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Abstract: The study addresses the enhancement of wear resistance and
impact strength of cast iron grinding balls used under intensive abrasive
wear and impact conditions at ore processing plants. The primary aim is
to improve the operating properties of cast iron by optimizing its chemical
composition and introducing advanced thermal and chemical-thermal
treatment methods, including controlled cooling. To achieve this goal, two
alloyed cast iron compositions with added chromium, molybdenum, and
nickel were used, and the base composition was further modified with
titanium and titanium carbonitride to increase the microhardness of the
matrix phases. Experimental samples underwent various heat treatment
regimes, including quenching and normalization, to evaluate the effect of
these processes on the microstructure, hardness, and impact resistance of
the grinding balls. Microstructural analysis revealed that additional
alloying elements and modifiers contributed positively to forming a more
homogeneous and fine-grained structure with an increased proportion of
carbide phases. The key findings indicated that the optimized structure of
the cast iron grinding balls achieved 10 units higher hardness and 2-4 units
greater impact resistance than the base composition after heat treatment.
Furthermore, titanium and titanium carbonitride modifications enhanced
the performance characteristics of the balls by several additional units.
Thus, the developed treatment regimes and modified cast iron
composition significantly increase the wear resistance of grinding balls,
contributing to reduced grinding costs in industrial applications.

Keywords: grinding balls, cast iron, wear resistance, heat treatment,
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Abstract: The study addresses the enhancement of wear resistance and impact strength of cast iron
grinding balls used under intensive abrasive wear and impact conditions at ore processing plants. The
primary aim is to improve the operating properties of cast iron by optimizing its chemical composition
and introducing advanced thermal and chemical-thermal treatment methods, including controlled
cooling. To achieve this goal, two alloyed cast iron compositions with added chromium,
molybdenum, and nickel were used, and the base composition was further modified with titanium
and titanium carbonitride to increase the microhardness of the matrix phases. Experimental samples
underwent various heat treatment regimes, including quenching and normalization, to evaluate the
effect of these processes on the microstructure, hardness, and impact resistance of the grinding balls.
Microstructural analysis revealed that additional alloying elements and modifiers contributed
positively to forming a more homogeneous and fine-grained structure with an increased proportion
of carbide phases. The key findings indicated that the optimized structure of the cast iron grinding
balls achieved 10 units higher hardness and 2-4 units greater impact resistance than the base
composition after heat treatment. Furthermore, titanium and titanium carbonitride modifications
enhanced the performance characteristics of the balls by several additional units. Thus, the developed
treatment regimes and modified cast iron composition significantly increase the wear resistance of
grinding balls, contributing to reduced grinding costs in industrial applications.
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AHoOTalig: Y CTarTi pO3MIAHYTO MUTAHHS MiJBUILEHHS 3HOCOCTIMKOCTI Ta yJaapHOi MIIIHOCTI
YaBYHHMX MEIIOYMX KyJib, [0 BHMKOPHCTOBYIOTHCS B YMOBAaX I1HTEHCHUBHOIO aOpa3WBHOTO
3HOIIYBaHHS Ta yJapHUX HAaBaHTa)XEHb Ha pyno3darauyBanpHUX (paOpukax. OCHOBHOIO METOIO
JOCIIJKCHHSI € BIOCKOHAJICHHA TEXHOJOril TEpMIYHOI Ta XiMIKO-TepMiuHOi OOpOOKH YaByHY 3
METOIO MOKPAIEHHs HOTro eKCIUTyaTallifHUX BIaCTUBOCTEH, 30KpeMa, yepe3 ONTHMI3alli0 XIMIYHOTO
CKJIaJy Ta KOHTPOJIbOBaHE OXOJOKEHHS. J{J1s1 TOCATHEHHS MMOCTAaBICHOT METH OyJIM 3aCTOCOBaHi Ba
BapiaHTH CKJIaJy YaBYHHOTO CIUIaBy 3 JOJaBaHHAM XpOMY, MOJIOAECHY Ta HIKEII0, a TaKOX
BUKOPUCTAHO TUTAH 1 KApOOHITPUA TUTAHY IS MIBUILEHHS MIKPOTBEPOCTI MATPUYHUX CKIIQJOBHUX.
ExcniepumenTanbHi 3pazku OyJ10 MiAaHo Pi3HUM PeKUMaM TepMOOOPOOKH, BKITIOUAIOUH rapTyBaHHS
Ta HOpMali3alilo, IO JaJl0 MOJIMBICTh OIIHUTH BIUIMB IIMX IPOLECIB Ha MIKPOCTPYKTYDY,
TBEPIICTh Ta YAApHY CTIMKICTh MEIIOYHX KYJIb. MiKpOCTpYKTYpHUI aHadi3 BUSIBUB MMO3UTHBHUN
BIUIMB JIOJIATKOBUX JIETYIOUMX €JIIEMEHTIB 1 MOAM(IKYIOUMX areHTiB Ha (opMyBaHHA OiIbII
OJHOPiHOT Ta APIOHO3EPHUCTOI CTPYKTYPH 3 MiJBUIICHOIO KUIbKICTIO KapOinmHux (a3. OCHOBHI
pe3yabTaTH JOCHIKEHHS TOKa3aliM, IO ONTHMI30BaHa CTPYKTypa UYaBYHHUX MENIOUUX KYJb
3abe3neuye Ha 10 OAMHUIL BULITY TBEPAICTh Ta HA 2-4 OUHMIII OUIBIIY yIApHY CTIHKICTH MMOPIBHSHO
3 HeMoau(pIKOBaHMM CKJIAZOM Ticisa TepMooOpoOku. Kpim Toro, moaudikamis TUTaHOM i
KapOOHITPUIOM TUTAHY MiJBUIIYE EKCIUTyaTalliiHI XapaKTePUCTUKU KYJIb 1€ HA KiJIbKA OMHHUIb.
Taxum ynHOM, pO3pOOIIEH] peXUMU 0OPOOKHU Ta MOAM(IKOBAHUH CKIIa]l YaBYHY JI03BOJISIOTH CyTTEBO
MiABUIIUTH 3HOCOCTIMKICTh METIOUUX KyJb, IO CIpHUSE 3MEHIICHHIO BUTPAT Ha MOAPIOHEHHS Y
BUPOOHUYHMX YMOBAX.

Karw4oBi ciaoBa: Memoui Ky, 4aByH, 3HOCOCTIMKICTB, TepMOOOpoOKa, ymapHa CTIHKICTb,
JeTyBaHHs, KapOiau, MIKPOCTPYKTYpa, TUTAH, MOIU(IKaIlis

Beryn (Introduction)

3acTocyBaHHs Cy4acHUX METO/IiB TEPMI4HOI Ta XIMiKO-TepMi4HOT 00pOOKH BUIIMBKIB 13 CipoOTO,
BHCOKOMIITHOT'O, KOBKOT'O, MO/IM()IKOBAHOTO Ta JIETOBAHOT'O YaBYHIB HE JIMIIE A€ 3MOTY IMOKPALIUTH
BJIACTUBOCTI BUJIMBKIB, ajie i BiIKpUBAE HOB1 MOXKIIMBOCTI JUISI Y4aBYHHOT'O JINTBA, 30KpeMa B yMOBax
KOPCTKUX HABAHTAXXCHb Ta arpeCUBHUX CEPENOBHIL. 3aBIIKM TaKUM IiIXO0JaM CTala MOKIHBOIO
3aMiHa JOPOTHX CTaJeBUX BHUPOOIB YaBYHHHMMH B IIUPOKOMY CHEKTpPi NPOMHUCIOBHX Tally3ei,
0c00JIMBO B TipHUYOJ00YBHIN, METANYpriiiHii Ta OyIiBENbHIN Taly3sx.

JleroBani i Mou(ikOBaHI YaBYHH MICJIA TEPMIYHOT 0OPOOKH JEMOHCTPYIOTh HU3KY BaXIJIMBUX
nepeBar (Kuzin, Yatsiuk, 2002) Takux sIK OJHOPIAHICTH CTPYKTYpH, BUCOKAa 3HOCOCTIHMKICTb,
CTaOUIbHICTh MIIHOCTI, SIKa Maibke HE 3aJeXHUTh Bil Macu BUpoOy. Lli marepianu BUTPUMYIOTH
arpecuBHUH BIUIMB KOPO31MHOTO CepeloBHILA Ta MEXaHIUHI yIapH, M0 € KIIYOBUM (aKTOPOM st
iXHBROTO BUKOPUCTAHHS B CKIAIHUX yMOBax. Hampukian, iX 3HOCOCTIHKICTh y 5-7 pa3iB MEpeBHIILy€E
aHAJIOTIYHUI MOKa3HHUK y CTaji, a KoedimieHT TepTs Bumie B 1,5-2 paszu. IlinBuiieHHs TBEpIOCTI
JIeroBaHUX 1 MOAM(DIKOBAaHUX UYaBYHIB MOSCHIOETHCS YHIKAJbHUM MEXaHi3MOM 3MIIIHEHHS: (Qeput
cTae OUIBII MIITHUM 3aBSIKH JIETYBAaHHIO, a rpagiTOB1 BKIIOUEHHS JPOOIATHCA, 0 MPU3BOIUTH 10
PIBHOMIPHOTO pPO3MOLITY HABaHTAXKEHb.

OcobnmuBuil  iHTEpeC CTAaHOBUTh BHUPOOHMIITBO YaBYHHUX  MENIOYUX  Kylb  JJIs
pynosbarauyBainbHux (abpuk (P3®P) ripauuo-36arauyBansHoro komiuiekcy (I'3K). Ha ITAT
«ApcenopMirran Kpusuit Pir» kyni mast OapabaHHMX MITMHIB, IO BCTAaHOBJIEHI B KOpITycax
30arauenHs P3®1 ta P3®-2, BUrOTOBIAIOTH 32 TEXHOJIOTIEIO JIMTTS B KOKLIb 13 TOYHO BUSHAYCHUMU

napaMeTpamMH XiMIYHOTO CKJIaay Ta MEXaHIYHUX XapaKTePHUCTHUK, 3rifaHo 3 Bumoramu (71-YI'M-J14-
009-2006, 2006), (TY V 322-228-144-2004, 2004). BoH BUKOPHCTOBYIOTHCS JIJIsI MOAPIOHEHHS
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MarHeTUTOBUX 3ai3UCTHX KBapuuTiB Ha III craxii moapiOuenns. Lleit eram npouecy nependayae sk
KOpO3iiiHe 3HOIIYBaHHS, TaK 1 3HAYHI yAapHI HaBaHTaKEHHS.

VY crpykrypi Butpart Ha noapioHenHs P3®-1 I'3K 3Hauny yacTky 3aiiMaloTh BUTPATH METAIy,
MOB'sI3aH1 31 3HOCOM MEJIOYMX TiJI, 0 cTaHOBUTH 0,8 KI' HAa TOHHY rOTOBOrO KOHIEHTpary. Ilpu
3aBaHTXEHHI MIIMHIB CTaJIeBUMHU KYJISIMH, I BUTpaTd CkiIaganTh 0,5 kr/r. TakuMm YuHOM,
3HMKEHHS 3HOCY MENIOYUX KYJIb 32 PaXyHOK ONTHMI3alii CKIa1y Ta mporecy iX TepMiyHOi 00poOKH,
MOJKE CYTTE€BO CKOPOTHTH 3arajbHi BUTPATH HA MOAPIOHEHHS.

Toxk, y KOHTEKCTI BIOCKOHAJICHHS IKOCT1 MEJIIOYMX KYJIb BapTO PO3IJISTHYTH MUTaHHA Mi00pY
JIETYIOUUX €JIEeMEHTIB 1 Moau(ikaTopiB. 30KpeMa, T0JJaBaHHsS TAaKUX €JIEMEHTIB, SK XpOM, HIKeJb i
MOJIi0/1eH, 110 J103BOJISIE€ HE TUIBKH MOKPAIIMTH KOPO3iiiHI Ta MEXaHIYH1 BIACTHBOCTI, a i 3SMEHIIUTH
pu3uK aedopmariii Kyiap M BIUIMBOM YyJapHUX HABAaHTAXKEHb. 3aCTOCYBAaHHS HOBHUX HiAXOIIB Y
TEepMiyHii 00poOLi, 30KpeMa KOHTPOJIHLOBAHOTO OXOJIOJDKCHHS, MOXXE CIPHUSITH CTBOPEHHIO
ONTUMAJIBHOI MIKPOCTPYKTYpH, IO 3a0e3Me4YuTh piBHOMIPHE 3HOIIYBAaHHS IOBEpPXHI Kyli Ta
HiABUIIUTH TepMiH i cmy»Ou. OTKe, BUKOPUCTAHHS MapoOK CIUIaBYy Ta ONTHMi3allis TEXHOJIOTIi
BUPOOHHMIITBA YaBYHHHMX KyJIb Ha MiANPUEMCTBAX JIO3BOJSIOTh MOKPAIIUTH IXHI eKCILTyaTauiiHi
BJIACTUBOCTI Ta CIIPUATH 3HIDKEHHIO BUTPAT HA TOHHY TOTOBOI'O KOHIIEHTPATY.

Marepiaan Ta metoan (Materials and Methods)

Jlnist IpoBeeHHA IOCIIPKEHb BUKOPUCTAHO YaByHHI Memtoui Ky (1Y V 322-228-144-2004,
2004), BUTOTOBIIEH] 32 CTAHJAPTHOIO TEXHOJIOTI€I0 MUTTSA B KOKib (T1-YI'M-JI9-009-2006, 2006),
SIK1 3aCTOCOBYIOTBCS JIJIs1 HOJPiIOHEHHS 3a1i30BMICHUX KBapuTiB y MinHax [TAT «ApcenopMirran
Kpuswuii Pir». Byno obpano 1Ba BapiaHTH JIETOBAaHOTO CKJIAAY 3 JIOJABAaHHIM XpPOMY, MOJIO/EHY,
HIKEJIO.

Jlnist OKpaIIeHHs! MIKPOCTPYKTYPH Ta 301IbIIEHHS AUCIEPCHOCTI MEPIITy B 0a30BHid CKIIaj
nonasanu tutad (0,08-0,10%), a Takoxx kapOoHiTpuna TuTany. Lle mo3Bomsie chopmyBatu OibII
NpiOHO3EPHUCTY CTPYKTYpYy, MO TIABHILYE MIKPOTBEPAICTh CKIIAJOBUX MATPHI (IIEMEHTHUTY,
ayCTEHITy, NEPIITY) Ta 3arajbHy 3HOCOCTIHKICTb.

BuMiproBaHHs TBEpJOCTI JOCTI/KYBaHUX 3pa3KiB BHU3HAYalIM 32 IEpepizoM Kylb Ha
yHiBepcanpHOMY npuiaai Micro Dur, 1o 3a0e3nedye TOUHICTh BUMiPIOBaHHS.

Ominka ynapHoOi CTIHKOCTI MPOBOAMIACH HA CIEIiaTbHOMY MasTHUKOBOMY KOIIpi 3 €HEprieio
ynapy 450 JIxk, mo J03BOJsi€ OLIHUTH OMHip Marepialy yIapHHUM HaBaHTAXXECHHSAM B YMOBax
eKCILTyaTaIllii.

MiKpOCTpYKTYpY 3pa3KiB aHami3yBajM Micis MOAU(IKYBaHHS Ta TepMi4HOI OOpPOOKHM I
BU3HAYEHHS pO3MoaiTy (a3, KUIBKOCTI Ta TUITy KapOiliB, IX AMCIEPCHOCTI Ta BIUIMBY Ha 3arajbHi
BJIAcTUBOCTI. JJI1 1[bOTO BHKOPHCTOBYBAJIM ONTHYHY MIKPOCKOIIiO Ha Mikpockonax MIM-8M i
“Neofot-21” npu pi3HUX 301IbIIEHHSX, 110 3a0e3Meyniia TOYHE YSIBIECHHS MPO 3MIHH B CTPYKTYpi
micis TepMooOpoOKH 1 Mo (DiIKyBaHHS.

PesyabTaTn (Results)

3a pesyabratamu nociimkenb (Hryn, Savchuk, 2015), 3HOCOCTIHKICTh YaByHY BU3HAYAETHCS
TUIIOM 1 KUIBKICTIO KapOiliB, iXHbOIO AMCIEPCHICTIO, @ TAKOX PO3MOJUIOM Y MeTalleBiii MaTpHILi.
Haiixpamumii omip yaapHo-aOpa3uBHUM HAaBaHTa)KEHHSIM B YMOBaX poOOTH MIIMHIB JE€MOHCTPYIOThH
MEJIoYi KyJli 3 YaBYHY, Y CTPYKTYpi SIKHX MICTATHCSI MApTCHCUT, OCHHIT, 3aJUIIKOBUI ayCTEHIT 1
crieniaibHi Kapoiau. 3HOCOCTIHKICTh TAKMX CIUIABIB MOCKIIIOETHCS TPU 30UIBIICHHI BMICTY KapOiIiB
Me7C3 Ta Me23Cs, MIKpOTBEpIICTh SSKUX MOke gocsiraté 2500 HV. s 301ibeHHs KUTBKOCTI ITUX
KapOiaiB, y 4aByHI MiBUIIYIOTh BMICT BYTJICIIO Ta JOJATKOBUX KapOi0yTBOPIOIOYUX EIEMEHTIB —
TaKUX K XpOM, MOJIIO/ICH 1 TUTaH.

Hloxo ymapocTiiiKocTi, ONTHUMAIbHOIO CTPYKTYPOIO JUIS MAaTpHL YaBYHY € IO€JHAHHS
ayCTEHUTY, cOpOITy 1 MApPTEHCUTY. MapTEeHCHUT HAJla€ METATy BUCOKOI CTIMKOCTI /10 3HOIITYBaHHS, a
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ayCTEHUTHO-COpPOITHA CKJIaJjoBa J0Ope BUTPUMY€E YyAapHI HAaBAaHTAKEHHS 1 3MEHIIYE PH3HK
CKOJIIOBaHH: KapOinHoi (a3u.

3rigHo 3 TexHivHuMHU BuMoramu TB 090-008:2008 (Tekhnichni vymohy na chavunni meliuchi
shary TV 090-008:2008, 2008) nist 4aByHHUX METIOUUX KYJIb, 1110 BIJUTMBAIOTHCS B KOKiJIb, KapOino-
nepiiTHa MaTpuld € cranaapToM. KapGigna ¢asa B Takiil cTpykTypi NMpeacTaBieHa LIEMEHTHTOM,
SKHI YTBOPIOETHCA 32 PAXyHOK IIBUIKOTO OXOJIOKEHHS il yac JUTTS. Ha moBepxHi KyJIi TBEpIiCTh
mae Oyt He MeHmoro 3a 46,0 HRC. CknanHicTh BUTOTOBJICHHS YaBYHHUX KyJb MOJSTa€e B
3a0e3rneyeHHl OJHOYAaCHO BHCOKOI TBEPAOCTI (3HOCOCTIHKOCTI) Ta yHapHOi MIITHOCTI, ajpKe
301IBIICHHS KUTBKOCTI IIEMEHTHUTY, 110 HA/Ia€ KYJISIM 3HOCOCTIHKICTh, 3HUXKYE 1X YIapOCTIHKICTb.

o0 miABMIIMTH yIapHY MILIHICTh, MOYXHA TOKPAIIUTH JUCIEPCHICTh TEPINITy uepes
JeryBaHHs HikeJeM a00 Mo (}iKyBaHHS 3a JOIMTOMOT 010 PiIKO3EMENIbHUX €JIEMEHTIB, X04a 1€ JOCUTh
3aTpaTHi TEXHOJIOTii. BilbIl eKOHOMIYHMM CIIOCOOOM JTOCATHEHHS APIOHO3EPHUCTOI CTPYKTYpH €
1HOKYJIALIA 3 BUKOPUCTAHHSAM TUTaHY Ta KapOOHITpHIy TUTaHy y HeBelMKii xonueHrparii (0,08-
0,10%).

BukopucranHs yabTpaauCIEpCHUX MOAM(DIKATOPIB Ha OCHOBI TUTaHy CIpUS€E 3HAYHOMY
MOIPIOHEHHIO 3€pHA, IO IMiIBUIIY€ MIKPOTBEPIICTh IIeMeHTUTY Ha 8-12%, aycteHiTy Ha 18-36%, a
nepiity — Ha 28-47%, KOMIUIEKCHO MOKPAILyI04Yr poOoUi BIACTUBOCTI Kyib (Bockus, Valivonis, J.,
2015), (Pavliuk, Velychko, Dudar, 2018)

[Ile ouH acmeKT eKCIUTyaTalifHIX XapaKTePUCTUK METIOUYHUX KyJb — CTaOUIbHICTh MIITHOCTI
o mepepizy BiamuBku. KynboBi MIUHU 3a3BUYail 3aBaHTaXYIOTh KyJIbOBOIO Macoro Ha 40-50% Bix
o0'emy. Ilicns 3HOLIYBaHHS KyNb A0 po3Mipy 15-20 mm (puc. 1) iX BHIy4aroTh 3 MIMHA LUIIXOM
nepecopTyBanHs. OTXe, MiIBUIIEHHS 3HOCOCTIMKOCTI MENIOYUX TUI MOB’s3aHE 3 3a0e3MeYeHHSIM
PIBHOMIPHOT MIIIHOCTI IO BCbOMY T€pepi3y BIAJIUBKH.

Pucynoxk 1. 3aranpHuil BUIIIA] He IPUAATHUX IS €KCIUTyaTalii KyJib

3 METOIO MiABUIIEHHS eKCIUTyaTaliiHUX BIACTUBOCTEH 4aByHY OyJI0 POAHATI30BAHO PEKUMH
TepMidHOT 00poOKH. 3a pe3ynbrataMu JiTeparypHoro ornsny (Kuzin, Yatsiuk., 2002), ( Bockus, S.,
Valivonis. 2015) o6paHO 1Ba peXKUMU 7Sl IPOBEACHHS EKCIICPUMEHTY.

[Mepmmii pesxxum — rapryBaHHs pu 850°C 3 BUTPUMKOIO | TOIMHY Ta OXOJOKSHHSIM B OJIii,
110 3a0e31e4ye BUCOKY TBEPIICTh 0€3 BUHUKHEHHS MIKPO- Ta CyOMIKPOTPIIIHH.

Jpyruil pexum — HopMaiizalist npu Tiid ke Temmneparypi 850°C 3 BurpuMkoo 1 roguny i
MOJAJIBIINM OXOJIO/PKEHHSIM Ha TOBITPI.

TepMooOpoOKy mpoBoamnu B sabopatopHiit mydenpHiit mewi CHOJI §8,2/1100. Ilix uac
HarpiBaHHs TeMIlepaTypy MiaBHILyBaal moBuIbHO (90°C Ha TOANHY), OCKUIBKH HIBHIIIE HATPIBAHHS
MOJKE CTIIPHYMHHUTH BHYTPILIHI HAIIPYKESHHS Y BUJIMBIIL.

[Ticna TepMooOpOOKH MPOBOAMIM TEPEBIPKY TBEPAOCTI MO Mepepidy Kyib yHIBEpCATIbHUM
npunagoMm «Micro Dur» Ta BH3Hauanu yAapoCTiHKICTh Ha CHELialbHOMY MasTHHKOBOMY KOIIPi 3
eHepriero ynapy 450 [Ix.
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PesynbraTi ekciepuMeHTy HaBe/ieHi B Tabauui 1. Bou cBigars, 1o TepMooOpoOKa 103BOJISIE
MIJBUIIATA TBEPICTh YaBYHHHX MENOYuX Kyib Ha 10 oguHUIb, a yaapHy CTilkicTh — Ha 2—4
oauHMLI. Monugikallis TUTAHOM IOKpAIy€e TBEPIICTh KyJIb IlIe Ha 1—2 OAMHUII, a yAapHY CTIHKICTh
— Ha 3-4 oauHMII TOPIBHAHO 3 0a30BUM CKIaAoM Imicias TepmooOpoOku. [lpu momaBaHHI
KapOOHITPHULy TUTaHY, TBEPIICTH 1 ylapHa CTIMKICTh KyJIb 3pOCTAE I11e Ha 5—6 OJMHUIIb TOPIBHSIHO 3
HeMOIU(IKOBAHUM CKIIAJIOM ITiCIS TEPMOOOPOOKH.

Ta6auus 1. Pe3ynbraTti BUMipy TBEpJOCTI KyJIb 110 IEPETUHY

Ckiaan = IToxa3nuku TBepaocti no nepernny, HRC =
: 2 3 1 : 2 i
7 ) § IToBepxHs /2 LHEeHTP V2 MOBEPXHT & 5 NC.‘
s 3 % paniycy paamycy ;( 3; ;
g )
1. basoBuii be3 TO 46,0 41,0 35,0 39,8 46,0 25
CKJIaJl
2. BbazoBuii Oumist 56,2 54,9 50,0 53,2 56,4 27
CKJIaJ1
3. Moaudi- Ounis 57,6 57,5 55,0 56,0 58,0 30
KOBaHUU
TUTaHOM
4. Moaudi- Ounis 62,4 59,8 56,0 62,1 63,1 32
KOBaHUU
KapOOHIT-
puaoM
TUTaHY
5. Bba3oBwuii [oBiTpst 55,2 53,7 52 52,3 55,0 29
CKJIaJ1
6. Moaudi-  IloBitps 57,0 56,5 52,5 56,2 56,9 33
KOBaHUU
TUTaHOM
7. Moaudi-  IloBitps 61,0 58,2 58,0 58,3 60,0 35
KOBaHUU
KapOOHIT-
puaoM
TUTaHY

Ha pucynky 2 mnoOKa3aHO MIKpOCTPYKTypu 0a30BOro Ckjaxy Kyjib, a TaKOX IICIA
Mo uGiKyBaHHS KapOOHITPUAOM TUTAHY 3 rapTyBaHHSAM Ta HOpMaiisauieto. 3 Tabnuii 1 BuaHO, 110
TepMiyHa 00poOKa micis MOAU(iIKyBaHHS KapOOHITPUIOM TUTAHY IO3BOJISE MiABUIIUTH TBEPIICTb
YaBYHHHMX MEJIOUYMX KyJib Ha 1-3 0J1., B OPiBHSAHHI 3 0a30BUM CKJIaJIOM KYJIb MICIIs TEPMOOOPOOKH.

Haii0inpiry TBepHicTh 1 yAapHy CTIHKICTh MaroTh Kyili 3 YaBYHY MOAM(IKOBAHOTO
KapOOHITPUIOM THTaHY, LIO MOB'SI3aHO 3 MOAPIOHEHHAM CTPYKTYPHOI CKJIAZAOBOI MATPHII Ta OiIbII
CIPUSATIMBUM PO3TalllyBaHHAM KapOinHOi ckiianoBoi. [Ipuuomy onepkyBaHi miciast MOAU(IKyBaHHS
KapOOHITPUIOM TUTaHy KapOilu € CTIMKUMH 1 Ipu TepMiuHiid 0OpoOIi HE MiANAIOTHCS MPOLECY
rpagiTu3sailii, 110, B CBOIO Uepry, Crpusie cTablIbHUM NOKa3HUKAM IiABHIIEHOT TBEPAOCTI.

TakuM 4yuHOM, B pe3ysibTaTi JOCHIIKEHb BIUIMBY TepMiuHOi 0OpoOKM Ha MoaudikoBaHi
YaByHH, BCTAaHOBJICHO, 1110 TepMiuHa 00poOKa MiJBHILY€e TBEPAICTh B 1, 37 pa3ziB 1 yAapHy CTIMKICTb
B 1,4 pa3u, npudoMy Moau(iKyBaHHS KapOOHITPUAOM TUTAHY OUIBIIOI MipOIO CTIPHUSIE TiIBULIICHHIO
[IUX XapaKTepUCTHK, L0 MOB'A3aHO 3 MOJPIOHEHHSM CTPYKTYPHOI CKJIAZIOBOT MaTpHIli Ta OibII
CTIPUATIMBOTO PO3TAIIyBaHHs KapOiIHOT CKIIa10BOi.
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Pucynok 2. MikpoCcTpyKTypu Kyjib: a - 0a30Boro ckimamy; O — micias MoaudikyBaHHS
KapOOHITPUIOM THUTaHy + 3arapTyBaHHs;, B - — Micis MOIM(IKyBaHHS KapOOHITPUIOM TUTaHy +
HOpMaJU3allis

Bucnosku (Conclusions)

TepmooOpoOka 3a mepmuM i APYyruM peXUMaMHu MiIBUILYE TBEPAICTh 1 yIapHY CTIHKICTh
YaBYHHHMX MEJTIOUUX KYJIb, IPUYOMY MOIU(IKAIliS THTAHOM 1 KapOOHITPUIOM TUTaHY 3a0e3Meuye 1ie
OUTBIINI MPHUPICT IUX XapaKTepucTUK. HaliBUILI TBEpAICTh 1 yapHa CTIMKICTh CIIOCTEPIraloThes y
KyJlb, MOIU(IKOBAaHMX KapOOHITPUAOM THTaHy, L0 OOYMOBIEHO MOAPIOHEHHSIM MAaTpHIl Ta
CIPUSATIMBUM pO3TalllyBaHHAM KapOigHoi ¢aszu (puc. 2). Kapbimu, ski yTBOPIOIOTBCS NpHU
Mo udiKkallii KapOOHITPUAOM TUTAHY, 3ATHIIAIOTHCA CTA0UIBHUMM 1 HE MiIIa0Thes rpadiTu3anii mix
9ac TepMOOOPOOKH.

Jlnst BIPOBAKEHHS Y BHUPOOHHUIITBO PEKOMEHIOBAHO Kyii, MOAM(IKOBaHI KapOOHITPHIOM
TUTaHy Ta 00pOOJIeHI 3a APYyTruM peKUMOM (HOpMai3alis).
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