaens HayKacTapAarbl KaTepdl iCik Ooypkay YIniH Oara jKeTrec Kypal
erefi. SVM xofapbl enmeM/li KEHICTIKTepJl OHJCY >KOHE KYpJIei JACPEKTEp JKUBIHBIH JKIKTEY
Ka0iJ1eTi OHBIH Ta0BICKA JKETYiHE BIKIAI eTell.

K-Neighbor knaccudukaropsr 90,76% monmaikke Ko KeTKi3ai. Mojenb ceHIMIAI OHIMILTIKTI
KepceTTi. Anaiima SVM  MonenbiMeH CalbICTBIpFaHAAa KKIEGHIH KaTepii ICITiH aHBIKTayna
JKETKUTIKCI3 OOJIBIN OTHIP. AJI JIOTHCTHKAIBIK perpeccuss moaeni 87,39% nonmikke ue HOTHKEHI
KepceTTi. JIoTHCTUKANBIK perpeccusi 0acka MoJenbAepre KaparaHaa TOMEH HOTHXKEre Ue OOJIbI.
Jloructukanplk perpeccus ©3iHIH KapamaubIMIBUIBIFBI MEH TYCIHAIPMETUIIrl YIIH  JKHi
KonmaHbuiafpl.  JIOTHMCTHKANBIK — perpeccust JIGHCAyNblK CaKTay MaMaHIapblHAa  opTypii
Oo/pKaymIbUTap MEH OKIe ICIrl KayIi apachbIHIaFbl KapbIM-KATBIHACTHI TYCIHYre KOMEKTECEi.
Kesneiicok opman kiaccu(uKaTopbl, TPaJUeHTTI KylleWTy kiaccupukaropsl sxoHe LGBM
knaccudukaropsl coiikecinme 94,12%, 94,12% xone 94,96% nmonmikke KOa JKeTKi3mi. by
AQHCaMOJIBJIIK YATUIEPiH CaNbICTBIPMANbI OHIMILIITI OJIAPBIH AEPEKTEp JKUBIHBIHBIH KYPICIUIITiH
Tycipyzeri Tuimainirin  kepcereai. Random Forest, Gradient Boosting xone LGBM
KJIACCU(PUKATOPIIAPBIHBIH CATBICTBIPMAIIBI TYPAE OKIE OOBIPBIH OOJDKAy SPeKIISTIKTEPiH OHISYIe
CEHIM/II EKCHIH KOpCeTeIl.

Hormxkenep ekmeniH Katepii icirim  Oomkaymarel SVM  Heri3iHzeri  9IicTepIliH
apThIKIIbUIBIFBIH KepceTTi. ConbiMen Oipre Random Forest xone Gradient Boosting cusikTbi
aHCaMONIBJIIK ~ OmiCTepAiH  THWiMaumiriHe ©Oaca Hazap aymapaasl. HoTwmwkenep — onmapIsiH
UHTEPIPETANUSIAHYbIH JKAKCApTy KOHE KIMHUKAJBIK JKaFjaiiapaa KOJIJIaHBUIYBIH KaMTaMachl3
€Ty YLIIH OCBI YITUIEp/i OJJaH 9pi 3epTTeYl bIHTATAHABIPaAbl. OKIle OOBIPBIH AMATHOCTHKAIAY MEH
eMJIeyJIe epTe aHBIKTAY bl XKOHE HayKacTapblH HOTH)KEJICPIH JKaKcapTyFa MYMKIHIIK Oepe/ti.

KopbIThIHABI

byn 3epTrey mNamMeHTTIH CcUNAarTaMajiapbl MEH CHMIOTOMIApblHA KATBICTBI OpPTYPIIi
aTpuOyTTap/ibl KAMTUTHIH JEPEKTEP >KUBIHTBHIFBIH MaliJalaHbUIAbl. OKMe OOBIPHIH OOJDKay YIIiH
OpTYpJli MallIMHAIBIK OKBITY MOJAENBJAEPIHIH TUIMAUITH 3epTreal. HoTmxkenep MamMHambIK OKbITY
OKIIEHIH KaTepJIi ICITiH epTe aHBIKTay/bl alTapIBIKTAM JKaKcapTa ajJaThIHBIH KOPCETTI.

KymbicTel Oaranay Kojgay BeKTOPJABIK MamuHackl (SVM) koHe KOJJjay BEKTOPIIBIK
knaccudukaropel 99,16% peHreiinae eH JKOFapbl JONIIKKE KOJ JKETKI3TeHIH KepceTTi. byn
HoTIKenep SVM  Heri3iHzeri MoJenbJAep OKIEHIH KaTepil ICITl JKarJaiiapel MEH eMec
JKaFJaimapapl aXbIpaTy YIIiH ©Te KOJaiiabl eKeHiH KepceTTi. Mojenb HOTHXKeNepl KIMHUKAIBIK
miemiM  KaObuigaynarbl  yiakeH mnaigacelH  kepceredi. An K-Neighbor kmaccugukaropsi,
JIOTUCTHKAJBIK PEerpeccus *oHe Ke3IAeMCOK OpMaH, rpaaueHTTI KymeilTy skone LGBM cHKTHI
omictep ne 87,39%-nan 94,96%-ra neiiHr1 )KOFApFbl HOTHIKEIIEP KOPCETE Al Ibl.

Byn 3eprTeyne monmenneHreHaeld MalMHANBIK OKBITY MOJENbAEp] OKIe OOBIPHIH aHBIKTAya
KOFapFBl HOTIDKENIEp KepceTe aljibl. 3epTTeyAiH OapbhIChIHIA KOJJIAHBUIFAH JCPEKTEp IKUBIHBI
HAKThI JIEpEKTepre Heri3ienreH. bomamakra ochl caa 3epTTeylIiiepiHe 3epTTey OO0eKTICi peTiHe
O0lp MEIUIUHAIBIK OPTAIBIKTHl aJBIHY YCHIHBUIBIT OThIp. COHBIMEH KaTap 3epTTeyIiH
MaHBI3IBUTBIFBIH €CKEPE OTBHIPBIN MAITUHAIBIK OKBITYIaH Oackada cajaiapMeH OailachlH Kacay
YCBIHBUTBIT OTBIp. ATam aWTaThIH 0O0JICaK >KacaHIbl WHTEUICKTIH TEPEeH OKBITY CallaChIMCH
MEAUIMHAIBIK CYpEeTTepre, NbIOBICTapFa KYPri3y KOFapFbl HOTIKE Oepei Jen KyTulye.
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