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I'puwun 0.M., Beauuko O.I, Hadmouiii A.A., BeawkypeHnko O.I.
Di3uKo-ximMiuHi 0CHOBHM (opMyBaHHH ra3oBoi pas3u npu
TBepaA0(a3HOMY BiJTHOBJIEHHI OKCHIIB

Grishin 0.M., Velychko 0.G., Nadtochii A.A., Bezshkurenko O.H.
Physico-chemical basis of gas-phase solution during
solid-phase renewal of oxides

Mema. ®isuko-ximidHUU aHarni3 npouecie 2a3ucpikayii 8yaneuesux Mamepiasnie 3 BUKOPUCMAHHSIM KOMIIIEKCHO20 OKUC-
Hrosa4a. Memoduka. TepmoduHamidHe MOOEs8aHHsI 8UKOHaHe 3 8UKOpUCMaHHSIM rpozpamHo20 Komrnekcy HSC
Chemistry 6.1. Kinemu4Hi docnidxeHHs1 nposedeHi 3 8UKOpucmMaHHsIM mepmMoepasimempuyHo2o memody aHarisy. Adco-
pbuisi easie Ha NoBepxHi 8yaneuro susyeHa 3 8UKopucmaHHsIM mMemody 2a3080i xpomamozpaii. Haykoea Hoeu3Ha.
EkcnepumeHmarbHO nidmeepdxeHo 8rnnue kKamasnimu4Hux 006agok Ha adcopbuiltiHO-XiMidHy flaHKy rpouecy ea3udika-
uii. Modanbwuli po38UMOK OMPUMarnuU yserneHHs1 Npo MexaHi3M erusy kamasimu4yHux 0o6asok Ha naHKy 2asugikauii
syaneyesux mamepianie. lfpakmuy4Ha 3Hayumicmb. OmpumaHri pe3yribmamu Po3WUPIMb MPaKMUYHi MOXIU8oCMi
iHmeHcugikauii npoyecy 2asugbikauii, wo 3abesneyye nid8ULWEHHS MPOOYKMueHocmi meepdoghasHO20 8iOHOBMNEHHS az-
peaamis.

Knroyoei cnoea: 2asucpikauis, KOMIeKcHUU OKUCHUK, kamarnimuy4Hi dobasku, adcopbuyiliHO-XiMiYHa rlaHKa.

Purpose. Physico-chemical analysis of the gasification processes of carbon materials with complex oxidizing agents.
Methodology. The thermodynamic model includes the use of the HSC Chemistry 6.1 software package. Kinetic studies
were conducted using the thermogravimetric analysis method. Adsorption of gases on the liquid surface occurs using
various gas chromatography methods. Scientific novelty. The influence of catalytic additives on the adsorption-chemical
link of the gasification process has been experimentally confirmed. The understanding of the mechanism of influence of
catalytic additives on the gasification link of carbon materials has been further developed. Practical significance. The
results obtained expand the practical possibilities of intensifying the gasification process, which ensures an increase in

the productivity of solid-phase recovery of aggregates.

Keywords: gasification, complex oxidant, catalytic additives, adsorption-chemical link.

Betyn. Po3BuTOK cydacHoOi meTanypriiHoOi TexHo-
norii B 6inbLUiv Mipi opieHTOBaHe Ha NMUTaHHSA EKOHOMIi
MiHepanbHUX Ta eHepreTUYHMX Pecypcis, iHTEHCUI-
Kauji iCHyI04MX TEXHOMOTIN BUNyYeHHS MeTanis i3 pya.
3HayHa YacTMHa TEXHOSMOTYHUX CXEeM MPSIMOro OTpu-
MaHHs meTanis (DRI) 3acHoOBaHi Ha npouecax TBeEpAo-
da3HOoro BiAHOBMNEHHS, HANBaXIUBILLMM FAHKOK AKUX
€ (bopmyBaHHA ra3oBoi hasu 3a JOMOMOrow rasundi-
Kauil ByrneueBux MarepianiB 3a y4acTiO KOMMIEKC-
HOro OKMCHoBaYa.

AHani3 nitepaTypH1Mx AaHMX Ta NOCTaHOBKa 3a-
pavi. CeiToBe BUpOBHMLUTBO 3aniza NPSMOro BUMyCKy
(DRI) y 2021 poui 3pocrno Ha 13,7% nOpiBHAHO 3
2022 pokom o 119,2 MnH TOHH, cBig4aTb AaHi [1].

Bupo6Huuteo DRI 3a TexHonorieto MIDREX ctaHo-
BUTb 59,5% Big 3aranbHOro piYHOrO MOKa3HUKa,
HYL/Energiron — 12,7%, PERED — 2,2%, Rotary Kiln —
25,4% T1a iHwi — 0,1%.

Cepen 4MCneHHNX TeXHONOorin Ge3nocepeaHbOro
OTPUMaHHSA MeTaniB cnig BUAINUTY ABi rpynu MeTOAIB,
3aCHOBaHMX Ha npolecax TBepAodasHOro BiAHOB-
NeHHsA oKcuaiB rasamu i Byrneuem: BiAHOBMNEHHS ra-
3aMU Ta BiJHOBMEHHS Byrneuem.

3aranbH1UM hakToOpoM B LIX TEXHOSOTiSIX € MpoLec
OTPUMaHHSA BiAHOBHUX rasiB. [@a3oBa gha3a 3 BUCOKUM

© NpywmH O.M. — a.T.H., gou YOYHT
Benwnuko O.I'. — A.T.H., npodp. YOYHT, akagemik HAH Ykpainu

HapTtouin A.A. — K.T.H., gou. YOYHT
BeswkypeHko O.. — k.T.H., YOYHT

ERE

BiAHOBHMM NOTEHLiarnoM yTBOPHOETLCH NpU rasudika-
Lii ByrnewLesumx matepianis abo LnsxoM OKMCoBasb-
HOI KOHBepCii MeTaHy. Takum YMHOM, aHani3 isuko-
XiMIYHVX 3aKOHOMIPHOCTEN LMX NPOLEeCiB € OCHOBOKO
AN pO3pobKM ePEKTUBHUX TEXHOIOTIN OTPUMAHHS ra-
30BOi (hasu i3 3agaHMMn BacTUBOCTAMM.

TeopeTuyHi gocnigKeHHA OKUCIIOBanbHOI ra-
3udpikauii. Po3BMTOK (is3nKo-XiMiYHNX 3aKOHOMIpPHOC-
Ten TBepA0asHoOro BiAHOBMNEHHS OKCUAHOI CUPOBUHN
nepenbadae TepPMOAMHAMIYHMIA | KIHETUYHUI aHani3
nNaHkuK rasudikauii Byrneuto i kapbigie. Masudikadis €
HeBiQ'€EMHOIO | YacTO NPOBIOHOK NaHKOK B MpoLecax
BUIYYEHHST pagy mMeTaniB 3 pyn, 30Kkpema, B Byrre-
LEeBO-TEPMIYHOMY i KOMMIIEKCHOMY (ra3oByrreLlb-Tep-
MiYHWIA) BiQHOBIEHHI 3ani3a, OKCMAIB XpPOMy Ta iH. 3a
pesynbTataMmn TepMOAMHAMIYHOrO aHarnisy cuctemu
C-H-O BM3Ha4yaeTbCsl PIBHOBaXKHUA CKIag ras3oBoi
hasn, a TaKoX OKUCIOBarNbHO-BIQHOBHWI (200 KUCHe-
BMM) | Byrneuesuin noteHuianu. PospaxyHok 3BO-
OnTbCAa OO0 BU3HAYeHHs napuiansHux Tuckie CO, COz,
Hz i H20, ki nos's3aHi peakLieto BOASAHOro rasy

H20 + CO = Hz + COy, (1)

Puc. 1 HaBegeHo pesynbTaT po3paxyHKy piBHOBa-
XKHOro cknagy rasoBoi ¢hasu npouecy rasmgikauii Byr-
neuyo.

© Grishin O.M. - d.t.s., docent USUST

Velychko O.G. - d.t.s., professor, USUST Academician of
the National Academy of Sciences of Ukraine

Nadtochii A.A. —c.t.s., docent USUST

Bezshkurenko O.H. — c.t.s. UDUNT
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Puc. 1. PiBHoBaxHuIn cknapg ra3oBoi ¢asn Byrne-
ueBoi rasudikauii ctaHoutb 1,2 — H20, 3,4 — CO2
npu: 1 — 0=0,75 i B=0,25; 2 — 0=0,25 i B=0,75; 3 —
a=0,25; 4 — a=0,75 npu upomy o = (Pco, + Pco);
B= (PH2 + PHZO)

1473

MeTaH mMOxe yTBOpIOBaTMCA B aHani3oBaHini cuc-
Temi:

C + 2H2 = CHgy,

CO + 3Hz2 = CH4 + H20.

B ymoBax TBepaoasHoro BigHOBNEHHS rasudgika-
Lis BiaOyBaeTbCA 3a y4acTO KOMMIEKCHOIO OKWUCHIO-
Baya H20, COz2, O2. Mpouec rasudikauii Byrnewto 3a
y4YacTIO KOMMIIEKCHOTO OKUCHIOBaYa 3a TepMOAUHaMi-
YHMMW NepeBaraMmn MOXHa YMOBHO pPO34inuTu Ha Ha-
CTYMHi eTanu 3 NiaBULLIEHHSIM TemnepaTypu:

1. rasugikauisa 3a y4acTiO KUCHIO;

2. Peakuis yTBOpEHHS METaHy;

3. NepeTBOpPEHHA METaHY;

4. 3aBeplUeHHS rasvdikalii Byrneuw 3a paxyHok
H20 ta COy;

5. dopmyBaHHA pPIBHOBaXXHOrO CcKnagy rasoBol
¢asn LWNAxXom peakLii BOASHOro rasy.

Pi3Hi kapbigw, Taki sik FesC i CraCz2, TakoX MOXyTb
nigaaBaTUCA OKUCIHOBasbHOI rasudikauii i Takum ym-
HOM 6paTu yyacTb y npoueci BigHOBMNEHHS [2]:

FesC + CO2 = 3Fe + 2CO, (4)

Cr3Cz + CO2 = Cr7Cs + CO, 5)

7/5Cr3C2+H20=3/5Cr7C3+H2+CO. (6)

Ha pucyHky 2 HaBegeHi pe3ynbTati po3paxyHKy pi-
BHOBaXXHOrO CKragy rasoBoi dhasn rasndikauii kapbigy
CrsCa.
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Puc. 2. PiBHoBaxxHMI cknapg ra3oBoi asm rasudikadii CrsC2 BogsaHoto napoto i CO2 gns peakuii 51 6: 1 —

H20,2-CO02,3-H2i4-CO

MeHL BMBYeHi Npouecu rasudikadii kapbigis raso-
BOK pa3oto, o cknagaetbes 3 H20, COz2 i O2. Okuc-
NOBanbHO-BIAHOBHI XapaKTepUCTUKN OTPUMaHOI raso-
BOI (ha3u Takox 3anexarb Big T, Ps i cniBBigHOLWEHb
C/OiC/H.
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TepmoanHamiyHe mMofentoBaHHs, BUKOHaHe 3 BU-
KOpUCTaHHAM  nporpamHoro  komnnekcy  HSC
Chemistry 6.1, go3sonse aHanisyBatn piBHOBaXHWN
BMICT KOMIMOHEHTIB B 3aaHOMy TemrnepaTypHoMy Aia-
nasoHi, pesynbTatu NpeacTaBneHi Ha puc. 3.
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Puc. 3. TepmoguHamiyHe MogentoBaHHSA npouecy rasudikadii Cr3C2 KOMMMEKCHUM OKMCoBaveM a)

(H20+CO2) i 6) (H20+CO2+02): 1 — CrsCy; 2 — CO; 3 —

9-Cr

C;4 — CrsC3; 5 — Cr203; 6 — Cr23Cs; 7 — CHas; 8 — Ho;



MogentoBaHHs npouecy rasudikauii kapbigy CraC:
(puc. 3) mae BaxnMBY OCOOMMBICTb — MOSIBY OKCUAy
xpomy Cr203. Baxko yaBuTw, Wwo yteopeHHsA Cr203 no-
B'sI3aHe 3 MOSABOO MEeTarieBoro XpoMy Ha no4aTkoBOMy
eTani i oro NofanbLUNM OKUCTIEHHAM. IMOBIpHO, ic-
Hye€ iHLa cxema — YTBOpPeHHs okcukapbiay Cr; O,,C,_;
3 noro pyWHYBaHHAM 3a CXEeMOolo
Cr; 0,,C,,_1—Cr203+Cr7C3+3C0O. Okcukapbig yTBO-
PHOETLCS LLIISAXOM i30MOPGOHOro 3aMilLieHHS aTOMIB BY-
rneLo atomamm KUCHH0. Y JocnigKyBaHOMY Temnepa-
TYPHOMY fiana3oHi Xpom mMae B6inbLu BUCOKY CropigHe-
HICTb 0O KMCHIO, HiXK BYTTeLb, L0 MOXE CITy>XUTU Tep-
MOOMHaMIYHUM apryMeHTOM Ha KOpPUCTb YTBOPEHHS
Cr203. TepmoguHamivyHuUiA aHania nokasye GinbLl Bu-
COKy WMMOBIpHICTb yTBOpeHHs Kapbigy CrzsCs, Hix
Cr7Cs, He3Baxalo4m Ha Te, L0 MMOBIPHICTb YTBOPEHHS
TpUroHanbHOro kapbigy suwe. MoxHa npunycTuTy,
wo rasmdikauia kapbigy CrsCz peanisyetbcs 3a 30Ha-
nbHOlo cxemoto. Bapiauisa cnisBigHoweHb C/O, a Ta-
KOX ckragy okucrntoBanbHoi ¢asn (CO2:H20:02) npu-
3BOOATb 40 3MiHW CKMaay i BiAHOBHOIO i OKUCHOBarb-
HOrO MOTeHLiany rasoBoi gasn, ane MNPakTUYHO He
BMNIIMBAOTb HA NOCNIOOBHICTE MEPETBOPEHD.

MocnipgoBHicTb eTanie rasudikauii kapdigy Byr-

neuld  KOMMMEKCHUM  OKWUCHIOBadYeM Moxe ByTu
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Puc. 4. KiHeTuka rasudikauii pisHux ByrneueBmux
MaTepianiB BYrnekUCrnuM rasomM i BOASHUM Mapom
npn 1273K: 1, 2, 3—-CO2; 4, 5, 6 — H20: 1, 4 —rpaciT;
2, 5 — nepesHe Byrinns; 3, 6 — NiposnirHiH

PesynbTatn npoBeaeHnx Hamu oCrigKeHb 0gHO-
3HAYHO CBigYaTb Ha KOpPUCTb peakuii rasudikadii 3a
paxyHok H20 [3]. Lle niaTBepakyeTbca pesynbTatamu
KIHETMYHMX JocCnifKeHb rasudikaLii ByrneLesnx ma-
Tepianis [4]. JoaaTkoBMM apryMeHTOM MOXYTb CTaTh
pes3ynbTaTh eKCnepuMeHTiB, siki nokasanu, Lo YacT-
koBe 3amillieHHs CO2 BOOSHOI Napoto He YNOBIMNBHIOE,
a 3HayHo iHTeHcudikye npoLec.

Cnig nam'atatu, Wo KoeqilieHT BinbHOI audysii B
cuctemi Hz-H20 B kinbka pasis BuLe, Hix gna COz [5].
ToMmy 30BHILLHINA, MiXX- i BHYTPI4aCTUHKOBUIA ra300bMiH
B AOCUTb BENUKMX nopax B cuctemi H2-H20 npoTikae
wewuawe, Hix B cuctemi CO-CO2. MNepearn GinbLu
nerkmx rasis (Hz, H20) 36epiratoTbcs B cymillax ckna-
OHOro cknajy 3a y4acTio MOHO- i Aiokcuaa Byrneuto. Y
TOHKMX MOpax YaCTUHOK LUUXTU, SKi MiOKOPSATLCS
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npegcrasneHa:

1. yTBOpEHHS OkcukapOigy;

2. posknagaHHs okcukapbigy 3 YTBOPEHHSM
Cr203+Cr7Cs;

3. posnag CO 3 yTBOPEHHSIM CaXKUCTOro BYIMneLo;
4. yTBOPEHHS METaHy;

5. NnepeTBOpEHHST MeTaHy;

6. rasudikauia C Ta noganbLua rasudikadis kapbi-
AiB;

7. perynoBaHHA cknagy rasoBoi a3 3a 4OnoMo-
roto peakLii BogsiHOro rasy.

Pe3ynbTatn ekcnepyMmeHTanbHUX AocnigkKeHb
Ta Ix obroBopeHHA. KiHeTuka npouecy rasudikauii
3anexnTb Big LWBMAOKOCTI NEpeTBOPEHHS B rasosii
dasi, ByrneLeBoi NoBepxHi, a TakoX Big andy3inHuX
npoLeciB B NPUKOPAOHHOMY LUapi i nopax, Big Tennoo-
©MiHy. Lle BHOCWUTb CyTTEBI KOPEKTUBU B pe3ynbTaTtu
TEPMOAMHAMIYHMX PO3PaXyHKIB.

[MpoBeneHi BUMIPIOBAHHS LWIBMAOKOCTI rasudikadii
Byrreuesunx marepianis 3a yyactio COz i H20, otpu-
MaHi pesynbTaTu NpeacTaBneHi Ha pucyHkax 4, 5.
BoHK nokasytoTb Benuki nepesarn napoBol rasundika-
Lii TBEPAOro BYrMeL o He3anexHo Big Moro peakuiiHol
30aTHOCTI.

100
3 //;
® o
) VAAS ¥k
mEy
=b 40 on
- 2
20 A 1
0

0 5 10 15 20 25
Yac, x8
Puc. 5. Bnnue razogasHoro cknagy Ha KiHeTuky
rasudikadii  pisHUX ByrneuesBux Matepianis npwu
1273K: 1, 2, 3 — gepesHe Byrinng; 4, 5, 6 — niponir-
HiH; 1, 4 — 70% CO2+Ar; 2, 5 — 70% CO2+Hz;
3,6 —70% CO2+H20

3aKOHaM KHYOCEHOBCBHKOrO MOJIEKYNAPHOrO MOTOKY,
KOXEH 3 rasiB pyxaeTbCsa He3anexHo Bifg iHwux. MNpu
ubomy aundysinHui koediuieHT Dk 06epHeHo nponop-
LiMHWA KBagpaTHOMY KOPEHIO 3 MOMEKYNApHOI mMacu
rasy. Omxe, npu byab-akoMy andysinHoOMy MexaHi3mi
TpaHcnopT H2-H20 BinbyBaeTbes wenaLe.

MpoBeneHo aeTanbHWIA aHani3 ocobnueocTen aa-
copbuinHo-ximiuHMX B3aemopin CO2 Ta H20 3 TBepaum
BYrfeueBnM Matepianom. 3akoHOMIpHOCTI agcopb-
LiIMHO-XiMIYHMX B3AEMOAIN Yy npoueci rasudikauii na-
pOM Ta OiOKCMAOM BYrIIEL0 BUBYEHO LLUMSIXOM BUMIPIO-
BaHHS LUBWAKOCTI NOBEpPXHEBUX peakuin. Lli Bumipto-
BaHHA Oynu NpoBefeHi METOAOM iMMYNbCHOI ra3oBoi
XxpomaTtorpadii, Lo 403BONUIIO BUKOHYUTU BNAMB M-
dy3iNHOro rasoobmiHy Ha pesynbTaTi AOCHIOKEHHS.
OTpumaHi gaHi HaBeaeHi B Tabnuui 1.
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Tabnuus 1. LenakicTe noBepxHeBuUx peakuin Byrneyto 3 CO2 i H20

Twn Byrneuto Temnepatypa, K PeakuinHuii ras Wenakicte rasudikadii, %/c
Mpadhit 1223 CO2 0,044
H20 0,110
1273 CO2 0,60
H20 0,206
HepeBHe Byrinns 1223 CO2 0,308
H20 0,605
1273 CO2 0,431
H20 1,460

HaeegeHi pesynbTatm gocnigpkeHb cBigyaTb MNpo
3HayHi NnepeBaru NapoBoi rasudikadii Byrnewto B nopi-
BHSAHHI 3 Byrnekvucnmm rasom. Li nepesarn 36inbLuy-
I0TbCS 3 NIABULLLEHHSIM TeMnepaTypu.

lMpoBeaeHO po3paxyHOK LUBUAKICHNX XapaKTepuc-
TUK rasuncpikauii Byrnewto, pesynbtatv NpeacTaBrieHi B
Tabnuui 2.

Tabnuus 2. LWBunakicHi xapakrepuctuky rasudikadii Byrneuto

Mpouec T.K (%CO,)pa (%CO,)FEY®- Vi3m0, TC/XB

1173 77,1208 2,3687 15,8451

FesOs—FeO 1273 81,7582 0,6135 19,0289
1373 85,1125 0,1892 21,5949
1473 87,5862 0,0682 23,9311
1173 0,0068 2,3687 0,5006

Cr205—Cr 1273 0,0178 0,6135 0,1406
1373 0,0252 0,1892 0,0172
1473 0,0424 0,0682 0,0070
1073 0,2104 10,3477 1,8024

Cr205—CrsCa 1173 0,2016 2,3687 0,4594
1273 0,1944 0,6135 0,0927
1373 0,1885 0,1892 0,0002
1473 - 0,0682 -

AHaniz gaHux niaTBepaXye ABOMaHKOBY MoAenb
BIOHOBMNEHHS, B SKi LUBUAKICTb NpoLecy Bu3Ha4a-
€TbCSA NaHKOM rasudpikadii Byrnewo.

Ons iHTeHcudikauii npouecy rasvdikauii HeobXxi-
[OHO BUKOPUCTOBYBaTW METOAM, LLIO NPUCKOPIOKOTL XiMi-
YHY peakujlo: TemnepaTypy, 30BHILLHIA TUCK, PO3MIp
HasiBHOI peaKuiNHOI NOBEpXHi, XiMiKO-kaTamniTu4Hi Ta
iHWI Aii Ha pearytody cuctemy. HanbinbLu NpUAHATHUM
MeToaoM iHTeHcudikauil npouecy rasudikaii € xi-
MiKO-KaTaniTU4HUI  BNMMB Ha pearyldy cuctemy,
TO6TO BBEAEHHS KaTaniTU4HNX 40OABOK.

EkcnepumeHTanbHO BCTaHOBMEHO, L0 BBEAEHHS B
cuUCTeMy MeTaneBoro 3anisa 3Ha4yHO MPUCKOPOE NPo-
uec rasudikalii Byrnewto, ane €QuHOro nornsgy Ha
MexaHi3m Takoro edekty Hemae [6, 7]. HanbinbL Tic-
HUM 3B'A30K MK KaTamniTU4YHOO [iet0 MeTaneBoro 3a-
ni3a i JOCKOHanNICTIO NOro KOHTaKTy 3 TBEPAMMU BYrie-
usMm 6yna nokasaHa B gocnimpkeHHsix [8]. LapyeaTa
CTPYKTypa rpadoiTy Cnpuse XopoLoMy KOHTaKTy TBep-
OUX peareHTiB | NposiBY aBTOKaTarisy Ha no4aTkoBoMy
etani B3aemogii. IMigTpMMuUi LUbOro KOHTaKTy crpusie

CUNbHEe yCaPKEeHHS MOPOLLKY LUMXTU B NPOLIECi BigHO-
BNEHHs. [lepeTBOpeHi nNpu KpucTanoXimidyHux nepe-
TBOPEHHSAX OKCUAHI hasu sk 6r TArHYTLCS OO LEHTPIB,
pO3TaLlOBaHMX BCepeauHi peakuinHoro ob'eMy cymili.
Lle oTpumano Ha3By «KONEKTUBHa KpucTanisauis» Ho-
BMX ¢a3. Hanbinbw ycniwHo BiH po3BMBaeTbLCH Noo6-
nn3y 3epeH rpadity, 3abesnevyoun igeanbHUA KOH-
TaKT 3 MeTaneBuM 3ani3oMm, LWo opMyeTbCA. Pesynb-
TaTu gocnigpkeHb cBigYaTb Npo Te, WO MeTanese 3a-
ni3o npuckoproe razudikaLlito pisHMX TUMIB ByrreLeBux
BiJHOBHWKIB, ane CTyMiHb AOCArHYTOro MPUCKOPEHHS
HeoHakoBa. BoHa cunbHO 3anexuTb Big BMacTUBOC-
Ten TBEpOoro BYrnewuto i JOCKOHANOCTi KOHTaKTy BYyr-
neuesoi i MeTanesoi ¢as.

EdektnBHMM cnocobom iHTeHcuiKkaLii okucnioBa-
NbHOI rasudikauii TBepaoro ByrfeL, a Takox Byrne-
LLeBO-TEPMIYHOMO i KOMMSIEKCHOrO BiAHOBIIEHHA B Lii-
noMy € BBEEHHS B LUNXTY HEBEMUKUX KifTbKOCTEN Cno-
NyK NyXXHUX MeTanis. Ha pucyHky 6 npeacrtasrneHi ge-
AKi pe3ynbTaT OOCTiIKEHHS.
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Puc. 6. Bnnme gobasok Ha KiHeTuKy rasudikauii rpadity (a) i niponirniHy npu 1273 K pisHumu rasamu:
1,3,5-CO0z2 2,4, 6 - H20; 1, 2 — 6e3 gobasok; 3, 4 — 1% Na2COs; 5, 6 — 1% KCI

EkcnepyMmeHTanbHO BCTAHOBMEHO, LLO iHTEHCUDI-
Kauis peani3yeTbCsl 3a paxyHOK BMIMBY Ha agcopO-
LinHo-ximiuHy naHky. CymapHa agcopbuis CO2 Ha no-
BepxHi Byrneuto B npucyTtHocTi Na2COs 36inbLiyBa-
nacs B 4-5 pasis.

Pesynbtatv gocnimkeHb [7] cBigyatb npo nepe-
Bary napoBoi rasudikadii Byrnewto B NOPiBHAHHI 3 BYr-
NEKUCIMM ra3om, sika 36iNbLIyeTbCA 3 NigBULLEHHAM
Temnepatypu. LLBmakicHi nepeBarn nepeTBOPEHHS
napu obymMOoBIEHi NOEAHAHHAM Andoy3iHOro i agcop-
OUiiHO-XiMiYHOrO MpoLEeciB.

CxeMa MexaHi3my rasudikadii moxe 6yTn onncaxa
Ha OCHOBI igewn, po3pobneHux asTopamu [9, 10]. O6u-
OBi reTeporeHHi peakuil rasudikauil noymMHarTbCA 3
YTBOPEHHSA NOBEPXHEBUX aACcOPOLiNHMX KOMMNIEKCIB:

Cn + CO2 = Cn(0O)anc(CO)anc, (7)

Cn + H20 = Cn(O)aac(H2)agac. (8)

£k BXXe roBopunocs BuLle, yTBOPEHHA BOOHEBO-BY-
rneLeBmx KOMMNIEKCiB Mae NeBHi nepesarn. BoHun poc-
TYTb 3@ paxyHOK BENuKOI Pi3HULi B eHepril XiMiYHUX
38'a3kiB B monekynax H2xO i CO2, ski cknagatoTb
467,60 707,79 k[x/monb B 3B'askax O-H i C-O signo-
BigHo [11]. HactynHum eTtan rasudikauii Byrmneuto
BKItovae B cebe gecopbuito CO i Hz, o He noB'azaHo
3 pyWHyBaHHAM CTPYKTYpW BYrreueBoro marepiany i
He BUMarae BEJIMKUX EHEPreTUYHUX BUTPAT:

Cn(O)a,qc(CO)a/:Lc = Cn(O)anc + CO, (9)

Cn(O)anc(Hz2)anc = Cn(O)anc + Ha. (10)

3aBepluanbHUii eTan po3rMsHyTMX peakuin Mae
iAEHTUYHI YMOBU — BiH BMMara€e 3Ha4YHUX eHepreTuy-

HUX BUTpPAT, OCKINIbKM MOB'A3aHNA 3 BUIYYEHHAM aTo-
MiB BYrfeLto 3 KpUCTaniuyHOi PELLiTKN BYrMeLto:

Cn(O)a,qc = Cn1 + CO. (1 1)

Omxe, nigBuLLEeHi LWBMAKOCTI aacopbLuinHO-XiMiu-
HWX B3aemofin peakuii (1) B OCHOBHOMY NOB'A3aHi 3
ymMOBaMU pO3BUTKY nepLuol ctagii rasudikadii TBep-
[O0ro ByrneLo.

3HayHuWI iHTepec NpeacTaBnse BUBYEHHS 0CcObnu-
BOCTeW rasudikauii ByrneLesnx maTepianis 3a y4acTio

cymiwen CO2-H20. Pe3ynbTaT OesKMX NPOBEAEHUX
HaMK JOChigKeHb NoKa3aHi Ha PUCYHKY 5. MNopiBHAHHS
eKkcnepuMeHTarnbHUX gaHWX Nokasye, Lo cyMa LBUAa-
kocTen rasndikauii Byrneuto CO2 i H20, 3gincHioBaHNx
KOXXHUM 3 OKUCHIOBA4iB OKPEMO, MOCTYNaeThCA LUBMA-
KOCTi mpouecy B NPOTiKaHHi CyMiLli Lmx rasis. Taka He-
aOQMUTUBHICTb OTPUMAHUX pe3ynbTaTiB MPYHTYETLCS Ha
HacTynHux npuunHax. Buwe ~ 1073 K cnopigHeHicTb
H2> no kucHio Binble, Hixk go CO. Pa3om 3 BMCOKOMO
KOHUEHTpaLielo BYrnekucroro rasy B rasosin ¢asi ue
3abeanevye xig peakuii (1). BogaHun nap, wo perexe-
pyeTbes, iHTeHCUikye rasvdikauiio Byrnewto, 3abes-
ne4vyoun HeaQUTUBHICTb pe3ynbTaTiB MpoLecy 3 pos-
JinbHO0 i 3aranbHolo nogadyeto B peaktop CO2 i H20.
Hiokcug Byrneuto 6epe ydacTb B rasvdikauii Byrnewo
He Tinbkn GesnocepegHbO, ane i onocepeaKoBaHo,
TOMY LLIO OKMCoBanbHUn noteHuian CO2 goaaTkoBo
BMKOPUCTOBYETBLCS 3@ PaxyHOK NOCepPeaHMLTBA BOOHIO
winsxom peakuii (1).

[NpencTaBneHi pesynbTaT JOCNiMKeHb PO3KpuBa-
IOTb MPUYMHU PO3BIKHOCTI MiXK TepMoavHaMIYHUMM
MOXIMBOCTSIMU | pearibHUM CniBBIOHOLEHHAM LIBUA-
KOCTeln peakLiv rasudpikauii TBepaoro Byrneo 3a yy-
actio H20 i COz. lNepeBarn ocTaHHIX BU3Ha4YalOTbCA
BinbLU iIHTEHCMBHUM PO3BMTKOM AMY3iNHOIO razooo-
MiHy i aacopOuinHO-XiMiYHUX B3aemogii 3a y4dacTio
H20-Ha.

BucHoBku

BukoHaHO TepmMoaMHaMIYHO Ta KIHETUYHUIA aHani3
npouecy OKMCHOI rasudpikauii Byrmeul Ta kapligy
XPOMY Pi3HVMMMW ra3oBMMM OKMUCIOBaYaMW.

AncopbUinHO-XiMi4HI 3aKOHOMIPHOCTI Y NpoLueci ra-
3udpikauii 3a yvactio H20 Ta CO2 BUBYEHO LLINSAXOM BU-
MipIOBaHHS LUBMAKOCTI MOBEPXHEBUX peakuii, BOHMU
cBig4aTb Npo nepesaru rasundikadii BOAsSHOI napw.

EkcnepumeHTanbHO NiagTBEpAXXEHO BMMB Ha Npo-
Lec rasudikauii pisHux opm ByrneLieBux marepianis,
KaTanitTuyHux gobaBok, WO iHTeHcuadikye. MokasaHo,
Wo KaTanitmyHi gobaBku iHTEHcUiKylOTb aacopo-
LiIMHO-XIMIYHY NaHKy.
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Xpuuukoe B.€., Mensiino 0.B., Cemenos A./]., Kosaavuyk B.I., CemeHnoga T.B.
TexHik0-eKOHOMiIYHI 0C00JIMBOCTI BUKOPUCTAHHS KOKIJIIB 3 JIMTUMHU
KaJi0OpaMu NIPY BUTOTOBJIEHHI MPOKATHUX BAJIKIB VISl COPTOBHX
NPOKATHHUX CTAHIB

Khrychikov V.E., Meniailo 0.V., Semenov A.D., Kovalchuk V.1, Semenova T.V.
Technical and economic features of using chill molds with cast
gauges for producing rolling rolls for section rolling mills

Mema. YdockoHanumu mexHosozito 8UupobHUYmMea NpokamHuX arsikig 3 IuUmumu Kaniépamu i SMeHWUMU YmeopeHHs
103006XKHIX 2apsYUX MPIWUH Npu numMmi 8 cmauioHapHi nueapHi gpopmu. Memoduka. OujHro8aHHsI echekmusHoOcmi po-
3p0brIeHUX MEeXHOO2IHHUX MPOono3uyili Mpo8odursu o po3amipy 8idbineHozo wapy YasyHy Ha cepilHuX i ekcriepumeHma-
JIbHUX MNPOKaMHUX easikax i 0ocrniOHUX nabopamopHUX 8UTUBKaX 8UMIPIO8aIbHUMU pUCMpPOosMU, sKi npolwiniu depxas-
Hul Memporo2iyHUl KOHMPOIb 8 yMo8ax [JHinpornemposcbko20 3a8o0y MPOKaMmMHUX 8aslKig 32i0HO OitoHUMU MEXHIYHUMU
ymosamu. Pesynbmamu. OCHO8HO NPUYUHOK 8UHUKHEHHST MO3008XHIX eapsyux mpiwuH rpu aummi earnkie 3 numumu
Kanibpamu € HewlinbHUll KOHMaKkm KOKIfIbHUX HarieghopM o niaowuHi po3'’emy. ToMy rpu oxorno0XKeHHI eanka wap 3a-
KpucmarizogaHo20 Memarly 8 30Hi 8epmuKanibHO20 PO3'eMy MeHWUU, HiX Ha iHWOI NogepxHi Kokint. TeepdiHHA memarny
CYrnpoBoOXyemMbCsi ycaoKot, BUHUKaOMb HarnpyXeHHs, siKi peaniayrombcsi 8 mpilyuHy Ha OifsiHKax eunueka 3 MeHWoH
mosuwuHor 3ameepodinozo wapy memary. Po3pobreHo i ycniwHo eunpobysaHo cknad 3ama3sku WinuHu MiX Hanieghop-
Mamu KOKinie 3 namyHHoi, 6poH3080i ma MiOHOI cmpyXKu 3 po3mipamu YacmuHok 0o 2,0 mm i 3 piOkum cknom. [ns
36inbweHHs weudkocmi 8idgedeHHs1 meria 8i0 meepditoyo20 Memary WinuHy Mix Hanieghopmamu Kokirnie 3agaprogarnu
mioHumu enekmpodamu. OdHak ix sucoka eapmicmbe ma HeobXiOHICmMb MOCMIUHO 8UKOHy8amu 38aptogaHHs1 neped 3asu-
8aHHSIM YagyHy obymosuria po3pobKy mexHooeil Tummsi KOKIfto i3 3anumumu o niaouuHi po3'eMy nocmiliHumu ecma-
8kamu 3 Midi moswjuHoto 3 mm. @opma mopuesoi nosepxHi midi gidnosidana npoginto Kanibpie 4agyHHO20 KoKinto. B
HO80OMY KOKini 8idniumo 6e3 deghekmie mpu sarska, wo npusHaydeHri s npokamy nemexa Ne 149/[]. BunpobyeaHHs KOKio
3 MiIOHUMU 8cmaeskamu rpodoBXKyoMbCSl 3 MEMOH OUIHKU MepMiHig U020 Ccryxbu ma eKoOHOMIYHOI e¢ghekmugHOCMI 8ripo-
8a0xeHHs1 8 ekcrilyamauito. Haykoea Hoeu3Ha. Po3pobneHo i ycriwHo eunpobysaHo ckrinad 3aMasku WirluHU MiX Hari-
schopmamu Kokirnie 3 namyHHoI, 6poOH3080i ma MIOHOI cmpyKu 3 po3mipamu 4acmuHoK 00 2,0 MM i 3 piOKUM CKITOM.
P0o3pobrieHO KOHCMPYKUY,isi ma 8id5iumo KOKiflb i3 3arnumumu 1o riowuHi po3'emMy nocmitiHUMu ecmaskamu 3 mMidi, mop-
uesa nosepxHs sikoi eidnoesidana npoghinto kanibpie YagyHHO20 Kokino. B Hosomy Kokini 8idnumo mpu sarnka 6e3 degpe-
Kmis, sKi sidnipaeneHi 0nsi ekcrimyamaduji. [pakmuy4Ha 3Havyywjicmb. BukopucmarHsi po3pobrieHux ckiadie 3amasku wji-
JIUHU MK Harieghopmamu KOKirig 3abe3neyurnio 3aMeHweHHs1 bpaky rno no3008XHiM 2apsyum mpiwuHam. Po3pobrieHo
KOHCMPYKUit0 KOKIHo i3 3arnumumu o naowuHi po3'eMy nocmiltHumu ecmaskamu 3 midi, siki 36inbuwiunu weudkicms 8io-
8e0eHHs1 menna i ycyHyrnu no3008XHi eapsivi MpilyuHU Ha easikax.

Knro4doei crioea: npokamHuli 8as10K, KOKirb, numi Kkanibpu, 2aps4i mpilyuHu, yCyHEHHS.

Purpose. To improve the production technology of rolling rolls with cast gauges and to reduce the formation of longitudinal
hot cracks during casting in stationary molds. Methodology. The efficiency of the developed technological solutions was
evaluated by measuring the thickness of the chilled cast iron layer on both standard and experimental rolling rolls, as well
as on laboratory test castings. Measurements were carried out using devices that passed state metrological certification
under the conditions of the Dnipro Rolling Roll Plant, in compliance with current technical specifications. Findings. The
primary cause of longitudinal hot cracks during the casting of rolls with cast gauges is the insufficient contact between the
mold halves along the parting plane. As a result, the layer of solidified metal in the vertical parting zone is thinner than on
other surfaces of the mold. Metal solidification is accompanied by shrinkage, creating stresses that lead to cracking in
areas with thinner solidified metal layers. A sealing paste was developed and successfully tested for filling gaps between
the mold halves. The paste consists of brass, bronze, and copper shavings with particle sizes up to 2.0 mm mixed with
liquid glass. To increase the heat dissipation rate from the solidifying metal, the gaps between the mold halves were also
welded using copper electrodes. However, their high cost and the necessity for constant welding prior to iron pouring
prompted the development of a new casting mold technology. This technology involves casting molds with permanent 3
mm thick copper inserts along the parting plane. The end surface of the copper inserts matched the profile of the gauges
in the cast iron mold. Using the new mold, three defect-free rolls intended for the rolling of plowshares (149D model) were
successfully cast. Tests of the mold with copper inserts are ongoing to evaluate its service life and the economic feasibility
of its implementation. Originality. A sealing paste composition for filling gaps between mold halves was developed and
successfully tested. The paste comprises brass, bronze, and copper shavings with particle sizes up to 2.0 mm and liquid
glass. A mold design with permanent copper inserts along the parting plane was developed and cast, with the end surface
of the copper matching the profile of the gauges in the cast iron mold. Using the new mold, three defect-free rolls were
produced and dispatched for operational testing. Practical value. The use of the developed sealing paste for filling gaps
between mold halves reduced rejects caused by longitudinal hot cracks. The new mold design, with permanent copper
inserts along the parting plane, increased heat dissipation rates and eliminated longitudinal hot cracks on the rolls.
Keywords: rolling roll, chill mold, cast gauges, hot cracks, elimination.
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Bcryn. OpHielo 3 OCHOBHMX 3aBOaHb PO3BUTKY
NPOMWCOBOCTI YKpaiHW € JOKOPIHHE NOMIMNLWEHHS SIKO-
CTi Ta pO3LUMPEHHS COPTaMeHTY NpokaTy Ta Tpyb 3 Yo-
PHUX Ta KONMbOPOBUX MeTaniB. [ns BUKOHAHHA LbOro
3aBAaHHA HeobXxigHO noaanblue MOKPaLLEeHHsT SKOCTi
OCHOBHOrO 3MiHHOrO 0bnagHaHHA CTaHIiB - NPOKaTHUX
BarkiB, Bif SKNX 3aNeXWUTb NPOAYKTUBHICTb CTaHy, BU-
TpaTa BaskKiB Ha TOHHY NpokaTy, NMPOCTOI CTaHy Ha ne-
peBarky, sKicTb i cobiBapTiCTb NPOAYKL;i, LLO NpoKaTy-
ETbCS.

Bci Banku NOBUHHI MaTW 3HOCOCTIMKUIA | TEPMOCTIl-
KA (ans BaskiB rapsvyoro npokaTyBaHHS) pobounii
Wwap, MiUHy i B'A3Ky cepueBuHY OOuYkM i wwuiok [1].
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Banku BignmeatoTb 3 YaByHy (=90%) i 3aeBTEKTOIAHOI
cTani, a yacTka KoOBaHVX BaskiB cknagae =5% [2]. Ba-
XINMBUM MOKa3HUKOM 3HOCOCTINKOCTiI BarkiB € TBep-
aicTb poboyoro wapy 604kM, sIKy BigobpaxatoTb B
oamHuusx LWWopa, i noro rmmubuHa B mm [3].

JInBapHi opmn AN BUrOTOBMNEHHSA NPOKaTHUX Ba-
NKiB CKragatoTbCs 3 Takux enemeHTiB (puc. 1): nilaHo-
FAVHUCTOT (OOPMU HWKHBOT LLMIKK (2, 3), KOKINbHOT Ya-
cTuHU (5), wo dopmye 6ouky Banka (6), niLaHo-rnu-
HUCTUX POPM BEPXHLOI Wniku (7, 8), Hagnueis (9 - 11)
i enemeHTiB NUTHUKOBOI cuctemu (12, 13, 17). YncTosi
po3mipu Banka (micnsi mexaHiyHoi o6pobkun) oOBeaeHi
TOHKMMU RiHisMuK (amB. puc. 1).

12 I3

14

|

|
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Puc. 1. Cxema dopmn Ansa nUTTS Barnkie 3 rnagkoro 604Ko i 3 NMTUMK Kanibpamm (TOHKMMUK NiHIgMK
no3Ha4yeHi YNCToBI po3Mipu BarkiB) [3]: 1-gBOMICHWMIA NigOoH; 2-chopMa HKHBOI LLMIKK; 3-hopMyBarbHa
CYMILL; 4-HDKHS LUMINKa NPOKATHOIO Barsika; 5-Kokinb; 6-604ka MpoKaTHOroO Barka; 7-BEpXHs LUMKa Npoka-
THOrO Barnka; 8- «3aknageHHsa» - oopMyBarnbHa CyMmil B Kokini; 9-dpopma Hagnmey; 10-dpopmyBanbHa cy-
Miw Hagnvey; 11-Hagnue; 12-ninka; 13-cTosik; 14-BUCTYN kanidpy Kokint; 15-3anaguHa kaniopy Kokinto;
16-KOKiNb 3 NUTUMK Kanibpamu i BepTrKanbHNUM po3'eMOM; 17-TaHreHuianbHUIA XXUBUIbHUK
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3anuBaHHs bopM Yepes CUDOHHY NUTHUKOBY CUC-
Temy 3 TaHreHuianbHUM MNigBEeOEHHSIM XUBUIbHMKA B
HWKHIO LWIKMIKY Banka (17) 3abesnevye iHTEHCUBHE
06epTaHHA posnnaBy y dopMi i, 3a paxyHOK LbOro,
BIOTUCHEHHA LUMAKOBUX i HEMEeTaneBuX BKMOYEHb 3
po6oyoro wapy 604kM B OCbOBY 30HY.

YaByHHMI KOKiNb (5, 16) 3abe3nedvye iHTEHCUMBHE
BiBEeAEHHA Tenna nNpu KpucTanisadii metany B noyar-
KOBWUI Nepiof, OXONOMKeHHs1 poboyoro Lwapy 604ku Ba-
nKa i opMyBaHHS 3HOCOCTINKNX, ane KPUXKUX LeMeH-
TUTHUX CTPYKTYp [4]. TBepaiHHA LWMMOK B MilaHo-
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MMUHUCTMX [2] abo B XiMiYHO TBepAitoumx cymilax [5]
CNpusie 3MEHLLEHHIO BiaBedeHHs Tenna. ToMy B CTpy-
KTYpi YTBOPHOETBLCS HE3HAYHA KiNbKICTb KPUXKOI Lleme-
HTUTHOI CKNagoBoOIl, WO NiaBMWYE i3nKo-MexaHiyHi
BMacTMBOCTI | ekcnnyaTauinHy cTikicTb Bankis [1].
Mopanblunin HarpiB KOKiNO i yTBOPEHHS YyCaako-
BOrO 3a30py MK BOYKOK Bamnka i KOKinem 3MeHLuye
LLIBUAKICTb OXONOMKEHHS meTany [2] i obymosnitoe ¢o-
pMyBaHHS B NnepexigHoOMy i OCbOBOMY Luapax 604ku
rpagitoBMx BKIHOYEHDb (pUc. 2). Linm 3abesnevyeTtbes
36inbLUEeHHS MiLHOCTi OCbOBOI 30HM Barlka.

Puc. 2. MakpocTpykTypa 604ku npokaTHOro Banka giametpom 431 Mmm
3 BUbineHoro 4aByHy, mac. %: C-3,75; Si-0,44; Mn-0,39; P-0,38; S-0,14;

Cr-0,73; Ni-1,81; Tsan = 1305 °C [2]

3acTocyBaHHs BiOUEHTPOBOIo CNocody NuUTTA Barn-
KiB JO3BOMSIE NIABULLMTU TBEPAICTb i mMubuHy pobo-
4Oro Lapy, MiLHICTb OCbOBOT 30HU, ane BUKOPUCTOBY-
HOTb KOKiNi Tinbku 3 rmagkoto 6o4koto. MoTivM y mexaHi-
YHOMY LIEXY Ha Barkax BMpi3atoTb kanidépu HeobXxigHux
po3mipiB. [Ins OTpMMaHHA BUNMUBKIB 3 BUCOKMMU Di-
3MKO-MeXaHIYHUMKN BracTUBOCTAMM LUBUAKICTL 00ep-
TaHHS pigKoro MeTany i nMBapHoi hopmu NiABULLYIOTb
0o =1000 o6/xB. Lle BuMarae HasiBHICTb cnewianbHOro
yCTaTKyBaHHS, CTPOroro AOTPUMaHHS TEXHOJOMNYHOro
npoLecy NUTTS | BATOTOBIEHHS KOKIiNiB 3 TOYHO oAHa-
KOBO TOBLUMHOI CTiHKM, LLIO YHEMOXITUBIIHOE EKCLEH-
TPUCUTET Npu 06epTaHHi MacMBHOI CUCTEMM | BUTOTO-
BMNEHHS KOKiNiB 3 NMTUMK Kanidpamu. Kpim Toro, oan-
HWYHe Ta ApibHOCcepinHe BUPOOHWULTBO BarkiB ycKnaa-
HEHO TUM, L0 HaBiTb AN OOHOro NPOKaTHOrO CTaHy
pOo3Mipwn | TBEPAICTb BarnkiB 3MiHIOIOTLCA B Pi3HUX KIli-
Tax. ToMy Ang Barkis pisHMX Mac i po3mipis HeobxiaHO
MaTu HeoOHaKoBi BiALUEHTPOBI MaLLMHK, SIKi BpaxoBy-
I0Tb TaKOX MiABULLIEHY BiOpauilo Yepe3 BUHUKHEHHS
YCaAKOBOIo 3a30py MK KOKifieM i BUNIMBKOM NPW KpUC-
Tanisauji. Takmm YMHOM, BiALEHTPOBUM CNocoboM BU-
rOTOBNATb 0OMEXEHY HOMEHKIATYPYy, B OCHOBHOMY,

NUCTOBMX BarsKki..

BurotoBneHHs BankiB Ans COPTOBMX CTaHIiB B CTa-
LioOHapHMX nMBapHMX opMax 3 rnagko OoYKoH
(ame. puc. 1a) i BUpi3aHHA kanibpiB HeOOXigHMX PO3Mmi-
piB 3MeHLUYe COBIBapTICTb BUPOOHULITBA B NMBAPHMX
uexax, ane HegoctaTHA rmMnbuHa pobo4yoro Lwapy Ha
BrnaguHax kaniopis 0bymMoBntoe 3MeHLLEHHS TpuBarno-
CTi ekcnnyarauii Takvx Barnkis [1]. BurotoBneHHs Ban-
KiB B KOKINsIX 3 NMUTMMK Kanibpamun 0o3BONsie nigsu-
wntn B 1,5-2 pasmn 3HOCOCTINKICTb MOPIBHAHO 3 rnaj-
KONMUTUMU Barkamu, 3HWXKYETbCS BUTpPaTa MeTany Ha
15-20% i 3meHLyeTbCS BOBIYI BEpCTaTHMI Yac nep-
BMHHOI 0OpobOKM Ta kanidbpyBaHHsi. Kpim Toro, nigsu-
WyeTbCcs TpuBanicTe Ge3nepepBHOi poboTU CTaHiB,
MOKPALLYETbCA AKICTb | TOUHICTb NpOKaTy, 3HUKYETLCA
BTPaTW COPTOBOro MeTarny y Burnsagi 6paky npy Hana-
LUTYBaHHi CTaHiB Nicns nepesarok.

OpaHak npu BUPOBGHULTBI COPTOMNPOKATHUX Barkis 3
nmTuMK - Kanibpammn  cnocTepiraeTbCs  NiABULLEHHST
Opaky 3 MakpOCTPYKTYpW, ra3oBMX PaKOBWH, rapaymnx
TPilWMH Ta iHWKX gedekTiB. Lle npM3BoguTb 4O 3HAuY-
HOro NigBMLLEHHS coBiBapTOCTI BaslkiB Ta 3HUXKYE KO-
HOMIYHUIA edeKT, Lo [J0oCAraeTbCAa 3a paxyHOK
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3acTocyBaHHS BinbLU 3HOCOCTINKMX Barnkis. Tomy BOo-
CKOHareHHs1 TEXHOJOrii BUPOOHULITBA BasIKiB 3 MUTUMMU
Kanibpamu ons copTonpoKaTHUX CTaHIB € OOHWUM i3 Ba-
XINMBUX 3aBAaHb BanbLENMBapHOro BUPOOHNLTBA YK-
paiHu.

MeTta. YOockoHanuTU TEXHOSOril0 BMPOGHULTBA
NpoKaTHUX BarkiB 3 NUTUMK Kanibpamu i 3MEeHLIMTH
YTBOPEHHSA MO3AOBXKHIX rapsaymx TPILMH NpU NUTTI B
cTauioHapHi nuBapHi dopmu.

MeToauka.

OuiHloBaHHA edEeKTUBHOCTI pO3pobNneHnX TEXHO-
NOriYHMX NPOMo3nLi NPoBOAMM MO PO3Mipy Biabine-
HOrO Luapy YaByHY Ha CEPINHKX i eKCnepMMEeHTanbHNX
npokaTHMX Barnkax i 4ocnigHux NabopaTtopHUX BUUB-
Kax BWMKOHYBanu 3 BUKOPWCTaHHAM BUMIpHOBANbHNX
NPUCTPOIB, SKi NPOWLINAN AepXKaBHUA METPOSOriYHUN
KOHTpONb B YyMoOBax [JHINpONeTpOBCHLKOrO 3aBoay

NPOKaTHMX BariKiB 3 y4acTHO NpaLiBHUKIB LEeHTpanbHoI
3aBOACLKOI nabopatopii i BigQiny TEXHIYHOro KOHT-
POIto 3rigHO AiYMMN TEXHIYHUMN ymoBamu [3].

Pe3ynbTatm.

YaByHHI Banku 3 nMtumm kanibpamm matote BinbLuy
eKcnyaTauiniHy CTINKICTb y NOPIBHAHHI 3 Bankamu rna-
ako nutumu [1]. OBymoBneHo ue TM, Lo Y rnagko
NUTKX BarkiB Npu BUpi3aHHi kanidpis 3MeHLLYy€ETbCA TO-
BLMHA poboY0oro wapy Ha BUCTyMy Kanibpy y nopis-
HSIHHI 3i BnaguHoto. OgHak 6pak BarskiB, siki 3anmBaloTb
y KOKini 3 nutumun kanidopamm (puc. 3), y oBa pasu Bu-
wmi. Tak, y BanbuenveapHomy uexy O3B gonyctu-
MWW BiOCOTOK Opaky rrnagko nUTUX BarskiB CTAHOBUTb
7%, a ans Bankis 3 nUTMMK kaniopamm — 14%.

OcHoBHVMM Bugamu 6paky BasnkiB € KinbLesi i N03-
AOBXHIi rapsdi TpiLLMHM Ha Bovkax. Y aaHin poboTi po-
3rMAHYTO YTBOPEHHS MO3A0BXHIX rapaynx TpPiLLMH
(puc. 4) i NPOMOHYIOTECA METOAN iX NoNepesKEHHS.

Puc. 3. Kokini 3 BepTuKanbHUM po3'eMOM 45151 BUPOOHMLTBA BasKiB 3 MATUMK Kanibpamu,
AIKi BUKOPUCTOBYIOTb HA COPTONPOKATHUX CTaHaXx 4119 BUTOTOBINEHHS KyTUKIB

Puc. 4. No3goBxHs rapsya TpiwpmHa Ha 6o4ui TpybonpokaTHOro Banka 3 nMtnm kaniopom
nobnuay 3’egHaHHSA OBOX NonydopM Kokinie: 1 — rapsya TpiwmHa; 2 — cnigu HegocTaTHLOI

TOYHOCTI 3'€QHaHHS MOJIOBMHOK KOKiNniB

Ona nigBuLLeHHs CTIMKOCTI MaTepiany BUNMBKY A0
YTBOPEHHSA rapsumx TpiWWH € pekoMmeHAauii B Teopil
nuBapHux npouecis [6-8]:

1. 3MeHLWwyBaTV po3Mip MEPBUHHOTO 3epHa BUNU-
BKa, Hanpvknag, WisxoMm MoaudikyBaHHs crnnasy.

2. Bnnneatun Ha po3nnas, WO KpucTaniayetbcs gi-
3UYHUMW MeTOAaMU, HanpuKag, ynbTpa3ByKoMm, ene-
KTPOMarHiTHUM nonem i T.n.
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3. 3abe3neunTn yTBOpeHHS Apyroi dhasu npu Kpuc-
Tanisauii cnnaBy, sika CTBOPWUTb LOAATKOBI LIEHTPU
KpucTanisauii.

4. MNigBAWUTN MILHICTb MDKKPUCTaNIYHUX rpaHuLi
32 paxyHOK 3MEHLUEeHHSA BMICTY JierkonnaBknx LOMi-
LLIOK.

5. 3MeHLIMTN TeMnepaTypHUn iHTepBan KpucTani-
3auii cnnasy.



6. BeBoantn y posnnas ynbTpagucnepcHi YacTuHKK,
AKi € 40AAaTKOBUMU LeHTpamun KpucTanisauii.

7. Beogntn y poannaes P3M abo iHLWi noBepxXHEBO
aKTUBHI ENeMeHTH.

8. MpwuckopuTn TBEPAiHHA chnaBy Yy 30Hax yTBO-
PEHHS TPILLUMH 3a paxyHOK 36inbLueHHs Tennosiage-
OEHHS B OKPEMUX YacTMHaX nMBapHoi hopmMm (BCTaHO-
BUTU 30BHILLUHI XONOAUNBHUKA, BUKOPUCTOBYBATK XpO-
MOMarHes3nToBi (hopMyBasbHi Cymilli i T.M.).

9. 3MiHUTK KOHdDIrypauito BUnnBKa, 3MeHLINTKM "ro-
CTpi" KyTW, NocTaBnTK pebpa >XOpCTKOCTi i T.M.

PosaTtaluyBaHHSA rapa4oi TPiLLMHM B 30Hi BepTUKarb-
HOro po3'eMy ABOX YaCTUH KOKiniB (auB. p1c. 4) noBToO-
PIOETLCSI HA Barkax iHLWMX po3mipiB i dopm kaniopis.
ToMy MPUYUHOK BMHUKHEHHST TPILWMHN € HELLiNbHNIA
KOHTaKT KOKINIbHUX HamiBpopm MO MMOLWMHI po3'emy.
BiH BMHMKae nicna 6-8 pasiB NUTTS BankiB B KOKinb,
SIKMIA HarpiBaeTbes 4o 500-600 °C i oxonomkyeTbes 3
BankoM. TOBLMHa 3a30py MOCTYMNOBO 36inbLUyeTbCA
BiA 4O 2-3 MM Ha BHYTPILLHiA noBepxHi kokino go 30
Ha 30BHILLHIN.

ToMy npu OXONOPKEHHI Barnka Lap 3akpucTaniso-
BaHOro MeTany B 30Hi BEPTMKaNbHOIO pPO3'eMy
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MEHLUWA, HPK Ha iHWOI noBepxHi Kokint. lNMepexig B
TBEpAY a3y CynpoBOLKYETLCH yCaAKO K LIEHTPY Ba-
nka, AiaMeTp 3MEHLUYETBCS, BUHMKAKOTh HaMpPY>XEHHS,
SKi peani3yloTbCa B TPILLMHY Ha AiNsiHKax BUNUBKa 3
MEHLLOIO TOBLUMHOIO 3aTBEPAINOro wapy metarny.

[nsa 3MeHLLEeHHs1 HeraTUBHOTO BMIMBY MOBITPSIHOMO
3a30py i CyUinbHOCTI MiXX KOKINbHMMMK HaniBdhopMamu
Ha [3IB BunpoboByBanu 3amasky BepTUKanbHOI LLj-
MIMHW CYMILLLLIIO YaBYHHOI CTPYXKW 3 PIOKUM CKIOM.
HesHauHe 3MeHLLeHHs1 Bpaky Oyno 3adikcoBaHo.

Tomy NigBULLIEHHS TENNIOAKYMYJTHOHYO 30aTHOCTI
3amasky po3pobrieHo cknaaw, WO cKnagatTbes 3 na-
TYHHOI, GPOH30BOI Ta MiQHOI CTPYXKKM 3 pO3MipamMu Ya-
ctmHok Ao 2,0 mMm. B gakocTi cnony4yHoro 3acTtocoBy-
Banwu pigke ckno.

EdekTuBHicTb 3amasku nepesipsanu B nabopartop-
HVX YMOBaXx Mpu 3anmMBaHHi YaByHy B KOkini @52 mm 3
BepTMKanbHum pod'emom (puc. 5). lMigBuwieHa rnu-
OuvHa Bigbiny Ha TexHonorivHin Npobi 6inga pos'emy pe-
KOMEHZOBaHOK 3aMaskol CBigunTb Npo ii BinbLuy
e(peKTUBHICTb, MOPIBHAHO i3 3aMa3Kol0 Ha OCHOBI Ya-
BYHHOI CTPY>KKW.

Puc. 5. TopueBa noBepxHsl BUnmnBka &52 mMm,
SAKUA OXONOKYBaBCHA Y KOKifi 3 BepTUKanNbHUM
pos'emMomM: 1 — BigbineHWn wap YaByHy B 30Hi 3a-
Ma3sku 3 Migato; 2 — 6e3 Bigbiny B 30Hi 3amasku Ya-
BYHHOI CTPY>KKOH

Tomy npu NUTTI Bankis anst 3HWKEHHs Gpaky no Tpi-
LMHaM pPEeKOMEHOOBaHO BMKOPUCTOBYBATU pPO3pO0-
neHi cknagm 3amasok. Npuyomy, nicns HaAHECEeHHS 3a-
Ma3Ku B 3a30p i3 BHYTPILLUHLOI CTOPOHM 3iOpaHuX Kari-
©poBaHUX KOKiNiB, BUKOHYBanu MiACyLUeHHSA 3ama3sKu
ra3oBuM ManbHUKOM.

B ymoBax BanbLiennBapHOro Liexy npoBoaunu 3a-
BapKy BHYTPILLIHLOT NOBEPXHi po3'eMy NpodinbOBaHNX
Kokinis migHumun enektpogamu tmuny 034-l. Tak, Kokinb
Ne 193 3 po3MipoM BHYTPILLHBOrO 3a3opy ~2,5 Mmm OyB

3aBapeHuin 10 MigHUMK enekTpodamn AiameTpom
3 mM. BukopuctoByBanu 3BaptoBarnbHUIA anapar noc-
TIKHOrO CTPYMY 3BOPOTHOI NONSAPHOCTI i cTpymom 90-
120 A.

3anvBaHHA Barnka B Lier KOKifb nokasano BiacyT-
HiCTb aedbekTiB 3aBOsSKM 30iNbLLIEHHIO BiOBEAEHHS Te-
nna B 3a30pi 3a JONOMOrol MaTtepiany 3 6inbLUoo Te-
NIONpPOBIAHICTIO, HXK Y YaByHHOro kokinto. OgHak Bu-
coKa BapTIiCTb MiAHMX €NeKTPOoaiB Ta HEOOXIOHICTb No-
CTINHO BWKOHYBaTWM 3BaplOBaHHA nepen 3anvBKOKO

15



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2004, Ne 4
Theory and Practice of Metallurgy, 2004, No. 4

YaByHy 3MyCWUIO BMKOPUCTOBYBaTW Oinblu AelueBi Ta
NPOCTi TEXHONOTIT — 3aMasKy 3 Bigxo4amu CTPYXKKW na-
TYHHOI, GPOH30BOI Ta MigHOI.

[1na 3aMeHLWeHHs TeXHONOriYHUX onepadin npu nig-
roTOBKM NuBapHOi hopMu Byno BiAnUTO KOKifb i3 3a-
NUTUMM MO NAOLLMHI PO3'eMY MOro BCTaBKaMu 3 Mifi TO-
BLwUHOW 3 MM. pryomy cdopma TopLieBOi NOBEPXHI
BignoBigana npodinto kanibpis 4aBYHHOrO KOKIfHO.
[na kpaworo 3'€egHaHHs 3 YaBYHHUM KOKifieM MigHMX
BCTaABOK O HUX NpuBaptoBanu npyTku -nofidHoi do-
pMn @3 MM Ta BUCOTOH 25-30 MMm.

[NpoBeaeHo Tpy AocrnigHi Nnaekun Ta 3anuTi Tpy Ba-
NKa, npusHadeHi anga npokaty nemexa Ne 149[1. Bigain
TEXHIYHOro KOHTPOSO 3aBOAY NPUIAHAB Barnku 6e3 3a-
yBa)keHb Ta BUNpaBfeHb. BunpobyBaHHS KOKifo 3 Mi-
OHVMW BCTaBKamMu MPOAOBXKYIOTbCA 3 METOK OLiHKM
TEPMiHIB NOro cnyxbu Ta eKkOHOMIYHOT ePEKTUBHOCTI
BMPOBAPKEHHS B €KCryaTaLlito.

BucHoBku.

OCHOBHOI NPUYNHOK BUHMKHEHHS MO300BXHIX ra-
PSYNX TPILUWH NpWU NATTI BarkiB 3 TMTUMK Kanidpamm €
HELLiNbHUIA KOHTaKT KOKINbHMX HaniBcpopm no niioLwuHi
BeEpTMKanbHOro po3'emy. ToMy Npu OXOSNOMKEHHI Ba-
NnKa Lap 3aKkpucTanisoBaHoOro Metany B 30Hi po3'emy
MEHLLWI, HXK Ha IHWOT NOBEpXHi Kokinto. MNepexia me-
Tany B TBepay a3y CynpoOBOOXKYETbLCA YCaAKOK K
LEeHTpy Barika, fiaMeTp MOro 3MEeHLUYETbCS, BUHUKa-
0Tb Hanpy>XeHHs, SKi peaniaytoTbCsa B rapayy TPiLnHY
Ha AinsHKax BUNMBKAa 3 MEHLLIOK TOBLLMHO 3aTBepai-
noro wapy meTtany.

Po3pobneHo cknag 3amasku LWiniMHM Mixk Hanisgpo-
pMaMu KOKifiB 3 naTyHHOiI, GPOH30BOI Ta MigHOT CTpy-
XKW 3 po3Mipamm YacTMHoK o 2,0 MM, a B SIKOCTi 3B'sl-
3YH04Oro — pigke cKrno.

[ns 36inblUeHHSN LWBWAKOCTI BiABEOEHHNA Tenna Bif
TBEPAIYOro MeTany LWifiMHy MK HaniBhopmamm KOKi-
niB 3aBaploBanu MigHUMW enekTpogamn. 3anvBaHHs
Bafika B Liel KOKiflb nokasano BiACYTHICTb AedeKTis
3aBAskM 30iNblLUEHHIO BiABeOEeHHs Tenna B 3a30pi
Migao 3 BiNbLUIOKD TENNONPOBIAHICTIO, HIXK Y YaBYHHOTO
Kokinto. OgHak BMCOKa BapTiCTb MiAHUX eNeKTpoaiB Ta
HeOobXigHICTb MOCTINHO BMKOHYBaTW 3BaptoBaHHA ne-
pen 3anvMBKOKO YaByHY 3MYyCUINO BMKOPUCTOBYBATU 3a-
Ma3Ky 3 Bigxogamu CTPYXXKM BpOH3K, naTyHi i migi.

[N 3MeHLIEeHHA TEXHOMOrYHUX onepadin npw nig-
rOTOBKM NBapHOi OopMK i 30iMbLUEHHST LWIBWOKOCTI
BiABeOEeHHA Tenna Bi4 TBEpPAito4oro metany BignvMTo
KOKiNb i3 3anMTUMM MO MOLWMHI po3'eMy MOCTINHUMMN
BCTaBkaMu 3 Migi ToBLMHOK 3 MM. Mprnyomy, dhopma
TOpLIEBOI NOBEPXHI Bignosigana npodinto kanibpis ya-
BYHHOIO KOKinto. B HOBOMY KOKini BiAnuTo Tpun Barnka,
LLIO Npm3HadeHi Ansa npokaty nemexa Ne 149[1. BTK 3a-
BOAY NPUIHSAB Banku 6e3 3ayBaxkeHb Ta BUMpPaBIieHb.
BrnpoByBaHHs KOKiNto 3 MigH1MMK BCTaBkamy NpoaoB-
XYIOTbCA 3 METOK OUIHKM TEPMIHIB MOro crnyxbu Ta
E€KOHOMIYHOT ebeKTUBHOCTI BNPOBaKEHHSI B EKCMly-
arau,ito.

Cnig Big3Ha4MTK, WO BMKOPUCTAHHS KOKiNiB 3 nun-
TMMK Kanidbpamn noTpebye 3HaYHWMX 0OAaTKOBMX BU-
TpaT Npu NUTTI KOKINIB i IX eKcnnyaTauii, a 3MEeHLLEeHHS
meTany Ha 15-20% npu nuTTi i MexaHiYyHOMy 06po6-
NeHHi Barnkis npu kanibpyBaHHi He ycyBa€ BCi BUTpaTh
nuesapHukKie. EKOHOMIYHWIA edeKT Bif BUKOPUCTaHHS
Bankis 3 nuTUMKM Kanibpamu MOXMIMBO OTPUMATU
TiNbKM Npm iX ekcnnyaTauii Ha NpokaTHUX CTaHax 3a
paxyHoK nigBuLLeHHs B 1,5-2,0 pa3u 3HOCOCTIAKOCTI
NOPIBHSAHO 3 rMaAKONUTMKM Bankamm, TpuBanocTi 6es-
nepepBHOI pobOTK CTaHiB, NOKpaLLEHHS AKOCTI i ToY-
HICTb NpoKaTy, 3HWXKEHHS BTpaT COPTOBOro MeTany
npu HanawUTyBaHHI CTaHiB Nicns nepeBarok.
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Research on particle jamming in the openings of a freely laid sieving
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3aceascubkuii B.H., lTonosoe /I.B.
JocaigskeHHs yMOB cTa0i1i3a1il TPaHYJIOMETPUYHOT0 CKJIAXY
METAJYPriiiHOI IUXTH MPHU BIOpaniiHoO-y1apHii ii 00po0wi

Zaselskyi V.Y., Popolov D.V.

surface of a vibrating screen

Mema docnidxeHHs1 nonsizana y gu3HadyeHHi ymos cmabinisauii epaHyriomMempu4Hoeo ckrady asromepamy ¢hpakuieto
5...40 mm winsixom eibpauitiHo-ydapHoi 06pobku Ha 8inbHO yKnadeHil cisyilti nogepxHi 8ibpauiliHo2o epoxoma. Y pobomi
3acmocogaHo aHanimuy4Hul nioxid ma yucesbHe MOOet08aHHs, SKi 8paxo8yomb KiHEMamuky pyxy YacmuHOK Ha cisdyiti
rnosepxHi. lpoyec posansidascs y 0sa emanu: crifbHUU PyX i3 CisSYO0 MO8EPXHEK ma 8irbHUl pyx nid dieto cunu ms-
XiHHSA. [ns aHanisy eukopucmosysanu mamemamuyHi Mooesti, wo 00380M1uMU 8U3HAYUMU KiHeMamuyHi xapakmepuc-
MUKU pyXy YaCmUHOK, 30KpeMa weudKicmb, sucomy niokudaHHsI ma mpuearsicms ix 8iflbHo20 pyxy. Pe3ynsmamu doc-
NiOXeHHs noka3anu, wo cmabinisayis epaHynoMempuyHo2o cknady azromepamy 30ilUCHIOEMbCS WIISIXOM pyUHYy8aHHS
YacMUHOK 0 KOHUeHmMpamopax Harpy»eHb, CQhoOpMO8aHUX y criabKux 30Hax, 30Kpema y Wiiakosux 38’si3kax Yu 30Hax
3ackneHHsA. [4na egpekmusHozo nepebicy ub020 npouecy HeobxiOHo 3abe3dnedumu OuHaMidHi napamempu sibpau,itiHo2o
2poxoma, 30KpeMa MPUCKOPEHHST KornueaHb y OianasoHi 32,9...47,3 m/c? npu nocmilHrid amnnimydi 0,003 m. Bnepwe
demaribHO OnucaHo KiHeMamuky pyXy YaCmuHOK a2rioMepamy Ha 8iflbHO yKnaleHil cisdit nosepxHi nid dieto OuHaMiyHUX
HagaHMaxxeHb, a MaKoX 8CMaHOB8/IeHO KpUmu4Hi rapamempu, HeobXiOHi Onsi cmabinizauii epaHynomMempuyHo20
cknady. Pesynbmamu docnidxXeHHs1 Maromb rpakmuy4Hy 3Haqywicms, OCKirbKU 00380s1510Mb 800CKOHaNUMU mexHornoail
mexaHi4HOI 06pOobKu azriomepamy, 30Kpema WIISXOM 3HUXEHHST eHep2emuyHUX sumpam Ha rnid2omosky wuxmu 0o do-
MEeHHOI nnasku ma nidsuweHHs1 echekmusHocmi MemarypeiliHoeo supobHuuymea. BukopucmaHHs ompumaHux pe3syrib-
mamie 0o380r15€ ornmumidygamu pobomy azrnomepauitiHux ghabpuk, 3abesneyyoyu 8UCOKY SKiCMb Mid20mMoeKuU Wuxmo-
8uUX Mamepiariie.

Knroyoei cnoea: cmabinisauyisi, epaHynomempuyHuUll cknad, aznomepam, gibpauiliHuli epoxom, OuHamiYHi HagaHma-
JKEHHSI.

The purpose of the study was to determine the conditions for stabilizing the granulometric composition of agglomerate
fractions of 5...40 mm through vibratory impact processing on a freely laid sieving surface of a vibrating screen. The
research employed an analytical approach and numerical modeling, considering the kinematics of particle movement on
the sieving surface. The process was divided into two stages: joint movement with the sieving surface and free motion
under gravity. Mathematical models were used to analyze the motion characteristics of particles, including speed, lift
height, and duration of free movement. The study results demonstrated that stabilizing the granulometric composition of
the agglomerate is achieved by breaking particles along stress concentrators formed in weak zones, such as slag bonds
or vitrification areas. For effective stabilization, it is necessary to ensure the dynamic parameters of the vibrating screen,
specifically vibration accelerations in the range of 32.9...47.3 m/s? at a constant amplitude of 0.003 m. For the first time,
the kinematics of agglomerate particle motion on a freely laid sieving surface under dynamic loads were described in
detail, and critical parameters necessary for granulometric composition stabilization were established. The study's findings
are practically significant as they improve the mechanical processing technologies of agglomerates, specifically by reduc-
ing energy consumption in preparing burden materials for blast furnaces and enhancing the efficiency of metallurgical
production. The use of the results allows optimization of sintering plant operations, ensuring high-quality preparation of
burden materials.

Keywords: stabilization, granulometric composition, agglomerate, vibrating screen, dynamic loads.

BcTtyn

AkicTb NiAroToBKM WUMXTOBUX MaTepianis 4o nepe-
nnaBy € KIHOYOBUM YMHHUKOM, LLIO 3abe3neyye iHTeH-
cudikaLito JOMEHHOro npouecy Ta NigBuLLeHHs edek-
TUBHOCTI MeTanypriinHoro BupobHuuTea B Linomy. Oa-
HUM i3 NepPCnekTUBHMX METOAIB NOKpaLLEHHSA BracTu-
BOCTEN LUINXTOBUX MaTepianie nepea nnaekoto € cTabi-
nisauig iXHbOro rpaHynoOMeTPUYHOro cknaay Ta niasu-
LLIEHHA MEeXaHi4YHOi MILHOCTI. Y 3B’A3Ky 3 LM O0CHi-
[PKEHHS, CMpSIMOBaHi Ha BLOCKOHANEHHsl MNpoLeciB
cTabinizauji rpaHynoMeTprYHOro cknagy metanypriv-
HOT LUNXTK, MaloTb BaXKINMBE 3HAYEHHS Ta BUCOKY aKTy-
anbHICTb. Y CTaTTi NpeAcTaBneHo pesynbTaTn Jocni-
PKEeHHs cTabinisauii rpaHynoMeTpUYHOro ckrnagy ar-
nomepary, 34iACHEHOI LWnsaxoM BibpauinHo-yaapHol

© Bacenkcbkuii B. M. - A.T.H., npoc. HHTI OYET m.Kpusuit Pir
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OO

0BpoBKM Ha BIMbHO YKNafeHin Cisvin noBepxHi rpo-
XoTa.

AHani3 nitepaTypHux AaHuUX Ta MocTaHOBKa
npo6nemu

CrabinisaLis rpaHynomMeTp1YHOro ckrnagy Ta mexa-
HIYHOT MILHOCTI arnomepary 34iNCHIOETLCS 3@ paxyHOK
YaCTKOBOIO MOro pymMHyBaHHS Mig BMMBOM MeXaHiy-
HUX HaBaHTaXeHb, LLIO BUHUKAIOTb Npu 06pobLii cneye-
Horo wapy wuxTn [1]. NMpoBeaeHi gocniopxkeHHs mexa-
Hi3My pyWHyBaHHSA [2-7] AO3BOMMAM BCTAHOBUTHU, LLO
ana crabinisadii wapy arnomeparty 6e3 4acTKOBOro
PYWHYBaHHA HanbinbLL MiLHMX opakuin HeobXigHO 3a-
6e3neunTn MexaHidyHy obpoOky 3 eHeprielo HaBaHTa-
XeHHs Ha arnomepat B 45...50 [bx/kr Ha npoTasi
2...3 XBUINWH 3 NoAanbLUNM 3HWKEHHSIM LIET BENTUYNHUN

© Zaselskyi V.Y. - d.t.s. prof SUET Kryvyi Rih
Popolov D. - c.t.s. docent SUET Kryvyi Rih

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/

18


https://creativecommons.org/licenses/by/4.0/

no xody MexaHiuHoi 06pobku. MexaHiuHa obpobka 3
TaKOK EHEepreTuKoK B MepLly Yepry cnpsMoBaHa Ha
PYVMHYBaHHA B wWapi arnomepaty dpakuin +40 mm.
lMpoBeneHun rpaHyIoMEeTPUYHWIA aHani3 arnomepary
nokasas, WO AN TeXHOMOrYHUX MiHin arnomepawin-
HUX habpuk, B 9kux nepenbayeHo noapibHEeHHs nu-
pora arnomepaTty B LLOKOBUX abo poTopHux apoba-
pkax knac +40 Mm B roTOBOMY arnomepari BiCYTHIMN,
Ha BIOMIHY Bif iHLIMX TEXHOMOrYHMX MiHiN Oe AaHun
Krnac Npu1CyTHIn y kinbkocTi 13...22 % [5].

[ns [OCArHEeHHs BUWLEe 3a3HA4YeHOoro AianasoHy
€Heprii HaBaHTa)XeHHs Ha Lwap arnomepary npu npo-
OYKTMBHOCTI LWIMXTOBMX rpoxoTie Big 120 go 600 1/rog
HeoOxigHO 3abe3neunTn pexmnm podoTu BibpauiiHoi
MaLLUWHW, NPY KOTPOMY NPUCKOPEHHA KONMMBAHb CTaHO-
BuTMMeE 1784 m/c2, a amnniTyaa konmBaHb 293 MM, WO
NpaKkTU4HO peanidyBaTu He MOXNMBO. TOMy, MpU BMKO-
pUCTaHHI arrmomepary, SKUA BKIHOYaE  ppakLito
+40 MM [0UiINbHO 3acToCyBaHHS 6araTOCUTHOMO rpo-
XOTYy 3 METOI BUAINEHHs Liei dopakuii Ha ogHIin 3 ek
AN noganbLioro ApobneHHs.

Ak nokasye aHania ¢oopMyBaHHS rpaHyfioOMeTpuy-
HOro CKrafy LUMXTOBOro MaTepiany Ha TpakTi oro no-
Aadi B gJoMeHHY nid [8], cTabinisauis arnomepary B ne-
pLly Yepry NOBMHHA NONSArat B MOro pyrHyBaHHI No
YMCENBHUM TPILLMHKAX, YTBOPEHUX B LUNIAKOBUX 3B’A3-
Kax abo 30Hax 3acKINeHHsl, SiKi € HAaCMiAKOM MOPYLUEHHS
PEXNMY OXONOPKEHHS, NPW 3yCUNSi HaBaHTAXXEHHS B
0,1...1 H [7] Ha cisayii noBepxHi rpoxoTy. OaHi 3ycunns
OOCAraloTbCsa 3a paxyHOK BMAMBY ANMHAMIYHUX HaBaH-

TaXeHb Ha wWap arnomMmepary, WO Bignosigae
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BiGpauinHomMy npuckopeHHto 60,8 m/c2, BpaxoBykuu
NPOOYKTUBHICT FPOXOTIB  Ta  rpaHynoMeTpU4Huin
cknagy wuxTn. MNpun Takmx NPUCKOPEHHSIX 3 aHanisy 3a-
NEXHOCTI, sika HaBegeHa Ha (puc. 1PucyHok 1), BugHo,
Lo B Mexax Big 54 go 61 m/c2, npu goctasui ApiGHNUX
dpaKUif Ha KOHTaKT 3 Cilo4O0 NOBEPXHED BU3HA4arb-
HUM € npouec audysii, IHTEHCMBHICTb KOTPOro 3ane-
XUTb Bif BEPTMKaNbHOI CKNagoBOi KONMBaHb, BHACTII-
OOK 4Oro Moxe 3abesnevyBaTucb pyMHYBaHHSA MO TPi-
LLUMHKaX LUMAaTKIB MeTanypriiHoOi CMpoBWUHM Ta cTabini-
3yBaTW ii rpaHynoMeTpU4HUI cKnag nepesn nopaBaH-
HAM B JOMEHHY Nid.

MeTa i 3aBaaHHA aocnigxeHb

MeToto gocnimkeHHs 6yno BCTaHOBNEHHA MOXIW-
BOCTeMN cTabinisauii rpaHynoMeTpuUYHOro cknagy arno-
mMepaty dpakuii 5...40 MM, LWNAXOM Moro o6pobkn Ha
BiNbHO YKMadeHin Cisdin NOBEpPXHi, pO3TaLUOBaHin B
NpOCTOpI NiaCUTHMKA BiDpytodoro kopoby rpoxoTy, Ta
HeobXigHNX AMHaMiYHMX napameTpiB And edekTus-
Horo nepebiry uboro npouecy.

Marepianu Ta meToam gocnigxeHb

JocnimkeHHs1 BUKOHYBanuCb aHaniTMYHUM LWns-
XOM, [le YaCTMHKa MaTepiany, Lo po3ciBaeTbCA Ta ne-
peEMILLYETLCA MO MOXMAIN CiaYiA NOBEPXHI, BINIbHO YK-
nageHin B NpocTopi NiacutHMKa Bibpytovoro Kopooy,
posrnsganace y ABa etanu:

nepwuin etan — CRINbHUIA PyX 3 Cis4Y0l0 NOoBepx-
Helo;

OpyrMn etan — 3BiflbHEHHS Bid OAHOCTOPOHHLOO
3B’A3Ky 3 Cif4OI0 MOBEPXHEID Ta BiNbHUA pyX Mig A€o
CVnNK rpasiTauii 4O 3ITKHEHHS 3 Heto.

PucyHok 1 — 3anexHiCTb iIHTEHCMBHOCTI BHYT-
PiLLIHBOLLIAPOBKX NPOLECIB Ta CTYNeHs 3abuBaHHS
Bil NPVCKOPEHHS KONMBaHb:

A - giana3oH npuckopeHb KonvBaHb BUKOPUC-
TOBYBaHWX rPOXOTIB;

B - np1cKopeHHs KonmnBaHb rpPoxXoTy, Lo 3abes-
neyye He 3abMBaHHA OTBOPIB CilOYOi;

NMOBEPXHI MPN MEXHOMY Knaci posciBy 5 MM;

B - npuckopeHHs konueBaHb rpoxoTy, Lo 3abes-
nedyye crabinisauito wapy arnomepary.
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TakoX Npu OOCNIMKEHHI OyNnn NpUAHATI HACTYMHi
OONYLLEHHS:
nigyac noTpannsgHHS YacTVHKM Matepiany B Je-
KM MOMEHT Yacy Ha Cisdy NnoBepxHIo 1T pyx nigkops-
€TbCH 3aKOHY NOCTYNanbHOro pyxy Cisiyoi NoBepXHi;
BHACMiAoOK BiAHOCHO Manoi WBWMAKOCTI pyXy 4YacTu-
HKM Ta KOPOTKOYACHOCTi Apyroro etany, aepogvHami-
YHi CUNKN HE BPaxOBYHOTLCS.
3aKkoH nepeMilleHHa YacTUHKN MaTepiany Ha nep-
LIOMY eTani BU3Ha4aeTbCs K
{ xl!{(t) =0 (1)
y1a(0) = y ()

e y(t) — 3aKOH KOnMBanNbHOro pyxy Cisvoi nosep-
XHi y HOpManbHOMY 40 HEl HanpPsAMKy.

MocnigoBHo npoaudepeHuitoBaBLn Bupas (1) 3a
Yacom Oynu oTpumaHi Npoekuii abContoTHOI LLBUAKO-

CTi qu (qux' quy)

qux(t) =0
dyn(D) _ dy(D), 2
Viup(6) = 228 _ B0 @)

Ta MPUCKOPEHHS @y (ayqy, Q1qy) YACTUHKM MaTEP-
arny Ha nepLiomy eTani

aqu(t) =0
() = 228, ©

KiHeLb nepLuoro etany BU3HaA4YaeTbCA MOMEHTOM
pO3puBY OAHOCTOPOHHBOTO 3B’A3KY MiX CisiHOH0 noBep-
XHeK Ta 4acTuHKow Martepiany. Lle BignOyBaeTbcs
KONW BiAHOCHA piBHOBAra MK YacTMHKOK mMartepiany
Ta Cisl4OK0 MOBEPXHEID JOCArae MEXHOro CTaHy (4uB.
pvc. 2), a came Konv HopMaribHa peakTuBHa curna Ry,
npuknageHa Ao YacTuHKM maTtepiany A 3i CTOpPOHU
NMPUCKOPEHOI Cisiv0ol MOBEPXHI, AOCArae HynbOBOro 3Ha-
YeHHS.

PucyHok 2 —  PospaxyHkoBa
MaTepiany Bif cigyol noBepXHi

cxema

Togai, ymoBa po3puBy OAHOCTOPOHHBLOIO 3B’SA3KY
Mae HacCTymHWUA BuA

—Jy—G-cosa =0,

(4)

Ae J, — cuna iHepuii, NnpuknageHa 3i CTOpoHU Yac-
TUHKW MaTepiany Ha NPUCKOPEHY Cisvy NOBeEpXHO, H;
O — KyT Haxuny cisi4oi NOBepXHi 4O FOPU3OHTY, rpag.

3 ymoBM (4) Ta BpaxoBytoUM, LLIO MOMEHT iHepLii Ya-
CTUHKM B BEPTVKanbHIi NIOWMHI ], i cuna ii TAxXiHHA
G, 6yayTb OopiBHIOBATU

Jy =my-a-siny;

®)

Gy =m,-gcosa,
(6)
OTPMMAEMO BENUYMHY Ta HaNPSM KPUTUYHOrO nNpu-

CKOPEHHS Cig40i MOBEPXHi, NPy AOCArTHEHHI KOTPOro Bi-
ObyBaeTbCA BiApPMB YaCTUHKN MaTepiany

20

ans

X

BM3HAYEHHS  MOMEHTY  BiApWMBY  YaCTUHKU
a, =—g-cosa.

(7)

MoMeHT po3puBy OOHOCTOPOHHLOTO  3B’A3KY

t, BU3HAYAETLCH NO 3aKOHY 3MiHWU NPUCKOPEHHS Cisvol
NOBEPXHi, NEPLUMI BigPWB YaCTUHKK MaTepiany Big Hel
BiAOyBaeTbCA B340OBX HOpMarni o ii MoBepxHi npu Jo-
OaTHIN WBWAOKOCTI Ta KPUTMYHOMY MPUCKOPEHHi. Ha-
CTYNHI BiApUBM YacTUHKN MaTepiany OyayTb mMatu Ha-
OyTy 3a 4ac BIMbHOTO pyxy CKMagoBy LUBWAOKOCTI
B3[0BX AOTUYHOI BiCi.

Yac BiNbHOro pyxy 4acTuHKM Matepiany obmexy-
€TbCS NepeTUHOM iT TPAEKTopIT pyxy 3 TPAEKTOPIELD Ci-
S14OT MNOBEPXHI.

[o noyaTkoBMX KiHEMaTUYHMX NapameTpiB Apyroro
eTany BigHOCATbLCA:

— MoYaTKOBa KOOpAMHATa CiSyOi MOBEPXHiI B3O0BX
HopMari y, a TakoX HopMarnbHa y;,(t;) Ta AOTUYHA
X14(t;) KOOpAMHATA NOMNOXEHHS YaCTUHKW MaTepiany;

— MPOeKLUil N0YaTKOBOI LUBWAKOCTI YaCTUHKN MaTe-
piany Vi (ty), Vigx(t;) B MOMEHT BignosigHoro Bia-
puBy;

— NoYaTKOBE HOpMaribHE MPUCKOPEHHS YacCTUHKU
Marepiasny a,, (t,) B MOMEHT BiANOBIAHOIO BiApMBY.
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KoopAmHarT, BiCi KOTPOI NOB’A3aHi 3 HOpMano Ta 4o-
TUYHOIO 0 CisiHOT NOBEPXHi, HaBeAeHa Ha puc. 3.

PucyHok 3 — Po3paxyHKoBa cxema BiflbHOro pyxy YacTvHKM MaTepiany nig aieto cunum rpasitauii

Y BiANOBIAHOCTI /O OCHOBHOMO 3aKOHY MEXaHiku To-
YKkM [9] NPUCKOPEHHS YaCTUHKK MaTepiany Ha Opyromy
eTani cknagae

Ayyy = g Sina
{azqy =-—g-cosa . (8)

[nga BM3Ha4YeHHS LIBUAOKOCTI NepeMilleHHs YyacTu-
HKM maTepiany npeacTaBUMO BignNoBigHI NPUCKOPEHHS
cuctemun (8) B AndpepeHUiniHin opmi Ta BUKOHABLLIN
nepLue iHTerpyBaHHs 3 BU3Ha4YE€HHSM Ta MiACTaHOBKOO
noYyaTkoBMX YMOB PyXy Ha Apyromy etani

{ Vqu(t) =g- sina -t + qux(ts) 9
Vauy(t) = —g - cosa -t + Vi, (t5). ©)

[nsa BU3HAYEeHHSA 3aKOHY NepeMillleHHs] YaCTUHKU
mMaTepiany Ha Apyromy etani BUKOHyBarnocb Apyre iH-
TerpyBaHHs cuctemu (8) 3 ypaxyBaHHAM MO4aTKOBMX
ymoB

{ le{(t) = 0!5 g sina - tz + Vll{x(ts) t+ xlq(ts)

yZl{(t) = _0;5 rg-cosa- tz + Vl‘{y(tB) t+ y1l{(t13)- (10)

A=000300=79c" g’ = 18,5w/c

4 - KiHemaTnyHa

PucyHok
mMartepiany, Lo po3ciBaeTbCA

XapaKkTepucTyka

Yac 3akiH4eHHs gpyroro etany t,;,, BU3HAYaeTbCA
3 CUCTEeMU PiBHSHDb, SKi BigobpaxaloTb pyx Cisyoi no-
BepxHi y(t) Ta YyacTuHkn matepiany (10) npm ymosi, Lo
BiQMOBIQHI kKOOpAMHATU MicUst 3yCTpidi 36iratoTbecsa 3a
CBOIM 3HaYEHHAM.

[na pocnimpkeHHa npouecy nepemilleHHs YyacTu-
HKM MaTepiany, WO po3CiBaETLCS, NO Cisiyili NOBEPXHI,
BiNIbHO YKNafeHin B NpoCTopi NiACUTHMKA BiOpYHOYOro
KopoOy, BUKOPUCTOBYHOUM YNCENBHI MeToaun, OyB CTBO-
pPEHWI NporpamMHnn NPoayKT, Sknin 6asyBaBcsi HA OTpU-
MaHWX paHille MaTeMaTU4YHNX Mogensx.

HocnimpkeHHs npoBoAuNMCh Ans YOTUPLOX BapiaH-
TiB MOYATKOBUX AaHWX, SAKi BiOPI3HANUCH KiHEMaTwny-
HUMW NapameTpamMm Kopoby, a came, NMPUCKOPEHHAMM
KonvBaHb B AianasoHi Big 18 go 47 m/c? npu nocTinHIN
amnnitygi A = 0,003 M Ta 3MiHHMX KPYroBMX YactoTax
w =79; 94; 105; 126 c".

Pe3ynbTaTtu gocnimxkeHHs

3a pesynbTatamu 6ynu oTpumaHi KiHemaTu4Hi xa-
pakTepucTMKa NepLLoro eTany pyxy YacTUHKKU maTtepi-
any, Wo poscieaeTbca (puc. 4), Ta i TpaekTopito pyxy
Ha gpyromy eTani (puc. 5).

A=00031; 0 =105 ¢'; 4oy’ =32,0 wic’

MepLLoro eTany YacTuHKa

pyxy
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PucyHok 5 — TpaekTopis pyxy YacTuHKa maTepiany, Lo po3CiBaETbCs, Ha ApyromMy etani

AHani3 oTpumMaHMX gaHux nokasye, Wo 3i 30inb-
LUEHHSAM MPUCKOPEHHST KONMBaHb KOPODY rpoxoTy ce-
PELHS LUBUAKICTb PYXYy Ta MPUCKOPEHHST YaCTUHKN Ma-
Tepiany, WO pO3CiBaETbCA, Ha nepLioMy eTani, cepe-
OHs1 BUCOTa MigKMAAHHSA YacTUHKM Ta nepiog ii Binb-
HOro pyxy Ha gpyromy etani 36inbLUyoTbCs, 3 ocTaT-
HIM CTyneHeM TOYHOCTI BKa3aHi 3anexHOCTi Y BU3Ha-
YeHOMy Aiana3oHi NMPUCKOPEHb OMUCYIOTLCHA MOSIHO-
MOM ApYroro CTyneHs puc. 6.

Crtane 3pocTaHHs 3a3HadYeHux napameTpis (auB.
puvc. 6) BinbyBaeTbCcA B Aiana3oHi NpUCKOpeHb KOpoody
Bin 18,5 oo 32,9 m/c?, nicns nogonaHHA KOTporo 3'sB-
NAETbCA YNOBINbHEHHA 3MiHM JOCnigKyBaHUX napa-
MeTpiB 3 nojanblUnM  BUMNOMaXyBaHHSAM  KPUBOI

23 -} 43

aluy.cep, m'c’

43

3anexHocTi, To6To HabpaHHA HUMK 3HAYEHHsT Habnwy-
YKEHOrO 40 KOHCTaHTHOTO.

Mpw BiOpaUiHOMY AiSHHI Ha Wap WKXTU, WO po3-
CiBaETbCH Ha Cisiui NOBEPXHI, BiNbHO YKNaaeHin B Npo-
cTopi nmigcutHuka Bibpytovoro kopoby, cnocTepira-
€TbCS yAapHa B3aeMogis WmaTkiB matepiany 3 Helo,
Le MOXe po3rnagaTtvuck sik enemMeHT ctabinisauii rpa-
HYNOMETPUYHOrO CKnagy Ta MexaHi4yHOi MiLHOCTI Yac-
TMHOK, 3 KOTPUX CKIagaeTbCs LWap, 3@ paxyHoK YacT-
KOBOTIO PYWMHYBaHHS MO YNCENbHMX TPILLIMHKAX, yTBOpE-
HUX B LUMAKOBKX 3B’A3Kax abo 30Hax 3aCKIEHHS, SKi €
HacnigKOM MOPYLUEHHS PEXMMY OXONOMKEHHs, Mig
BMSIMBOM AVHAMIYHUX HABaHTaXEHb.

01
009
0,08
0.07
0,05
0,05
00= 2
0,03

A
ML

0,01

¥ilugep, M

Ao mfc?

r)

PucyHok 6 — 3anexHicTb cepeaHbOl LWBUAKOCTI (a), CepeaHboro NPUCKopeHHs (6) yacTuHkn matepiany Ha
nepLUoMy eTari; cepefHsi BUCOTa NiAKMAAHHS (B), cepefHin nepiog BinbHOro pyxy (r) YacTUHKM matepiany Ha

apyromy etani
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Migyac aHanisy Lboro npowecy cnupaTmmemMoch Ha
NPUNYLLEHHS, LLIO I'PYHTOBHO OOr'pyHTOBaHI B poboTax
[2-8, 10]:

- OpOBNEHHs LWMaTKIB MaTepiany BiabyBaeTbCs B MO-
MEHT iX 3iTKHEHHSI 3 CIF4OI0 NOBEPXHEIO 3a YMOBU JOCAT-
HEHHS1 3HAYEHHS KPUTUYHOI eHeprii yaapy Ha matepiarn,
LLO PO3CIBaETLCS;

- Migyac 3iTKHEHHA LUMaTKa MaTtepiany 3 Cigyoro nose-
PXHEI0 BiH B3aEMOZIE 3 HElO SIK HEMpYXXHe TBepAe Tino;

- B MPOMIXKKaX MK 3iTKHEHHSAMYW YaCTUHKA pyXaeTbCs
BignoeigHo Ao 3akoHy (1) Ta (10), a cisva noBepxHsi 3a
3aKOHOM MOCTYNarnbHOrO PyXy;

- nig4ac po3paxyHKy BPaxOBYEMO IMLLE HOpPMaribHy
CKradoBy LUBMAKOCTI, OCKiNbKM  yaapHi  B3aemopil
MOB’A3aHi N1Lle 3 BEPTUKANbHUMM KONMBAHHAMM.

BignosigHo Jo NpURHATUX OONYLLEHb, EHEprid, Ska
CNPSIMOBYETLCH Ha PYWHALLit0 YaCTUHKM, BUSHAYaETLCA
3a chopmynoro

1 2
E, =5 u, Ve Ix,

. (11)

Ae u, — NpuBedeHa mMaca 4acTuHKU MaTepiasny Ta
Cisyoi NoBEPXHi;
m-my

#p_m+nul

KT (12)

V' — BiAHOCHa LUBWUAKICTb PYXY YacTUHKM MaTepiany
Ta Cisvoi NOBEPXHi;

:.ﬁ.'n
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V= Vy(tsi'r) - Vqu (t3i'r) M/C'

V, (tsir) — WBMOKICTb Cisi4OT MOBEPXHi B MOMEHT 3iT-
KHEHHS 3 YaCTMHKOIO MaTepiany, M/C; Vo, (tsir) — WBK-
[OKICTb YaCTUHKM MaTepiany B MOMEHT 3iTKHEHHS 3 Cis-
YO0 MOBEPXHEID, M/C.

BukopucToBytoun uucensHi metoam Bynu npose-
OeHi gocniopkKeHHs BNAMBY Ha EHEeprito, sika yTBOPHO-
€TbCA Miayac 3iTKHEHHS1 YaCTUHKM MaTepiany 3 Cisvol
MOBEPXHEt0 Ta CMPSIMOBYETLCA Ha 1T pyviHauio E,, npu
Pi3HKX il AguHaMiYHUX napameTpax. Tak eHepris Heob-
XigHa anst pynHyBaHHA Ta ctabinisauil HagpewwiTHoro
matepiany, 4ns arnomepary knacy 5...40 MM noBuHHa
ctanoButn 0,111 Ta 5,55 I BianosigHo.

PesynbTaTt npoBeaeHux gocnigkeHb HaBeaeHi Ha
pyc. 7. 3 OTPUMaHNX 3anexHOCTen BUOHO, LLIO eHep-
rid, sika yTBOPIETLCS Migyac 3iTKHEHHS] YaCTUHKM Ma-
Tepiany 3 Cia4o NOBEPXHEID, AKa BifTbHO YKNageHa, €
[OCTaTHbOW Ans crabinisauii  rpaHyrioOMeTpUYHOro
CcKnagy po3rnsgHyToro matepiany Ta MOro MexaHidHol
MiLHOCTI (Bocsirae sHaveHHs E;, > 50 [x/kr). CTabini-
3auig rpaHyroMeTPUYHOro Cknagy arromepary 3inc-
HIOETLCS LUMAXOM PYWHYBaHHSI YacTUH Matepiany no
KOHLIeHTpaTopax HanpyXeHHs ANs1 BCbOro Aiana3oHy
dpakuin HagpewitHoro npogykty (5...40 mm) 3a
ymMOBW 3abesneveHHs ii NPUCKOPEHHS B Mexax Big
32,9 0o 47,3 m/c2.

(13)

A=0003n 0=105¢": do° =32,9 w/c”
40w

A=0,0030; 0=126 ¢ A’ =473 w/c”
40y

PucyHok 7 — EHeprisi, sika yTBOPIOETLCA Nigyac 3iTKHEHHSA YaCTUHKN 3 CiSHOL0 NOBEpPXHED
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BucHoBKu

HocnimpkeHHAMM BcTaHOBMNEHo, Wo crabinisauis
rpaHynoOMETPMYHOTO CKnagy arfiomMepary Ta MexaHid-
HOT MiLHOCTiI YaCTMHOK HaapeLLiTHOro NPoayKTy dpak-

KOHLIEHTpaTopax Hanpy>XeHHS Ha Ciadvi NoBepxHi, Bi-
NbHO yKNageHin B NpocTopi nigcuUTHMKa BiGpyoYoro
Kopoby, BigOyBaeTbCS 32 YMOBM 3abe3ne4eHHs npuc-
KOPEHHS 10ro konmneaHb B Mexax Big 32,9 o 47,3 m/c?

uieto 5...40 MM WwAAXoMm
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IX PpymHyBaHHS no  npu nocTinHii amnnityai A=0,003 m.
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Py6an A.B., Hadmouiii A.A., Ba6yywkuii B.1., 3inuenko 0.M., Maauii €./]., Komap A.C.
IIpo0JieMa yrBOpeHHsI HACTHJIY HA MOJAUHI PYAOBiIHOBIIOBAJIbLHOI

neyvi npu BUPOOHUNTBI epocriiikoMapranifio:
aHaJi3 Qi3uKo-MeXaHiYHUX BJIACTUBOCTEH

Ruban A.V., Nadtochii A.A., Babutskyi V.1, Zinchenko 0.M., Malyi E.D., Komar A.S.
The problem of constitution of flooring at the bottom of the
ore furnace during ferosilicomanganese vibration: analysis

of physical and mechanical controls

Mema. Ha Hikononbcekomy 3a80di ghepocrinasis rpu 3ynuHyi pydosidHoentosansHoi neqi murny Pl13-63 Ha kanimanbHul
peMoHm, i 0xono0xeHHi ma eudarnieHHi MyxKoi Wuxmoeoi Cymilli 3 8epXHiX 20pU30HMIG MIasusibHoO20 rnpocmopy byo
8USIBIIEHO HACMUIT, WO XapaKkmepu3yembCsi BUCOKOK MiyHiCmIo, WinbHicmio, KkpucmariyHoto 6ydosor cmpykmypu, me-
marnesum ma 2pagimosum bruckom. TpyOHOW, WO 8UHUKIU Mid Yac pylHysaHHs hymeposKu ma ii 8uny4YeHHs 3 nedi
nid 4ac 3ynuHKU Ha KanimarbHUl peMoHm, criocmepizanucs ernepwe 3a 0ecsimku pokie supobHUUmMea mMapeaHyesux
gepocrinasig. OCHOBHOK MPUYUHOK YMBOPEHHS My20r/1agKko20 Hacmuily ma HapocmaHHs if Ha MOOUHI reyi e «peaHul»
pexum pobomu, obymosrnieHuli nepesedeHHAM redell Ha pobomy 3a 30HHUM mapugom i, Mabymb, CKOPOYEHHSIM Yacy
pobomu nedel Ha sunnasyj 8UCOKO8Yaeye8020 chepomapaaHuro, Wo crpusie pyliHysaHHI0 kapbidie ma npomMueaHHO
e8aHHU neyell. Memoduka. Y pobomi gukoHaHi 0ocrnioxeHHs uo00 8U3HaYeHHs1 OpibHocmi, MiyHocmi, numomoi po6omu
PyUHy8aHHS, @ makox 06'€MHOI, ICMUHHOI, HacumnHOI WinbHOCMi Hacmusty 3 neyvi ma 0esKux pyod MapaaHyto, rnpoeedeHo
docnidxeHHs nopucmocmi yux mamepianie. Haykoea Hoeu3Ha. XimiyHuli aHani3 npob euromok, 8idibpaHux y pisHUX
Micysix Hacmusly ma Ha pi3HUX 20puU30HmaXx, rokasas, W0 8Ci 80HU, 8 OCHOBHOMY, rpedcmasrieHi wnakoMemanesum
KOHeriomepamom, wo micmums kapbid kpemHiro (SiC), eidHosneHumu Mn, Fe, Si, P, Ti, S; wnakoea cknadosa npedcmas-
neHa okcudamu CaO, MgO, Al,O3 ma R,0. Y desikux npobax criocmepieaembcs 8id 0,8 0o 6,5% Pb. Mpakmu4yHa 3Ha-
qumicms. [NpedcmasneHi OaHi Wo0o 8uBHEHHS hi3UKO-MEXaHIYHUX griacmueocmell 3paskKig rpob surnomok, gidibpaHux
y PI3HUX MiCUsIX Hacmusly ma Ha pi3HuUx 20pu3oHmax nedyi. [lJocnidxeHHs1 (hi3uKO-MexaHiYHUX enacmueocmel 8UTOMOK
riokasasu ix 8UCOKI xapakmepucmuku MiyHocmi, siki 8 2-18 pasie sulue 8 ropisHsIHHI 3 Mapa2aHyesoto pydoto, ujo i oby-
Mo8roe 3HaqHi mpyOHowi 3 ix pylHysaHHs 8 meepdoMy cmadi i eumsi2y 3 eaHHU PTI1 npu i 3ynuHyi Ha kanimanbHul
pemMoHm.

Knroyoei cnoea: pydosioHosntoganbHa niv, ghepocuriikomapaaHeub, Hacmus, kKapbi® KpemHito, ¢hi3uKo-MexaHiyHi ena-
cmusocmi.

Objective. At the Nikopol Ferroalloy Plant, during the shutdown of the RPZ-63 ore-reducing furnace for major repairs, its
cooling and removal of the loose charge mixture from the upper horizons of the smelting space, a lining characterized by
high strength, density, and crystalline structure was discovered. The difficulties that arose during the destruction of the
lining and its removal from the furnace during the shutdown for major repairs were observed for the first time in decades
of manganese ferroalloy production. The main reason for the formation of the refractory lining and its build-up on the
furnace bottom is the "torn" operating mode caused by the transfer of furnaces to work according to the zone tariff and,
apparently, a reduction in the operating time of furnaces for smelting ferromanganese, which contributes to the destruction
of carbides and the washing of the furnace bath. Methodology. The paper presents studies to determine the fineness,
strength, specific work of destruction, as well as the volumetric, true, bulk density of the furnace deck and some manga-
nese ores, and studies of the porosity of these materials. Scientific novelty. Chemical analysis of the debris samples
collected in different places of the deck and at different horizons showed that they are all mainly represented by a slag-
metal conglomerate containing silicon carbide (SiC), reduced Mn, Fe, Si, P, Ti, S; the slag component is represented by
oxides of CaO, MgO, Al,O; and R,0. Some samples contain from 0.8 to 6.5% Pb. Practical significance. The paper
presents data on the study of the physical and mechanical properties of the debris samples collected in different places
of the deck and at the furnace horizons. Studies of the physical and mechanical properties of the scraps have shown their
high strength characteristics, which are 2-18 times higher than those of manganese ore, which causes significant difficul-
ties in their destruction in the solid state and extraction from the RTP bath when it is stopped for major repairs.

Key words: ore-reducing furnace, ferrosilicon manganese, flooring, silicon carbide, physical and mechanical properties.

Bctyn. BupoGHMUTBO chepocunikomapraHuo Ha
HikononbcbkoMy 3aBofi chepocnnaBiB y 3akputux Ta
repMeTM4HMX neyax nigBuLLEHOI MNOTYXHOCTI Tuny
Pr3-63 Tta PKI-81, o0CBOEHHSA 4€KOro po3no4yaTto
OinbLwe 50 pokiB TOMy, € OOHMM i3 HalNepeaoBILLMX Ta
3HaxoOUTbCA  Ha  CBITOBOMY  piBHi.  Bucokun
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yTunisauii BTOPUHHUX MaTepianis 403BONWAN 3aBOay
3000yTM aBTOPWUTET Ta BU3HAHHA Yy CBITOBOMY Hay-
KOBO-TEXHIYHOMY CMiBTOBAPUCTBI €NEKTPOTEPMICTIB.

PygoeigHosmntoBanbHa niv tuny Pr3-63 Ne 1 uexy
BMpoGHMLTBa (hepocnnaBsiB BBeAeHA B eKcnryaTaLlito
B kBiTHi 1995 poky i, NponpaLoBaBLIN MOHAA 22 poKM,
Oyna 3ynuMHeHa Ha KanitanbHUN PEMOHT i3 MOBHOK
3amiHOIO dhyTepyBaHHA BaHHWU. 3a nepiog pobotn oo
KanitansHoro pemoHTy Ha nedi Ne 1 6yno BupobneHo
1,106 mMnH. T doepocunikomapraduto Ta 0,244 MnH. T
BMCOKOBYTeL,eBoro (hepomapranio.

Mpy 3ynuHUi Nedi Ha KaniTanbHUA PEMOHT, Ti OXO-
TNOPKEHHI Ta BWOANEHHI MYyXKOI LUMXTOBOI CyMilli 3
BEPXHIX FOPWU30OHTIB NiaBuUNbHOro npoctopy 6yno Bu-
ABMEHO HaCTWM, WO XapaKTepusyeTbCsl BUCOKOH
MILLHICTIO, LLiNbHICTIO, KpUCTaniyHow OyAOBOK CTPYK-
Typu, MmeTanesunm Ta rpacditosmm 6rmckom. TpyaHoLui,

LLO BUHWKIM Mg Yac pyrnHyBaHHS pyTepoBKku Ta il BU-
NyYeHHs 3 nedi Nig Yyac 3ynvHKW Ha KaniTanbHuUn pe-
MOHT, crnocTepiratoTecsi Bnepwe 3a 50 pokiB BUpOO-
HWLTBa MapraHueBmx depocnnasis.

MeTta Ta 3aBmaHHa pocnimkeHb. Tonorpadis
HacTuny, micusa Bigbdopy npob HaBeaeHo Ha puc. 1, 3
SIKOro BUAHO, LLIO HACTWUMN PO3TaLLIOBYBCH MO BCi MMOLL;
BaHHW Marike 6e3nepepBHMM LLIAPOM i MaB pi3Hy BU-
COTY Yy pPi3HWNX panoHax neui.

3okpema, No NiBAHi BaHHM (3a NepeHbO CTiHKO)
MOro BMCOTa 3pocTana y Hanpsamky Big ¢asm A
(500 mm BuLLe oci nNboTkM) go dasm C (go 1100 mm
BULLE Oci NbOTKM). Ha niBHOui BucoTa Hactuny byna
Oinbwa i gocsrana 1300 MM Big piBHSA OCi NbOTKM.
3 MEeTOK BW3HAYEHHS CKnagy HacTwuiy MpOBOAWIM
BiABip Npob y pi3HUX TOYKax BaHHW nevi.

6

Puc. 1. Bug HacTnny no niBHiYHiM YacTuHi (a) i no niBgeHHin yactuHi (6) nedi Pr3-63

PesynbTatn xiMiyHOro aHanisy matepiany (tabn. 1.
npo6u NeNe 1-3, 5-7, 9, 10) nokasanu, Lo Moro cknag
npeacTaBneHnn KOHIMoMepaToM, LU0 CKIagaeTbes 3
MeTany - nepesaxHo epocunikomapraHuto, kapbigy
KPEMHIt0, 3 HE3HAYHUMK JOMILLKaMK LUNaKoBOI dhasu.

OCHOBHOIO MPUYMHOKD 3apOCTaHHSA MOAMHWU BaHHU
Oyna ekcnnyarawisi neyi Ha HU3bKIN NOTY)XHOCTi TPaHC-
dopmatopa (y TOMy uucni 3 nepiognyHNMmn

26

BiOKMIOYEHHAMM  Medi), oOymoOBMeHa TEXHIYHUM
rpadpikom poboTn 3 30HHOrO Tapudy BUKOPUCTaHHS
€reKTpoeHeprii, a TakoX HeOo4HOPa3oBMMU TpuBa-
MU XONOAHUMUW MPOCTOSAMW Nedi B nepiogn 3Hu-
XXEHHS MONUTY Ha MapraHuesi epocnnaBn Ha PUHKY.
Y ui MoMeHTH BiabyBaeTbCA KapbiaoyTBOPEHHS B KOK-
COBOMY LWapi NpW HagnULKy BYrMNeut i HasiBHOCTI
KpemHe3eMmy.
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Tabnuus 1 - XiMiyHni cknag, 3paskiB BUNIOMOK HACcTWUIYy NOAWHM BaHHM nedi Ne1

Ne npobu Ta wMmicua Big-

6opy C Mn Si Fe

BwmicT, mac. %

P Pb | Ti SiC | CaO | MgO | AlOs | R20

1. Hactun y painoHi casu
A Ha 1-1,5 m Buwe oci
NbOTKN (LEHTP BaHHN)

11.0 | 493 | 184 | 10.9

018 | - | 045 | 46 | 18 0,9 1,1 0,6

2. Hactvn y paioHi dasn
A Ha 0,5-1 m BuLe ocCi
nboTkM (32 Grnokamu ne-
PEeAHbOI CTiHKM)

9,7 | 25,8 | 30,6 | 3,9

0,56

009| - | 06 | 204 | 6,7 3,4 3,9 1,0

3. Hactun y panoHi casu
A 3agHsa cTiHka Ha 0-0.5m | 84
BULLE OCi NbOTKN

26,2 | 30,6 | 4,9

008 15| 52 |192| 44 1,9 2,1 1.1

4. Hactun y panoHi gasu
A 3agHs cTiHka Ha 0-0,5m | 8,1
HWXKYEe OCi NMbOTKU

220|244 | 33

006 (65| 22 |184 | 7,2 29 4,4 2,0

5. Hactun mix dpasamm A i

N 10,8
B Ha piBHi OCi NbOTKK

20,3 | 34,7 | 33

0,08 | - 24 | 315 | 6,3 2,8 3,2 1.1

6. Hactun mix dpazamm A i
B Ha 0,5 M HWKYe oci Nbo-
TKU

20,2 | 281 | 34

0,07 | - 1,8 | 150 | 81 3,7 3,8 1,9

7. Hactvn y paioHi dasn
B 3a nepeaHbOO CTiHKOO
Ha 0-0,5 M Hmk4e oci Nbo-
TKU

14,2 | 20,9 | 36,0 | 6,1

0,65

0,08 | - 23 | 246 | 43 2,1 2,5 0,8

8. Hactun y paioHi dasn
B y uernsaHi knagui no- | 4,7
OVHK (LEHTP BaHHN)

73,5 | 80 | 10,8

0,01

0,14 2,0 Al -

9. Hactnn y paioHi dasn

AR 9,3 | 20,5
C Ha piBHi OCi NbOTKM

322 | 3,2

0,08 | - 33 [260| 70 3.4 3,7 1,6

10. Hactun y paioHi cbasu
C 3a nepenHbOo CTiHKOK
Ha 0-0,5 M HMK4Ye oci Nbo-
TKU

19,2 | 239 | 269 | 55

011 | - 08 | 16,3 | 50 23 2,7 1,0

3BaXkaloum Ha HasABHICTb Y CKMafi HacTuny CTpyk-
TYPHO MiLHOro kapOidy KpemHilo, Ons BuOaneHHs
HacTuny HeobXigHO BENUMKUX TPyAO- Ta MEeXaHiYHMX
BUTPAT, O 3HAYHO MPOJOBXMIIO TEPMIH BUKOHAHHS
peMoHTy. Ycboro 6yno BuBeseHo 192,8 T Benumkux
LUMaTKIB HacTuny, a 3 ypaxyBaHHaM APiGHWX dopakuin
ix 3aranbHa Bara nepesuiimna 200 T.

OcHoBHI Uini Ta 3aBAaHHA OOCNIMKEHb NexaTb y
BM3HAYEHHI (i3MKO-XiMIYHMX Ta Pi3nKO-MexaHi4YHnX
BNacTMBOCTEN 3pasKiB BWUIIOMOK HACTWIy, BCTaHOB-
NEHHS1 yMOB Ta MEXaHi3M iX YTBOPEHHS, po3podka pe-
KOMeHAaLi, WO CNpsIMOBaHi Ha BUKMIOYEHHSA MOXIN-
BOCTi OTPUMAaHHS TYronnaBKuX, BaXKKO BUOANEHUX Yy
TBEPAOMY CTaHi CNonyK Ha NOAWHI pyaoTepMivHOT neyi
Ta iX BMBEOEHHsI 3 BaHHW Nevi nepeq 3ynvHKOK Ha
KanitanbHUN PeMOHT. Y Ui poboTi NnpeacTaBneHi aaHi
OO0 BUBYEHHA (Di3nKO-MeXaHiYHMX BacTUBOCTEN
3paskiB Npob BWUITOMOK, BidibpaHunx y pi3HUX MicLsaX
HaCTWUMy Ta Ha Pi3HUX rOPU3OHTaX neyi.

PesynbTtatn pocnigaxeHb Ta iX OGroBOpPEHHS.
Kapbig kpeMHitlo € TBEPOOIO TYronnaBKo PEYOBUHOL.
KpuctaniyHa peLliTka HanoLuMpeHioro nonituna
aHanoriyHa pelliTkm anmagy. CTaHgapTHa eHTanbnis
yTBopeHHa (298 K, k[x/monb): - 66,1; ctaHoapTHa
eHepris N66ca (298 K, kx/Monb): - 63,7; cTaHAapTHa
eHTponis yTBopeHHa (298 K, k[x/monb): + 16,61;
CTaHOapTHa MonbHa  TennoemHictb (298 K,
kbk/monb-K):  + 26,86. Xapaktep KpucTaniyHoi

peLiTkM — aToOMHUA. EHepria KpucTaniyHoi peLuiTkm
299 kkan/r cpopm. Kapbig kpemHito € eguHoto GiHap-
HOK CrMOJMyKO, WO YTBOPHETLCA enemeHtamu IV
rpynu TlepiognyHoi Tabnuui enementisa .. MeH-
Aeneesa. 3a TMNOM XiMiYHOrO 3B'A3Ky Kapbig KpemHito
BiHOCUTBLCA OO0 KOBaSNEHTHUX KpucTanis. YacTka ioH-
HOro 3B'A3Ky, OOYMOBMEHOI OEsIKOK BIOMIHHICTIO B
enekTpoHeraTmMBHocTi atomis Sii C, He nepesuLye 10-
12%. EHepria koBaneHTHOro 3B'A3Ky MDK aTomMamu
KpeMHito Ta Byrneuto B kpuctanax SiC maivxke BTpudi
nepeBuLLYyE eHeprilo 3B'A3Ky MiXX aToMamMu B KpucTa-
nax KpemHito. 3aBOsikm CUNbHUM XiMiYHMM 3B'si3KaMm,
kapbia KpeMHilo BUAINAETbCA cepea iHWMX MaTtepianis
BMCOKOI XiMIYHOIO Ta pafiauinHO CTINKICTIO, TeMne-
paTypHOI CTabinbHICTIO (hi3NYHMX BIAaCTUBOCTEN, Be-
NINKOKO MEXaHIYHOK MILHICTIO Ta BUCOKOK TBEPIICTHO.
B iHepTHIn aTMocdepi kapbig KpeMHito po3knagaeTbes
npv Temnepatypi Buwe 2000 °C. Kapbig kpemHito 6e3-
GapBHMI, HasIBHICTb AOMILWOK 3abapBnioTb WOro y
3eneHui Y YOPHUIA Konip.

Y po60oTi BUKOHaHI MOPIBHANbHI AOCTIMKEHHS OO0
BM3HAYeHHs1 APIBHOCTI, MiLHOCTI, NTUTOMOT po60oTK pyKi-
HYyBaHH4, a TakoX 06'€MHOI, ICTUHHOI, HaCUNHOI LLUinb-
HOCTi HacTUny 3 nevi Ta Aeskux pya MapraHuto (3rigHo
OCTY 3207-95 [1]). Ona nopiBHAHHA TakoX npoBe-
OEeHO JocniaKeHHsA NOPUCTOCTI LUMX MaTepianis.

[na ouiHkK BiQHOCHOI ONipHOCTI MaTtepianis pyu-
HyBaHHIO Mpu MepepodLi MiHeparnbHOi CUPOBUHU Y
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ripHUYin NPOMWCOBOCTI BUKOPUCTOBYETHCSH
KoedilieHT Ta LkKana MiLHOCTI, WO 3anponoHoBaHa
npod. M.M. lMpoTtogbsikoHoBMM [2-3]. 3a oauHULO
MILHOCTi NPUIHATO BEMWUYMHY TUMYacOBOrO OMopy Of-
HOBICHOMY CTMCKY, LLIO AOpPiBHIOE 9,8 H/MM? (2 Krc/MM2),
BM3HA4YeHa Ha 3paskax KybidHOi hopMu 3i CTOPOHOMO
50 mm.

MiyHiCTb € BENUYMHOK-XaPaKTEPUCTUKOKD MiHe-
panbHOi CUPOBWHU | MOXe 3MiHIOBATUCSA Bif 3HAYEHHS
2-3 po 26-28 OaniB, a B Ookpemux Bunagkax (ans
3anisuctux keapuuTie) gocaratn go 30 Ganie i BuLe.
BoHa BM3HA4YaeTbCA XiMIYHMM CKIaoM, reHe3ncom,
CTPYKTYpPOLO Ta TBEPAICTIO MiHepaniB.

BuaHaueHHsa KoedilieHTa TPMBKOCTI  LUISAXOM
po3gaBntoBaHHA 3paskiB npaBuSbHOI hopMn Npuii-
HSATO BBaXKaTh OCHOBHMM cnocoboM. OgHak He 3aBxam
MOXHa BigibpaTv npegcTaBHMUbKy Npoby Ans BuUro-
TOBMEHHSA 3paskiB npasBunbHOI copmu. Tomy Ans
BM3HaYeHHS KoedpilieHTa TPMBKOCTI pekoMeHOy€eTbCA
MEeTO BU3HAYEHHSI NUTOMOI poBoTV ApobneHHs (Me-
TOoL TOBYEHHs) [4]. PekomeHgoBaHWi MeTO4 MnoLUu-
PIOETLCS Ha TBepAi MiHeparnbHi pyau Ta BCTAHOBIIOE
METOZ BM3HAYEHHs KoedpiuieHTa TXHbOI MilLHOCTI 3a
wkanoto M.M. lNMpoTtoa’skoHoBa.

CyTHicTb camoro MeTogy MNOnsrae y BU3HAYEHHI
KoedpilieHTa MiLUHOCTI, NPOMNOPUINHOrO BiAHOLLEHHIO
poboTK, BUTpaYeHOi Ha ApobBeHHs MiHeparnbHOI Cu-
POBVHK, OO HOBOYTBOPEHOI NpW APOBEHHI NOBEPXHI,
AKY OUIHIOITb CyMapHUM OB'€EMOM 4acCTUHOK Kpym-
HicTio 0,5 Mm.

OpobneHHs BiobyBaeTbCA y CkNagHOMY Hanpyxe-
HOMY CTaHi, Ae MaTepian niggaeTbCa CTUCKY, PO3TAry-
BaHHIO, 3CyBYy Ta 3rMHY OgHO4YacHo, o OinbLioto
Mipolo MoZerntoe npouec noro apobneHHs Ta noapio-
HEHHS Yy MINUHI.

BuTtpayeHy Ha opobneHHs poboTy (A) BU3HaAYAOTb
LLUNSXOM MHOXEHHSI Macu rmpi, KiNnbKOCTi CKnaaHb, BU-
COTW CKMAAHHS Ta Ymcrna HaBaXokK

A =5-H-m-n, kK'm,

Je 5 — KinbKiCTb HaBaXok; H - BUCOTa CKMOAHHSA, M;
m — maca rmpi, Kr; n — KifnbKiCTb CKUAaHb.

Mutomy poboTy ApoOneHHsA MiHepanbHOI Cupo-
BUHK (&), To6TO poboTy, BUTpadeHy Ha YTBOPEHHS
1 cm® gpibHULi, 0BYMCnIoTb 3a (OPMYIIOH

a=A/V, kI'm/cmd,

[e A - BUTpadeHa Ha aApobneHHst poboTa, kKm/cm3;
V — 06'em gpibHuLi, Wo yTeopunacs, cmd.

Mix kKoediLieHTOM MiLHOCTi Ta NMTOMOK PoBOTO
OpPOBNEHHsT BCTaHOBIEHaA CTATUCTUYHA 3aneXHiICTb,
L0 MaE BUMMAL;

f=1,98 a%7,

ae f - koeilieHT MiLHOCTI 3a wwkanoto npod. M.M.
MpoTtoamnsikoHoBa; 1,98 — nocTinHui KoedilieHT; a —
nuToma poboTa ApobrneHHs.

OcHoBHe 3aBAaHHs OocniopKeHb nonsrana B oTpu-
MaHHi MakcumarbHOi iHpopmauii npo BnacTneBocCTi Ta
peyoBui cknag nNpob, HeOOXiAHMX ANs onpaLoBaHHSA
METOAMKM  OOChiMKEHb Ta TEXHOMOFYHUX CXeM
06pobku. Y npoueci gocnimgkeHb BMBYaANUCA isnyHi
BNACTMBOCTI Ta napanenbHo XiMivyHui cknag. Pismko-
MEXaHiyHi BMacTMBOCTI MapraHLueBuX pya Ta HacTuny
PBI1-1 HaBegeHi B Tabn. 2.

MeTopn BunpobyBaHHS Ha yaapHy B's3KiCTb 3paskiB
[5] 3acHOBaHWIN Ha pyHYBaHHI 3pa3ka i3 KOHLEHTpaTo-
pOM MocepeamrHi OOHMM yaapoM MasiTHUKOBOTrO Konpa.

B pesynbtaTi BUNpobyBaHHSA BM3Ha4alOTb MOBHY
poboTy, BUTpayeHy npu yaapi (poboty ygapy) abo
yaapHy B'askicTb. [lig yaapHow B'A3KicTio cnig po-
3yMiTK poboTy yaapy, BigHeCEHY 40 NOYaTKOBOI NIOLL;
nonepeYHoro nepepisy 3paska B MiCLji KOHLEeHTpaTopa.

BennumHa pobotn gedpopmadii Ta pynHyBaHHs K
BM3HAYaETbCSA Pi3HULIEI0 MOTEHLUIMHUX eHepriin MasaT-
HWKa B noYaTKoBWIA (MiCNA NignoMy Ha KyT @) Ta KiHue-
BMI (Nicns 3nboTy Ha KyT ) MOMEHTU BUNPODYBaHHS:

K= P-(H- h),

Tabnuug 2 - disnko-mMexaHiyHi BnacTMBOCTi MapraHueBoi pyan Ta Hactuny PBI-1

Mpo- | Hanmeny- OpobumicTb, MiuHicTb, Mutoma poboTa LLinbHicTb,
6a BaHHS % Gan. PYMHYBaHHS, Kr/m3 )
marepiany MOx/m3 2
. . © © © o
= s 8 = s 8 = s 8 § L8 5 -
Pyna Mn
1 (43,4 % Mn) 25,7 | 50,0 | 394 | 2,3 4,0 3,2 12 28 20 1480 | 2530 | 3860 | 34,5
Pyna Mn
2 (28,8 % Mn) 36,9 | 59,6 | 48,2 | 3,1 4.8 3,8 18 36 26 1520 | 2620 | 3320 | 211
3 gg"nﬂ“ 86,9 | 92,5 | 91,5 [ 10,3 | 14,0 | 13,1 | 125 | 162 | 148 | 1390 | 1820 | 2500 | 23,62

ne P — Bara masTHUKa, Kr; H,

h — Bucota nignomy Ta 3MbOTY MasiTHUKA,
BiANOBIOHO, M.

Mpu paHin cxemi BunpobyBaHb Bara MasiTHUKA
P cknapana 5 kr, a goBxumHa masTHuka L — 0,7m.

Axkwo goexunHa masitHuka L, To h = L-(1 - cosp),
H = L-(1 - cosa) i, omxe, poboTa aecopmaldiii Ta pyn-
HyBaHHs Oyae
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ana 3pasky Netl: Ky = P-L (cosB - cosa)
= 50,7 (cos70% cos75% = 0,291 kr'm = 2,91H'm
= 2,91 x;

anga 3pasky Ne2: K; = 0,233 kr'm = 2,33 H'm =
= 2,33 [x;

ana 3pasky Ne3: Kz = 0,348 kr-m = 3,48 H'm =
= 3,48 Ox.
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ae F — nnowa nonepeyvHoro nepepidy 3paska y
Micui Hagpidy 0o BuNpobyBaHHs. Y pasi, 3pasku manm
nepetuH 10x10 mm, To6T0 1 cm2. CTaHgapTHa pos-
MipHiCTb yaapHoi B'askocTi [k/cm2. OTpumaHi gaHi

K-C = KIF, HaBegeHo y Tabnuui 3.
Tabnuus 3 - Pesynbtatv BUNpobyBaHb W00 BU3HAYEHHS yOapHOI B'I3KOCTi 3pa3kiB
MapameTpun [MoyaTkoBWN KyT, KyT 3nboTy PoboTa gedopmallii Ta YpapHa B'A3KiCTb,
a MasiTHUKa, pynHyBaHHs, K, [k KC, kOx/m2
B
ans 3pasky Ne 1 75 70 2,91 29,1
ans 3pasky Ne 2 75 71 2,33 23,3
ans 3pasky Ne 3 75 69 3,48 34,8
CepefHe 3Ha4YeHHs 2,91 29,1

[ns NOpiBHAHHA Ta OLHKX 3Ha4Y€Hb OTPMMaHKX Mo-
Ka3HMWKIB HWKYe HaBedeHO OaHi LWoao BENUYUH yaap-
HOI B'A3KOCTI AesikMx marepianiB (gus. Tabn. 4). Mig
B'A3KICTIO MaTepiany po3yMitoTb MOro BfacTUBICTb Yn-
HUTW ONip cunam, SKi nparHyTb BiOOKPEMUTU AesKy

Tabnuus 4 - YaapHa B'A3kicTb MaTepianis

YaCTuHy maTepiany Big MacmBy abo nepemicTUT OgHy
NOro YacTuHy no BiOHOLLEHHIO A0 iHWOoi. BoHa xapak-
TEpU3y€E BENUYMHY CUM 3YEMSIEHHA MK YaCTUHKaMW.
[aHi 3a 3Ha4YeHHAMM yOapHOi B'A3KOCTI Pi3HUX Ma-
Tepianis HaBedeHo y Tabn. 4.

HalimeHyBaHHA MaTepiany YnapHa B'askictb, KC, kx/m?
AsbecTt 1,5-1,6
Ciminann 2,5
Ckno 1,5-2,5
Curtanm 4,5-10,5
Kap60oBonokHiTn 44-84
BopoBONOKHITK 78-110
Cnnasu TMTaHy 300-500
Crani nerosaHi 400-1000
Crani, nerosaHi nicns Tepmoobpobku 1000-1300
OproHoBOMNOKHITH 500-600
HocnigpkyBaHuid  MaTepian y  MOPIBHAHHI 3 BucHoBkn. Hactun, sikun GyB BUSIBNEHWA MNpu

ciMiHanamu (CMHTETUYHI MiHepanbHi cnnasu), oTpuma-
HUMW 32 TEXHOSOrE KaM'dHOro NUTTS, AKi MakTb
i3nKO-MexaHiYHi BNacTMBOCTI, 6nn3bki 40 yaapocTin-
KOI Kepamiku, LO BUKOPUCTOBYETbCA ANS Kynbo3a-
XUCHUX OPOHBLOBMX MNacTWUH (LWLiNbHICTb 2,9 r/cms,
Mexa MiLHOCTI npu ctuckaHHi 450 MlMa, mexa miu-
HocTi Ha BurMH 50 MIlla, mikpoTBepaictb 15 Mrlla,
ypoapHa B'askictb 2,5 k[hx/M? [6]), xapakTepusyeTbes
NMOKa3HWUKOM yapHOI B'A3KOCTi Ha Nopsaok BuLle. [ns
OinbLU JOCKOHAMNOro BUBYEHHS LIbOrO MUTaHHSA Heoob-
XigHi noganblui eKcnepuMeHTarbHi Ta TEOPETUYHI fo-
CNiDKEeHHs.

Hapani nnaHyloTbCs AOOCRIMKEHHS BU3HAYEHHS
¢asoBoro cknagy 3paskis MeTogoM pPeHTreHocnek-
TpanbHoro MikpoaHanisy (PCMA) Ha ycTaHoBUi
SELM1 PEM-106l, i miHepanoriyHoro cknagy y Bigbu-
TOMY CBiTNi, WO NPOXOAUTb, Ha Mikpockonax «NU» i
BiHokynsipHomy mikpockoni MBC-9.

3ynuHLi pyaoBigHoBntoBansHol nevi tuny Pr3-63 Ne 1
uexy BnpobHMUTBa dhepocniasiB, 3aMae NPakTU4HO
BCHO MMIOLLY NOAMHM, YTBOPUBLLK «XMOHY» NOAiHY TOB-
wmHowo 400-1300 MM BuULLE 3@ piBEHb OCi NBOTOK, LUO
BMKINMKaNO BenuvKi TPYAHOLLi Npw Ti pynHyBaHHI Ta BU-
nyyeHHi 3 BaHHW. MPUYNHOIO YTBOPEHHS HacTuIy Ha
NoAVHI NeYver € NepeBedeHHs iX Ha TEXHIYHUIA rpadik
po6oTK 3a 30HHUM TapuOM BUKOPUCTAHHST ENEKTPO-
eHeprii, TpuMBani XosfiogHi NPOCTOI Ta CKOPOYEHHSI
06’eMy BMPOOHULITBA BMCOKOBYTIELLEBOro dpepomap-
raHuto, LLIO CNpusie pO3MMBaHHIO KapbigHUX YyTBOPEHb.
HocnimpkeHHAMM  (isnKo-MexaHIiYHMX BIacTMBOCTEN
3paskiB BUIOMOK BUSIBIIEHO BUCOKI XapaKTepUCTUKU
MiLHOCTi MmaTepiany Hactuny. HeobxigHi noganblui
eKkcrnepuMeHTarnbHi Ta TEeOpeTUYHi OOCNIMKEHHS Ma-
Tepiany HacTuny nedi Ans BU3HAYEHHA MOXIMBOCTI
BMKOPUCTaHHS MOro B SIKOCTi KyNbO3aXUCHWUX BPOHb-
OBMX NMAaCTUH.
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Kopues C.B., ®posaos A.B., bo6yx 0.C.
AHaJIi3 BIVIMBY XIMIYHOI'0 CKJIAly HA TeMIiepatypy (pa3oBux

NnepeTBOPEeHb NPH rapsyviili npokarui npo@ijis i3 3a1annM piBHeM

MEXAaHIYHHUX BJIACTHBOCTEH

Korniev S.V., Frolov Ya.V., Bobukh O.S.
Effect of chemical composition on the phase transformation
temperature during the hot rolling of profiles with a given level
of mechanical properties

Y docniidxeHHi po3ansHymo Modesnto8aHHs1 CMPYKMyPHUX nepemeopeHb ma ¢hopMy8aHHS OMmuMasbHUX MIKpOCMPYK-
myp y cmarisix, 06pobreHux cydacHuMu Memoodamu mepmiyHoi 06pobku. MamemamuyHul onuc gha3osux nepemeopeHs
b6a3yembcsi Ha meopii 3apodXXeHHs i pocmy 3epHa, 8UKOPUCMaHHI mepMOKiHemuyYHUXx Oiagpam ma rpo2HO3y8aHHI po-
38umky mikpocmpykmypu. Ocobrugy yeaey npudineHo npouecy 3azapmyeaHHs1 3 Hacmkosum memnepysaHHsaM (Q&P),
sKul 3abesnedye ¢hopmyeaHHss baeamogha3Hux MIKPOCMPYyKmMyp 3 onmumarsibHUM Crlie8iOHOWEHHIM MapmeHcumy ma
3anuwKoeo20 aycmeHimy. Y pobomi Hazonowyemscs Ha 8axinusocmi aubopy memoodie 0xor100)XeHHs1 07151 OOCS2HEHHST
HeobxiOHuUx ernacmueocmel cmariii. 30kpema, 800HO-108IMPsIHE cripeliepHe OXONT0OXEHHST MPOOEeMOHCMPY8ario 8UCOKY
ehekmusHicmb y s8idsedeHHi menna ma moxnusicme adanmayii o cknadoi eeomempii demarni. EkcriepumeHmarnsHi
docnidxeHHs1 nokasanu, ujo cmarnb 22MnB5, 06pobrieHa 3a mexHonozieto Q&P, docsicae nokpaweHUx MexaHiyHUX ena-
cmueocmeti — miyHocmi (Rm = 1045 Mlla) ma gidHocHo2o nodoexeHHsi (A = 10,8 %) — npu 3meHweHomy emicmi sie-
2yearibHUX efleMeHmi8 ropieHsIHO 3 mpaduyitiHUMU Memoodamu.

Knro4voei cnoea: mepmidHa 06pobka, GokpumuyHuUl 8idnars, Yacmkose memrnepysaHHsi, ¢ha3osi NepemeopeHHs.

This study explores the modeling of structural transformations and the development of optimal microstructures in steels
subjected to advanced heat treatment processes. The mathematical description of phase transformations is based on the
theory of nucleation and grain growth, with thermokinetic diagrams serving as a foundation for predicting microstructural
evolution. Special attention is given to the Quenching-and-Partitioning (Q&P) process, which facilitates the formation of
multi-phase microstructures with a balanced ratio of martensite and retained austenite. The research highlights the sig-
nificance of cooling methods in achieving desired properties. Among these, water-air spray cooling is shown to effectively
enhance heat dissipation while adapting to complex component geometries. Experiments demonstrate that Q&P-treated
22MnBS5 steel achieves improved strength (Rm = 1045 MPa) and elongation (A = 10.8 %) compared to conventional pro-

cesses, with lower alloying element content.

Key words: heat treatment intercritical annealing, quenching and tempering, phase transformations

Beryn.

CopTtaMeHT cTanen, ski CbOrogHi AOCTYNHi y hopmi
Kpyrnoro npocinto xapakTepusyeTbcs BracTUBO-
ctamu, ski oomexeHi 40 % BIAHOCHOrO NOAOBXEHHS
npy po3puBi, SIK XapakTepUCTUKOK MNNACTUYHOCTI, Ta
1500 MIMa mexi miyHocTi. baratodasHi ctani, Big Bu-
COKOMILHUX [0 HaAMIUHUX, €Ki XapakTepusyroTbCs
NoeAHaHHAM BUCOKOI MILHOCTI Ta BWCOKUX 3HaYeHb
BiJHOCHOIO NOAOBXEHHA NpU PO3puBI B He3arapToBa-
HOMY CTaHi, BigirparoTb KIOYOBY posib B MaLLIMHOByay-
BaHHi. Taki cTani nigaalTbCs BUCOKUM CTYMNEHSAM Ae-
dopmalii (8o 90 %) nig vac rapsiHoi 06podKu TUCKOM.
Takun piBeHb fedopmaLlii 4OCAraeTbCA 3a NEBHY Killb-
KICTb pa3oBKX (4aCTKOBWX) OOTUCHEHb 3 BEINTMHYUHOKD
8 ... 20 %, nicns KOXHOro 3 sIKMX BiAOyBaeTbLCSA pekpu-
cTanisauis 3a paxyHOK TaK 3BaHOro «3anuLlKOBOro»
Tenna. TemnepaTypa meTany y npoMikkax Mix yacT-
KOBVMMMW OOTUCHEHHAMMW € Pe3ynbTaToM TensoBoro 6a-
naHcy B nonepefHin 3oHi aedopmadii [1]. BoHa, B
CBOI uYepry, 3abesneuye OanaHc npouecie gedop-
Mauil i pekpucTanisauii, BeNMYMHY KOTPOro MOXHa
KiNIbKICHO onncatu obCAroM MOrNIMHEHOI  3paskoMm

© Kophes C.B., - YOYHT
®ponos A.B., - 4.T.H., npod. YOYHT
Bobyx O.C. — k.T.H., gou. YOYHT

(OO

eHepril nig Yac sunpobysaHb rotoBoro Bupoby. Cepen
cTaten uporo 6anaHcy MOXHa BUAINUTM HACTYMHI Npo-
Lecu: picT 3epHa, amiuHeHHs (WH), auHamivHe BigHOB-
neHHa (DRV) ta guHamivyHa pekpuctanisauia (DRX)
[2]. Bci ui gBuWa cyTTEBO BMMMBAKOTbL Ha €BOMIOLIIO
MIKPOCTPYKTYPU | MexaHiyHi BnacTnsBocTi MeTarny. 3cyB
HanaHcy B 30Hy nepeBaxHOT Aedopmallii Npu3BOaUTb
00 BUPaXKEHO| aHi30TPONHOI NOBEAIHKM KOMMOHEHTIB i
NpM3BOAWNTbL A0 3MEHLUEHHS] 3anMKOBOro MNoaoB-
XeHHS abo 3anuLLIKOBOI 34aTHOCTI 40 BUIMMHY [3]. 3BO-
pOTHIN 3cyB GanaHcy y Bik TemnepaTypu NnpmM3BOanTb
[0 3pOCTaHHA 3epeH [4], Wo Takox noripye Brnactu-
BOCTi cTaneBoi npogykuii [5]. Takum 4MHOM, TEXHO-
NOTiYHi  enemMeHTM BUPOOHMLTBA KaTaHKM MalTb
NoeaHyBaTU €PEeKTUBHI IHCTPYMEHTM BNNUBY Ha obu-
OBi Baxkeni 6anaHcy «aedopmadisi-pekpuctanisauis».

IHTerpoBaHu  npouec  «aedopmadis-pekpu-
cTanisauisi» noegHye rapsdy gedopmauiio B
ayCTEHITHOMY CTaHi 3 OAHOYaCHUM MapTEHCUTHUM
3MILUHEHHAM Mg 4Yac OXONoMKeHHs. binblw BUcoOKa
MILHICTb, SIKy MOXHa AOCArTM 3a LONOMOroK Mpeco-
BOr0O rapTyBaHHA [6] NOPIBHAHO 3i 3BUYAWHUM

© Korniev S.V. - USUST
Frolov Ya.V. —d.t.s., prof USUST
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XONnoAHUM (popMyBaHHsIM GaratodasHux cTanew, €
nepesarolo A5 3MEHLLEHHSA NUTOMOI Bark npodinto.
ICHylOTb ODMEXEHHS LOA0 BUKOPUCTAHHA BUCO-
KOMILHMX, TPagMLiHO 3arapTOBaHUX KOMMOHEHTIB Ye-
pes X HM3bKe BiAHOCHE NOAOBXEHHS Npu po3pusi [7].
MaTtepianu 3 BUCOKOO MILHICTIO i B TOM € Yac Xopo-
LLIOKO MMACTUYHICTIO A03BONAOTb N Yac aBapii nornu-
HaThn skomora Binblly 4YacTKky BBEAEHOI KiHETUYHOI
eHeprii 3a gonomorok nnacTuyHoi aedopmadii [8].
3aBAsKM BMKOPUCTaHHIO cTanen 3 BUCOKMM MOTEH-
Lianom xiMidHOro cknagy, agantoBaHWX 4O HaBaHTa-
XEHHSA, MOXHa [OCArTM OnTUManbHOI NMUTOMOI Baru
npocpinto. nga uinecnpsamoBaHOI 3MiHM MILHOCTI Ha
NNacTUYHICTE  MIKPOCTPYKTYPY MOXHa perynosaTu
LwnsixoM Bubopy matepiany [9] abo 3a gonomMoroto no-
KarnbHOI TepMi4HOT 0BpobKu.

PigHi cTpaTterii moxyTb OyTn BuMKOpWUCTaHi Ans
niguweHHa agedopmiBHOCTI cTanen. Hanpwuknag,
KOMMOHEHTU 3 fOoKanbHO MMACTUYHOK BGENHITHO
CTPYKTYPOIO MOXYTb ByTW BUrOTOBIEHI 38 JOMOMOrOH0
npoueciB KOHTPONbOBAHOI NMacTU4HOI Aedopmadii
[10]. MnacTuuHicTb Moxe OyTM 36inblieHa 4epes
MIKPOCTPYKTYPY 3a AOMOMOro hepuTHO-MapTEHCUT-
HMX MIKpOCTPYKTYp Ta/abo BigMyLEeHOro MapTeHCUTy
Ta YacTKM 3anULLIKOBOrO ayCTEHITY B MIKPOCTPYKTYPI.

MeTtoa aocnigxeHHs

Y uin poboTi gocnigkeHo BNAMB XiMiYHOrO cknagy
Ha TpaHcdopmaLito MIKPOCTPYKTYpU 3paskiB 3i ctani
22MnB5 B npoueci OOKPUTUYHOrO Bignany, BUKOPU-
CTaHo, K Di3YHY MoAernb TemnepaTypHOro pexvmy
B TEXHONOrYHOMY npoueci BMPOOHULTBa npodinis.
30BHILLHE OXONogKeHHs Bigbysanocsa nicna gedop-
MaLiHOro 3MilLHEHHSA BOAO-NOBITPAHUM PO3MNUSIEH-
HsM. Lle no3Bonsie KOHTponoBaTh TemnepaTypy, Wwob
OTpMMaTK Ppi3Hi BMacTMBOCTI KOMMOHEHTIB Nig 4ac
00poGKM  TUCKOM. PeryntoBaHHs noyaTkoBoOl
MIKPOCTPYKTYPWY [O3BOSMUIIO YiTKO BiJOKPEMUTU 4ac
uukny gedpopmadii. 3actocoByroun npouecu OOKpu-
TUYHOrO Bignany A0 HU3bKOMeroBaHwWx craneun, me-
XaHiYHi BracTMBOCTI Marepiany nporHosyesanucs ye-
pes cniBBiAHOLEHHA hepuTy Ta MapTEHCUTY.

MiyHicTb | nNacTU4YHiCTb MaTepiany 3MiHoBanmMca
3a AOMOMOrOK0 Y3ropKeHUX NpoLeciB Bignany ta oxo-
NOMKEHHs Ta Oynu aganToBaHi. [JOKpUTUYHUIA Bignan
TakoX OyB 3aCTOCOBaHWM y MOEAHAHHI 3 MPOLIECOM
0Bpo6KM TUCKOM Ans CTBOPEHHS (hEPUTHO-MAPTEH-
CUTHUX KOMMOHEHTIB y CTPYKTypi. 36inblieHHa 3paT-
HoCTi Ao Aedopmaldii Wwnsxom ctabinisauii 3anuuiko-
BOr0O ayCTeHiTy B MepeBaXHO MapTEHCUTHUX
MIKPOCTPYKTypax MOXNMBE 3a [OMOMOrol Tak 3Ba-
HOro MpOoLLeCy 4YacCTKOBOrO 3arapTyBaHHA. Y LbOMY
BMNAOKy MpoLec 3arapTyBaHHSA Ta TeMMepyBaHHS
3AINCHIOETLCA Ha TeMnepaTypHOMY PiBHI MiXX NoYaTKo-
BOIO TeMrepaTyporo MapTeHcuTy (M) | KIHLEBOI TEM-
nepatypolo MapTeHcuty (Mg). Taka nocnifoBHiCTb
TepMiYHOI 0BpPOBKM TakoX BMKOPUCTOBYBanacs Yy
3B’A3KY 3 JOKPUTUYHUM HarpiBaHHAM AN HU3bKOMero-
BaHoi 3arapToBaHoi ctani 22MnB5. 36inbLlueHHs 3aaT-
HOCTi 10 NOAOBXEHHS Mig Yac BUNpobyBaHb 0OYyMOB-
neHo cTabinisauielo  3anuLIKOBOrO  aycTeHiTy B
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GaratodasHii CTPyKTypi Ta MOro nepeTBOPEHHS Nig
Yyac gedopmauii posTary.

AHania BnnvBy XiMiMHOrO cKknagy Ha TemnepaTtypy
¢has3oBKx NepeTBOPEHb NPW HarpiBi Ta OXONOKEHHI.

Mpouec AOKPUTMYHOTO Bignany A03BOMSE BCTaHO-
BUTW NEBHE CNIBBIAHOWEHHS hepuTy OO0 ayCTeHiTy
npu BubpaHin Temneparypi, Wwob nig Yac HaACTynHOro
OXOMNOMPKEHHSI NEepPeTBOPUTM Ha MapTEHCUT nule Ti
YaCTUHM CTPYKTYPWU, siki Bynu aycTeHiTnsosaHi. Takum
UYMHOM MOXHa peryroBaTh MiLHICTb (puc. 1, kpuea 3).
MigBMLLEHHA NNacTUYHOCTI NepeBaXHO MapTEHCUT-
HUX MIKpOCTPYKTYp abo GaratodpasHux ctanen Mox-
nvBe Ha goaaTok Ao MoandikyBaHHSA cnnaey (nogpio-
HeHHs1 3epHa Nb, yHUKHEHHS ocagkeHHs TiN Ta MnS
3a paxyHOoK 3meHLueHHs BMicTy N, P, S, Ti) 3a gonomo-
roto NpoLecy 3arapTyBaHHs 3 YAaCTKOBUM TeMMEpyBaH-
HaM (Tak 3BaHui Q&P npouec). MNMokpalieHHa nna-
CTMYHOCTI [OOCSIraeTbCsl  LUNAXOM KOHTPOMbOBAHOIO
OBOCTYNEHEBOrO MNpPOLECY OXONOMKEHHA, nig 4ac
SIKOTO HEBerMKa KinbKiCTb 3anULIKOBOrO ayCTeHiTy
cTabinisyeTbcs 3a KIMHaTHOI  TemnepaTypw.
MikpocTpyKTypa, OTpuMaHa B pe3ynbTaTi L€l TepMid-
HOi 06pOOKK, Haragye CTPYKTYpY BignyLieHNX MapTeH-
cuTHux cTtanen (AM-ctamen), sika cknagaeTbcs 3
NOPIBHSIHO NMIACTUYHOI MaTpULi BianyLLEHOro MapTeH-
CWTY Ta 3arm1LLKOBOro aycTeHiTy (puc. 1).

Micna noBHOI ayCTeHisauii HarpiBaHHA BUWKO-
HYyeTbCA nepepuByacTe rapTyBaHHA (quenching) go
OOCSITHEHHS TeMNepaTypu, Lo NeXMTb MK Temnepa-
Typamu novaTky M i 3aBepLUeHHs My MapTEHCUTHOrO
nepeTBopeHHs. [licna yTBOPEHHS MNEBHOI KifbKOCTi
NepPBUHHOINO MapTEHCUTY MPOBOAUTLCHA MpoUEeC TeM-
nepyBaHHs (i3oTepMiyHa BUTPUMKA), Mg Yac SKOro
BiAOyBaeTbCA AUY3iHO-KOHTPONbOBAHWIA PO3NOAin
(partitioning) cTabinisyto4oro aycTeHiT Byrrewo 3 ne-
peHacuyeHoro NEPBUHHOIO MapTEHCUTY B 3anuLLKO-
BUA aycTeHiT. Y asi TemnepyBaHHA MapTEHCUT
BiAMyCKaeTbCH, a ayCTeHIT CTabinisyeTbCs 3a HMXYMX
Temneparyp 3aBAsikv NigBULLEHOMY BMICTY BYrNeLto.
[ns yHUKHEHHs1 yTBOpeHHs kapb6idis nig Yac cTapiHHA
HeoOXigHi [ocTaTHI KOHUEHTpaLii neryBanbHuX ene-
MEHTIB, Taknx sik Si Ta/abo Al. B iHLoMy B1NagKy moxe
He gocsratucs goctaTHsa ctabinisauis aycreHity. O6-
paHa TemnepaTtypa rapTyBaHHS BU3HA4a€ KinbKiCTb
NepBMHHOIO MapTEHCUTY, Lo 3abe3nevye Byrneup nig
Yyac CTapiHHA, a TakoX KifbKiCTb ayCTeHITy, WO 3anu-
LIAETLCA B CTPYKTYpI Ha Ui TemnepaTypi i 3aaTeH no-
rMUHaTK ByrneLub y 4OCTaTHIM KinbkocTi. MNMpouec Tem-
nepyBaHHs MOXe 34iMCHIOBATUCA NpU TemnepaTypax
MK Mg i Mg (puc. 1, kpysa 2) abo X A NPUCKOPEHHS
Andy3iiHUX npouecie — npu BULLMX Temnepartypax
noHag M (puc. 1, kpuea 1). HegoctatHbo cTabiniso-
BaHUIN ayCTeHIT NepeTBOPIOETLCS HA BTOPUHHUIA Map-
TEHCUT y pe3ynbTaTi OXONOAKEHHS A0 KiIMHATHOI TeM-
nepatypu. Yepes gudysinHe 3baradeHHsa ayCTeHiTy
nerysanbHUMK efnieMeHTamu, TakuMu 9K Byrneup i
MapraHeub, Mg 4Yac OOKPUTUYHOMO HarpiBaHHsA 1 i30-
TEPMIYHOI BUTPUMKM Temnepatypu Mg i My 3HW-
XyHTbCS.
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TemnepyBaHHSA

Yac LBnoke

OcTtaTo4He

OXOJ1o4KEeHHA OXONOKEeHHA

PucyHok 1 — ®a3oBi nepeTBOpeHHA Npu HarpiBi Ta oxonomkeHHi: 1 — KpmBa Temnepatypu ans npouecy

Bigmany 3 nepexodoM B aycTeHiT(aycTeHiTisauid) Ta

TeMnepyBaHHAM B 30HI (DOPMYBaAHHA MapTEHCUTY; 2 —

KpuBa Temnepatypw ons ayCTeHiTi3auii Ta TemMnepyBaHHAM BULLE NOYATKy MapTEHCUTHOIO NEPETBOPEHHS; 3 —
AOKPUTUYHWIA Bignan 3 YacTKOBMM NEPEXOAOM B ayCTEHIT Ta TEMMNEPYBaHHAM B 30Hi POPMYBaHHSA MapTEHCUTY;
A — ayCTeHiT; F — doepuT; M1 — NEPBUHHNIA MAPTEHCUT, SKUIA CHOPMYBaBCS Mig Yac LLUBMAKONO OXONOKEHHS;
(+C) - 3baradeHHs ayCTeHiTy Byrneuem 3a paxyHoK Audysii 3 nepBMHHOrO MapTteHcuty; (—C) — nepexig By-
rneLro 3 NepPBUHHOIO MapTEHCUTY B ayCTEHIT; M2 — BTOPUHHUIA MapTEHCUT, KU copmMyBaBcs Mig vac ocTa-

TOYHOIO OXONOAXEHHSA 3 AinsHoK (+C); RA — 3anuwko

B okpemux Bunagkax temneparypa noyatky MapTeH-
CUTHOrO nepeTBopeHHst (Mg) Moxe OyTuM 3Ha4HO
HWKYOI0 3a KIMHaTHY TemnepaTypy. PopMyBaHHS BTO-
PVHHOrO MapTeHcuTy BigbyBaeTbcsa Toi, Konu Temne-
paTypa Mg He moxe ByTu 3HWXKeHa HuXK4Ye Temnepa-
TYpu cepefoBuLLa rapTyBaHHA. 3anexHicTb MK Tem-
nepaTypot Mg i BMICTOM BYyrneLo B ayCTeHITi MOXHa
3HaNTW y piBHAHHI 1 (BMICT enemMeHTiB y mac. %), ske
HaBefeHo y ctartTi [11]:

Mg(°C) = 561 —423-C —30,4- Mn — 17,7 - Ni —
12,1-Cr—11-Si—7-Mo (1)

ae C — BMICT Byrneuto (y BaroBux Bigcotkax), Mn —
BMICT MapraHuto, Ni — BMICT Hikento, Cr — BMICT XpoMy,
Si — BMIiCT KpeMHito, Mo — BMICT MOniGaeHY.

CTpyKTypHi 3MiHW, WO BigbyBalTbCS B MaTtepiani
nig 4ac Q&P-mpouecy nicns  iHTEPKPUTUYHOIO
HarpiBaHHs,, CXemaTWM4yHO ifocTpoBaHi Ha puc. 1
(kpmBa 3). HeBenuka kinbkicTb cTabinisoBaHoro 3a-
NWLLKOBOrO ayCTeHiTy B CTPYKTypi Cnpusie niasu-
LLEHHI0 piBHOMIpHOro BUAOBXEHHS Yepes TRIP-edekT
©e3 3Ha4yHOro 3HWXKEeHHS MiLHOoCTI [12]. Micnsa Tepmiy-
HOi 0OpOoOKK CTPYKTYpa MaTepiany ckrnagaetbcs 3 de-
puUTy (SKLLO BUKOPUCTOBYBABCS AOKPUTWMYHUIA Harpis),
BigNyLLEeHOro MapTEHCUTY, 3aULLKOBOrO ayCTeHITy Ta
TBEpPOOro BTOPWMHHOrO mMapTteHcuty (puc. 1, kpusa 3).
Taka TepmiyHa o0Opobka 3abesnedye onTUMarnbHe
noegHaHHSA BUCOKOI MiLHOCTI Ta 406POI NIIaCTUYHOCTI.
MiyHiCTb MIKPOCTPYKTYPM BULLIA 3aBOSAKM YacTLi Bigny-
LLIEHOro MapTeHCUTY MOPIBHAHO 3 TpaauuiiHummn de-
putHo-6emnHiTHMIMKN  TRIP-ctanamn. [llpouec Q&P
MOXHa 3acTocoByBaTW B ymoBax 6e3nepepBHOro Bu-
pobHuLTBa cTaneBmx Npodinis, ane ronoBHUM NUTaH-
HAM TyT € 6GanaHC MK [OCTaTHbOK LUBUAKICTHO

BUI ayCTEHIT.

OXOJIOMKEHHS i PO3MNOAiNoM TemnepaTypu no none-
peyHomy nepepidy npodinto. MNoegHaHHA aedopmadii
npu npokaTui 3 Q&P-TepmiyHO0 06p0o6KOI0 4OAATKOBO
MoKpaLLlye MexaHiyHi BacTUBOCTI CTPYKTYpu. B aaHuin
Yyac BuMKopuCTaHHA npouecy Q&P B niHii 6e3nepeps-
HOro COpTONPOKATHOrO CTaHy nepebyBae Ha cTagii Bu-
npobyBaHb.

TepmiuHa o6pobka crani 20MnCr5.

AycTeHiTizauia: Ha BigMiHY Big OOKPUTUYHOIO
Bignany, ayCcTeHiTizauiga npusHaveHa ansi noBHOro re-
PETBOPEHHA MOYATKOBOI CTPYKTYpU B  ayCTEHIT.
AycTeHiTu3auis NpoBoAUTLCA K Nig Yac TepMivyHOT
06pobkK, Tak i nig vac rapsyoi aedopmadii. MNepexig
cTani [o ayCTEHIHTOro CTaHy 3MEHLUYE eHeprito, Heoo-
XiaHy onsa gedopmadii Yepes 30inbLUeHHS NOLLMH Ko-
B3aHHS1, @ TaKOX 4Yepe3 MeHLWuin onip gedopmadii 3
nigsvweHHamM Temnepatypwu. os'asaHi cunu gedop-
Mauii 3MeHLwytoTbes [13]. Y TOM e 4yac nnacTuyHICTb
MaTepianiB 3pocTae 3 MiABULLEHHAM TemnepaTtypu.
Mpw HarpiBaHHi JOEBTEKTOIOHNX CTaneun BuxigHa de-
puyTHa CTPYKTYpa 3MIHIOETBCA Ha aycTeHiTHy. MeToto
ayCTeHiTi3auil 3a3Bnyar € NOBHE PO34YNHEHHS Kapbigy
Ta MOro OOHOPIAHMI POo3Nogin, SAKMA NOYMHAETLCA
nvwe npu Temneparypax Bulle Acs i 3aBEpPLUYETLCS
npu Acc. AyCTeHiTizalis Moxe BigbyBatuca i3o-
TepMmiyHO abo Ge3nepepBHO. 3anexHe Big Yacy Ta
TemnepaTtypu a-y NepeTBOPEHHS 3a3Buyal npeacras-
naeTbCa 'y BWUrNg4i  giarpam  yac-Temnepartypa
aycteHiTusauii (TTA giarpamu), Ha SIKUX HaBeAEHO
TemnepaTypu noyaTky ayCTEHITHOro nepeTBOPEHHS
(Aco, KiHELIb @yCTEHITHOrO NepeTBopeHHs (Aco, KiHELIb
po3unHeHHs kapbigy (Acc), MoO4aToOK OAHOPIAHOro
ayCTeHiTy Ta po3Mip 3epHa aycCTeHiTy (puc.2 Ta
Tabn. 1).
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Tabnuua 1 — XimiyHmi cknag ctani 20MnCr5

20MnCr5 C Si Mn P S Al Cr Cu
Buict neryloumx ene- | 5 0,19 1,19 0,016 |0032 |0004 |1,22 0,21
MeHTIB (mac. %)
LeuakicTs Harpiy, °Clc
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PucyHok 2 — XimiuHun cknag i 6esnepepeHa giarpama TTA ans ctani 20MnCr5: 1 — roMoreHHuiA ayCcTeHiT;
2 — HErOMOTEHHUI ayCTeHiIT; 3 — depuT + ayCTeHiT + Kapbigu; 4 — deput + kapbign.

Ondpysivive Ta 6e3amndy3siiHe nepeTBopeHHs. Mpu
TEepMiyHin 0Opobui cnnasu 3a3BMYal OXONOLXKYHTHCS
WBKMALWE, HPK NPUM BU3HAYEHHI CTPYKTYPHUX KOMIMO-
HEHTIB 3a fAiarpamoto 3anis3o-syrneup. [iarpamun Tem-
nepaTypHO-4acoBOro nepeTsopeHHs (diarpamu TTT)
NnoKasylTb CTPYKTYPHI NepeTBOPeHHs AN  PisHUX

1000

Temnepatypa, °C

100

NPOLLEeCiB OXONOMKEHHS Ta LUBUAKOCTI, 30Kpema Ans
cnnasy Ta 9K OYHKLiI0 yMOB aycTeHisauii. 3a gonomo-
rol uux diarpam cnnaHyBatn TepMmidHy 06pobky
cnnasy. TpaHcdopmauis aycTeHiTy Moxe 6yTtu
npointocTpoBaHa i30TepMivyHMM abo OGe3nepepBHUM
KOHTpoOnem Temneparypm (puc. 3).
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PucyHok 3 — TTT-giarpama ctani 22MnB5: a) 6e3nepepBHa; 6) i3oTepmiyHa (TemnepaTtypa aycTeHiTu3auii
950 °C); b — 6emHiT; M — mapTeHeuT; 1 — nepnit; ® — cdepur.

MopiBHAHHS Ge3nepepBHOi Ta i3oTepmivHoi TTT-
giarpam nokasye, Lo noyaTok NepeTBOpeHHsi B beane-
pepBHUX diarpamax, sk npasuno, BigbyBaeTbcs npwu
HVXYMX Temnepatypax. [pn oxonomxkeHHi Hwkye Acs
ayCTeHIT MOYMHaAE NEepeTBOPIOBATUCA Ha BTOPWHHI
CTPYKTYpW: dhepuTy, nepnity, 6enHiTy Ta MapTEHCHUTY.
BoHM MaloTb pi3Hi XapaKkTepucTuku 3anexHo BiA
cknagy cnnasy Ta yMOB TEPMiYHOT 0BpOoBKu.

Mpn HWU3BKOMY BMICTi NEryloumx enemeHTiB i no-
BiSfTbHIA LUBMAOKOCTI OXONOKEHHS YTBOPIOKTLCS Ma-
CTUYHI CTPYKTYPW, Taki sk pepuT i nepnit. [Npu BUCOKMX
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LLBMOKOCTSAX OXONOKEHHS 3epHa ayCTEHITY NOBHICTHO
nepeTBOPOOTECA B 00'eMHMI abo MnacTMHYacTUi
MapTEHCUT.

Mpuknagm TMNOBUX MIKPOCTPYKTYpP cTani 22MnB5,
LLIO BUKOPUCTOBYETLCSA Nif, Yac iHTerpoBaHOi TePMiYHO-
aedopmaLinHoi obpobku, MokasaHi Ha PUCYHKY 4.
Ctanb 22MnB5 3a3Ha€e NOBHOro MapTEHCUTHOTO Nepe-
TBOPEHHS npu LLIBUOKOCTAX OXOMNODKEHHS
27 ... 30 °Cl/c (puc. 5). B ocHoBHOMY cniif, 3a3Ha4UTK,
LLIO NepeTBOPEHHS B MapTEHCUT 3aBEPLLYETLCS NuLle
TOAi, KONMW [ocAraeTbCs  KiHUEeBa Temnepartypa



MapTeHcuTy My Y BuNagky cranei i3 macosum
BMiCTOM ByrneLto BMwmm 3a 0,6 % Lie Mmae micue nuwe
y BWMagKy, KONW Temnepatypa HWK4Ye KiMHAaTHOI.
OKpiM LUIBMAKOCTi OXONOOXKEHHS, MPOXOMKEHHS Yepes
BUpiLLaNbHUM

30HM  TpaHcdopmauii € ans
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dopMyBaHHA MIKpOCTPYKTYypu. Bapiauii  ximidHOro
cKragy Ta yMOB ayCTeHi3auji npu3BoasaTb 40 3MiHM 06-
nacten nepeTBoOpeHHsl. HanpwukiHui KpuBOi oxonog-
YKEHHS1 4OCArHyTa TBepAiCTb BKa3yeTbes 3a Bikkepcom
Ha TEPMOKIHETUYHIN Aiarpami.

PucyHok 4 — XapakTepHa CTpykTypa 3araptoBaHoi ctani 22MnB5, TpaBneHHs: 4% nikpnHoBoi kucnotu i 4%
asoTHOI kucnotu; 1 — dpeput + nepnut + kapbigun (282 HV); 2 — mapTteHcuT + 6enHiT + depuT + kapbiam (314
HV); 3 — mapTteHcuT + 6enHit (330 HV); 4 — mapTeHcuT nicna signyctku (410 HV); 5 — mapTeHcuT nicnsa HU3bKoT
BignycTku (552 HV). HaBaHTaxeHHs nig yac sunpobysaHb — 0,1 H.
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3004

TemnepaTypa, °C

2007

MopentoBaHHSA CTPYKTYpHUX NepeTBopeHb. MaTte-
MaTUYHUIA ONWUC CTPYKTYPHMX NepPeTBOpPeHb BasyeTbes
Ha Teopil 3apoAKeHHS | poCcTy 3epHa. 3a JOMNOMOro
€KCMepyMEHTanbHO BU3HAYEHNX TEPMOKIHETUYHUX
Jiarpam Ta BCTaHOBMNEHHS MaTeMaTUYHUX 3aKOHIB po-
3BUTKY (ha30BUX NepPeTBOPEHb, KepoBaHUX Anysieto.
MOXHa OnucaTu Len po3BUTOK MIKPOCTPYKTYpU. Po-
3paxyHOK MIKPOCTPYKTYpPU Ha HaniBeMnipuU4Hin OCHOBI
YacTO BMKOHYETbLCA 3a [JOMOMOrOH i30TEPMIYHMX
fiarpam. BoHU MIiCTATb KpMBI 3 O4HAKOBUMW MPoONnop-
uigsmn deputy, nepnity Ta 6erHiTy. MikpocTpyKTypy
MOXXHa Bijobpa3nTu anst 6yab-sKkoro NpoLecy oxXonog-
XKEHHS 3a JOMOMOrol0 i30TEPMIYHMX iTepauin y yaci Ta
ekcTpanonauii 3a BigoMyMK ekcrnepuMeHTanbHUMMK
OaHumMmm Ta MeToAuKaMu. BesandysinHe

J4

Yac, c
PucyHok 5 — BesnepepsHa TTT-giarpama HuabkonerosaHoi ctani 22MnB5 (aycteHitizauis npu 900 °C
npoTsiroM 5 xB). A — aycTeHiT; b — 6enHiT; M — mapTteHcuT; M — nepnit; ® — cdeput; 1 — 471 HV; 2 — 464 HV;
3-446 HV; 4 — 429 HV; 5 - 383 HV; 6 — 440 HV; 7 — 184 HV; 8 — 165 HV; 9 — 156 HV; 10 — 156 HV.

nepeTBOPEHHS  MOJEMETbCA  3a  PIBHAHHAMMU
KovicTiHeHa — Mapbyprepa, sik nokazaHo y OnucaHo.
LLlo6 nepeBipuTM peanizoBaHi i30TepMiyHi giarpamu,
MOXHa 3pobuTn 6esnepepBHi po3paxyHKu, siki NopiB-
HIOKTBECH 3 BUMIPSHUMM.

TemnepaTypa rapTyBaHHS | WOro TpuBanicTb
BM3HAYa€ETLCA XiMiYHMM CKIagom crnnasy Ta BUMO-
raMmu 40 BNacTMBOCTEN KiHLEBOro npoaykty. Bignyck
[03BOrsSEe Byrmneu audyHayBaT 3 nepeHacnuyeHoro
MapTeHcuTy. BmicT Byrneuto B MapTEHCUTI 3MeH-
LWYETLCS | NnepexoauTb y oopMy e-kapOigy. MiyHicTb i
B'A3KICTb MOXHa crneyjianbHO BigkopurysaTu 3a Jono-
MOroK TemnepaTtypu i yacy BUTpUMKU. Temnepatyp-
HWI iHTepBan Bignycky Mae neBHi obmexeHHst: Big 250
00 550 °C MOXe BUHUKHYTW BignyCKHa KPUXKICTb.
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Bubip yMOB 0XONOMKEHHS B 3HAYHIN Mipi 3aneXnTb
Big crnnaBy, Macu i opmMn 3aroToBkM, OaxaHoro yTBo-
PEHHSA MIKPOCTPYKTYpU. KOMNOHEHTN MOXYTb Nigaasa-
TMCA MOBHOMY abo fokanbHOMY iHOUBIOyanbHOMY
OXONOMKEHHI0. BoaHi po3unHm conen abo nonimepis i
po3nnaBu Conen 3a3Buy4a BMKOPUCTOBYIOTb ANA
3MILHEHHS MOBEPXHEBOro LWapy TBEpAUX KOMMO-
HEHTIB, ane MOXYyTb BUKOPUCTOBYBATUCH i ANS MNOB-
HOro 3MilHeHHsl. OXONOMKEHHS TaKOX MOXMMBE B
KMNnsiomy Liapi, 3a 40NOMOroK crpenepy, Ha noBiTpi
abo B iHepTHOMY rasi. MeTol OXONomKeHHs nig Yac
BiONYCKy € reHepauisd BWUCOKOI LUBMAOKOCTI OXOSOA4-
KEHHS1 Ta BigBeAeHHA skoMora OinbLUOT KinbKOCTi
Tenna BiZ KOMMOHEHTa Yepes Noro NOBEPXHIO.

OxOonoaxeHHA 3aHYpeHHAM Y pigke cepefoBuLle
3abesneyvye y OinbloCTi BMNagkKiB Hambinbly Ten-
nosiggady y BCbOMy diana3oHi Temnepatyp. Onsa Ta-
KOro OXONOKEHHST BUKOPUCTOBYIOTBCS OXOSOLKYHOI
pigvHn Ha BOAHIN OCHOBI (Boga 3 conboBuMK abo
nonimepHumun gobaekamu i 6e3 Hux). OXonomKeHHs
BiAOyBaeTbCH LUNAXOM 3aHYPEHHS 3aroTOBKW B PiANHY.
3aBOsiku Oyxe BUWCOKIN eHTanbnii BMNapoByBaHHS
BOAA OCOOMMBO MiAXOAUTb AN LUbOro MpU3HAYeHHS.
OpaHak OXONOMKEeHHs1 BOAOK Ma€ pPisHOMaHITHI HeBU-
rigHi edpektn. lMepwmnn 3 HUX — foKanbHa Hepis-
HOMIPHICTb LUBMAOKOCTEN OXOMOMXKEHHS BHACNIAOK
YTBOPEHHS NapOBOi OBOSTOHKM.

MapoBi 060MOHKN Ha rOPU3OHTaNbHMUX KOMMNOHEHT-
HUX 30Hax. Yepes 3anexHi Big Temnepartypu dasu
KMMNIHHSA Ta KOHBEKLii CnoCcTepiratoTbCA CUMbHI KONKW-
BaHHSA LUBUOKOCTi OXOMNOMKEHHSA Mi Yac OXONOAKEHHS
3aHYpPEeHHAM Y piguHax, Wwo BunapoBytoTees. Mpu 3a-
HYpPEHHi 3aroToBKa MOBHICTIO OTOYeHa MapoBok 06o-
NOHKOK (NniBKa KuMiHHs). TennoobmiH B  UbOMYy
BMNaaKy BiaOyBa€eTbCsl 3a paxyHOK TennonpoBigHOCTI
Yepes NapoBy MIiBKy, i € HeAOCTaTHIM.

Bopgo-nosiTpsiHe cnperepHe OXONODKEHHS.
BogHo-NoBITpsHUIA cnpenep BiOpi3HAETbLCA Big 3BU-
YanHOI BOASHOI (DOPCYHKM TUM, LLO B HBOMY i BOAA |
MOBITPS MOLAKTBCA Ha MOBEPXHIO, L0 OXOnog-
XYETbCS, 3 HAANLWKOBUM TUCKOM [14]. Lia TexHonoria
noegHye B cobi nepeBary 3aHypeHHs1 i NOBITPAHOIO
OXOMNMOPKEHHS. Y LbOMY NMpOLIeCi po3TallyBaHHS [ABO-
KOMIMOHEHTHUX Cconen creLianbHO aganToBaHO A0 reo-
METPIi Npoqinto, AKMN NiggaeTbCA OXONOAXKEHH0. [0-
NOBHOK TEXHOSOrNYHOK OCOGNUBICTIO BOOO-MOBITPS-
HOro cripenepy € Te, WO MNOBEPXHS PiOUHN 3HAYHO
30inbLUyeTLCA B pe3ynbTaTi pO3NUieHHs, LWo 3abesne-
yye epeKkTUBHICTb OxonomkeHHd. Crnpein cknagaeTbes
3 Kpanernb pi3HOro po3Mipy Ta LUBWAOKOCTI, NPy YoMy
MiHIMarnbHa WBWAKICTb Kpanenb NigTpUMyeTbCA NoTo-
KOM MOBITPS, SIKE NOAAETLCA Yepes3 TeX came COMJlo.
3MmiHIoI0uM OG’'EMHI NOTOKM BOAM Ta MOBITPA Yepes
TUCK, TaK1I CNocib OXONOMKEHHS € Ay>Ke rHy4Ykum [15].
[MapameTpy pO3MUIMEHHS MOXHa perynoBaTh, Lo
0O3Hayae, WO B KOMMOHEHTI MOXHa [OCArTM NpoCTo-
pOBO Ta YacoBO BM3HAYEHOI KPUBOI TeMnepaTtypa-yac.
Bogo-noBitTpsHe cnpenepHe OXONOMKEHHS 3a paxy-
HOK JoaaTKoBOl TypOyneHTHOCTI ra3oBoro NOTOKY, 3a-
Gesneyye OinbWw BUCOKY Tenmnosigdady. Po3BuTOK
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Tennonepenadi Sk yHKLUil TemnepaTypy KOMMOHEHTa
noaibHMA 0O OXONOMKEHHS1 3aHypeHHsIM. Temnepa-
Typa YTBOPEHHsI MapoBOi OOONIOHKM 3anexuTb Bif
LLiNbHOCTI yaapiB Ta KIHETUYHOI eHepril KOXXHOT kpansi.
3i 36inblueHHAM TUCKY BOAM KoedqillieHTM Tennosia-
Jadi 3pocTtaloTb Maike niHinHo. Lle 3aGesneuye
CTabinbHUA NpoLEeC OXONOAXEHHS. 3acTOCyBaHHS
Q&P-06pobkn 3 BUKOPUCTAHHSAM BOAO-MOBITPSIHOIO
crnpenepy [03BOMMIO NIABULLMTU BiQHOCHE NOAOB-
XKEHHSI NMPU 3HWKEHHI MeXi MILHOCTI Ha po3puB yHa-
cnigok  Bignycky  mapteHcuty.  [JedopmauinHa
3gaTHicTb npodinie 3i ctani 22MnB5, TepmiuHo 06p06-
neHux 3a opHoeTanHuMm npouecom Quenching-and-
Partitioning (Q&P), nicns OOKPUTUYHOrO HarpiBaHHS
npu Mamke OAHAKOBIM MILHOCTI BMSBUIIACS BULLOKO
MOPIBHAHO 3i CTAHOM Micnsi MOBHOI aycTeHidauii. Y
MOPIBHSAHHI 3i CTaHaMu MicNA JOKPUTUYHOrO Bignany,
rapTyBaHHs Ta NOAanbLIOro Bignycky ctani 22MnB5,
Q&P-npouecn 3abesneynnu BuLly 3aaTHICTb 4O MNO-
rMvHaHHA eHeprii. [licna rapTyBaHHSA Ta Bignycky ctani
22MnB5 6yno gocarHyTo Mexy MiLHOCTI Ha po3puB y
970 MlNa Ta BigHOCHE noaoBXeHHst 6 %. HatomicTb
3acTocyBaHHsl ogHoeTanHoro Q&P-npouecy nicns go-
KpuTuyHoro Bignany npu 770 °C Ta TemnepyBaHHS
npu 270°C possBonuio  OTpumatyM  ONTUMarbHy
KOMOiHaLit0 MILHOCTI Ta NNacTUYHOCTI (Mexa TeKy4do-
cti Rp0,2= 512 MlNa, mexa MiyHocTi = 1046 Mla,
BigHOCHe nogoBxeHHs Aso = 11 %). Bubip Temnepa-
Typ B npoueci Q&P Mae BupiwanbHe 3HayYeHHs ans
CrMiBBiOHOLWLEHHA MapTeHCUTYy [0 aycCTeHiTy. Hu3bki
TemnepaTypuv raptyBaHHs, 6nm3bki 00 My, CrpuaioTb
YTBOPEHHIO 3HAYHOI YaCTKU NEPBUHHOMO MapTEHCUTY
Ta 3anuvLIKy HEBENUKOI KinbKOCTi aycTeHiTy. Lle crnpo-
Lye ctabinizauilo 3anMWKOBOrO ayCTeHiTy, a YacTka
BTOPWUHHOIMO MapTeHCUTY, O YTBOPKETbCA Ha 3a-
KMIOYHIN cTafii rapTyBaHHSA, 3anuaeTbCs HeBenu-
koto. MaTpuusa 3 BignyweHoro MapTeHcuty 3abeasne-
Yy€e BMCOKY MILHICTb, a 3anuLIKoBui bepuT, LWo yTBO-
puBCS Nicns AOKPUTUYHOIO HarpiBaHHSA, pasoM i3 3a-
NULLKOBUM ayCTEHITOM NiABULLYE NNACTUYHICTb i B'A3-
KicTb (puc. 6).

Bxxe HeBenuki yacTku deputy, 6rm3pko 6 06'EMHNX
%, 36iNblUYOTh 30aTHICTL A0 MOIMUHAHHA eHeprii Ta
KoemiLieHT 3MILHEHHS. Yepes3 3HWKEHHsI BMICTY BY-
rmeyld B MEpBUHHOMY MapTeHcuTi BigOyBaeTbCs
NiABULLEHHS NACTUYHOCTI, SIKLLO He YTBOPHOIOTHCS Be-
nuiki kapbign uemeHTUTy. 36inbLUEHHS BiGHOCHOMO Nno-
OOBXEHHS1 Micns Mpouecy CTapiHHA MOSICHIOETLCS
MIKPOCTPYKTYPOIO, LLO CKNafjaeTbCA 3 BigMnyLEHOro
MapTEHCUTY Ta 3aruvLKOBOro aycrteHiTy. KinbkicTb
BigNYyLLEHOro NepBMHHOIO MapTEHCUTY Ta iHTEeHCUB-
HICTb MOTO BiANyCcKy 3anexartb Big BUOpaHux Temnepa-
TYp rapTyBaHHA Ta cTapiHHA. Ctanb 22MnB5 nicns
Q&P, oTpumaHa y UbOMY AOCHIgKEHHi, nokasana
MigHicTe (Rm = 1045 MlMa) Ta nogoBxeHHa (A =
10,8 %) 3a MeHLINX BMICTIB NeryBarnbHUX €reMeHTIB.
MopiBHAHO 3 gBodasHoto ctanno DP980, oTpumaHa
CTPYyKTypa Marna nofibHe BigHOCHE NOJOBXEHHS, ane
BULLLY MEXY MILIHOCTi Ha pO3puB.
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PucyHok 6 — MleocbOTorpaq)n nicns p,0|<p|/|Tw-|Horo Bignany npu 780 °C npotsirom 360 ¢ Ta: a) rapTyBaHHS
©) nicnsa npouecy Q&P 3 Butpumkoto npu 290 °C npotarom 240 c: F — cdeput; M1 — NEPBUHHUA MAPTEHCUT, SIKUN
ccpopmyBaBcs nig Yac LWBUOKOTO OXONOMKEHHS; M2 — BTOPUHHUI MapTEHCUT, SKnin cchopmMyBaBcs nifg Yac octa-

TOYHOro OXONOAXKEeHHA.

BucHoBku

OpHoeTanHWi Npouec 3arapTyBaHHSA 3 YaCTKOBUM
TeMnepyBaHHAM 3HA4YHO MOKpaLLy€e MeXaHiYHi BnacTu-
BocTi cTtani 22MnB5. 3okpema, [OCArHYTO ONTU-
ManeHy kombiHauito miyHocTi (Rm = 1046 Mla) Ta
nnactuyHocTi (A50 = 11 %) NOPIBHSAHO 3i 3BUYANHMMU
MeTodamn TepMooOpobKN.

B3actocyBaHHa Q&P-npoueciB 3abe3nedvye niasu-
LLIeHHs 34aTHOCTI OO MOrNUHaHHA eHeprii Ta 36epe-
XKEHHS1 BUCOKOI AedbopmaLiiHoi 30aTHOCTI HaBiTb 3a
3HVDKEHOrO BMICTY NeryBanbHUX eNeMeHTIB.

MaTpuusa 3 BignyLLEeHOro MapTeHCUTY Crnpuse Oo-
CSITHEHHIO BUCOKO| MILIHOCTi CTani, TOAi SIK 3an1LLIKOBUIA
deput i aycTeHiT nokpallytoTb ii NNACTUYHICTD i
30aTHICTb 4O EHEPronorfMHaHHs.

HagiTb He3HauHi 06’eMHi YacTkm peputy (=6 %) no-
3UTUBHO BMNIMBAKOTb HA MEXaHiYHi BMacTMBOCTI CTani.

Cranb 22MnB5 nicna Q&P-06pobkn gemoHcTpye
Kpalwii BNacTUBOCTI MILHOCTI W MNOOOBXEHHS Yy
NOpiBHSIHHI 3 ABOoMasHMMun ctanamu Tuny DP980 Ta iH-
LWMMKW BUCOKOMILHMMMK CTansiMmM 3a MogibHMX yMoB
TepMoobpobKu.

Takum YMHOM, BMKOPUCTAHHSA MpOLecy 3arapTty-
BaHHA 3 YAaCTKOBUM TEMMEPYBAHHAM Y MOEAHAHHI 3
agjanTtoBaHMMM MeETOLAaMU OXOSIOPKEHHS BigKpvBae
nepcnekTMBM Ans NigBULLEHHS e(eKTUBHOCTI Tepmo-
obpobkmn cTtanen, 3abesnevylouM  ONTUMarnbHY
KOMOiHaLil0 MexaHiYHUX BNacTUBOCTEN i MIKPOCTPYK-

TYpW.

Mepenik nocunaHb
1. Hwang J.-K. Thermal Behavior of a Rod during Hot Shape Rolling and Its Comparison with a Plate during Flat Roll-
ing. Processes. 2020. T. 8, Ne 3. C. 327. URL: https://doi.org/10.3390/pr8030327 (nata 3BepHeHHs: 05.06.2024).
2. Hot Deformation Behavior and Dynamic Recrystallization of Ultra High Strength Steel / L. Zhong Ta iH. Metals. 2021.
T.11, Ne 8. C. 1239. URL: https://doi.org/10.3390/met11081239 (naTa 3BepHeHHs: 05.06.2024).
3. Current Challenges and Opportunities in Microstructure-Related Properties of Advanced High-Strength Steels /

D. Raabe Ta iH. Metallurgical

and Materials Transactions A.

2020. T.51, Ne11. C.5517-5586.

URL: https://doi.org/10.1007/s11661-020-05947-2 (nata 3sepHeHHs: 05.06.2024).
4. Design of high-strength steels by microalloying and thermomechanical treatment / A. A. Barani Ta iH. Materials Science
and Engineering: A.2007.T. 463, Ne 1-2. C. 138—146. URL: https://doi.org/10.1016/j.msea.2006.08.124 (naTa 3Bep-

HeHHs1: 05.06.2024).

5. Progress on improving strength-toughness of ultra-high strength martensitic steels for aerospace applications: A re-

view / J. Li Ta iH. Journal of

Materials

Research and Technology. 2023.

URL: https://doi.org/10.1016/j.jmrt.2022.12.177 (naTa 3BepHeHHst: 05.06.2024).
6. Conductive Heating during Press Hardening by Hot Metal Gas Forming for Curved Complex Part Geometries / M. Bach
Ta iH. Metals. 2020. T. 10, Ne 8. C. 1104. URL: https://doi.org/10.3390/met10081104 (naTa 3BepHeHHs: 05.06.2024).
7. Palmieri M. E., Lorusso V. D., Tricarico L. Investigation of material properties of tailored press hardening parts using

numerical and physical

simulation. Procedia

Manufacturing. 2020. T. 50. C. 104-109.

URL: https://doi.org/10.1016/j.promfg.2020.08.019 (aata 3BepHeHHs: 05.06.2024).

8. Blankart C., Wesselmecking S., Krupp U. Influence of Quenching and Partitioning Parameters on Phase Transfor-
mations and Mechanical Properties of Medium Manganese Steel for Press-Hardening Application. Metals. 2021.
T. 11, Ne 11. C. 1879. URL: https://doi.org/10.3390/met11111879 (nata 3BepHeHHs: 05.06.2024).

9. Enhancing yield stress and uniform elongation in an ultrathin packaging steel via controlling dislocation density / Y. Z. Li
Ta iH. International Journal of Plasticity. 2022. C. 103334. URL: https://doi.org/10.1016/j.ijplas.2022.103334 (nata

3BepHeHHst: 05.06.2024).

10. Optimization of Metal Rolling Control Using Soft Computing Approaches: A Review / Z. Hu Ta iH. Archives of Compu-
tational Methods in Engineering. 2019. URL: https://doi.org/10.1007/s11831-019-09380-6 (aaTa 3BEpHEHHS:

05.06.2024).

11. Andrews K. Empirical formulae for the calculation of some transformation temperatures. J. Iron Steel Inst. 1965.

C.721-727.

12. Soleimani M., Kalhor A., Mirzadeh H. Transformation-induced plasticity (TRIP) in advanced steels: A review. Materials
Science and Engineering: A. 2020. T.795. C. 140023. URL: https://doi.org/10.1016/j.msea.2020.140023 (gaTa

3BepHeHHs: 10.06.2024).

37



ISSN 1028-2335 (Print)

Teopisi i npakmuka memanypeii, 2004, Ne 4
Theory and Practice of Metallurgy, 2004, No. 4

38

13. Computer system of monitoring the residual resource of equipment of strip mill / I. Y. Prykhodko Ta iH. Fundamental
and applied problems of ferrous metallurgy. 2021. Ne 35. C. 149-158. URL: https://doi.org/10.52150/2522-9117-
2021-35-149-158 (pata 3BepHeHHs: 10.06.2024).

14. Spray cooling of extruded EN AW-6082 aluminium alloy sheets: spatial heat transfer coefficients / O. Golovko Ta
iH. Forschung im Ingenieurwesen. 2014. T. 78, Ne 3-4. C. 131-137. URL: https://doi.org/10.1007/s10010-014-0181-
y (naTa 3BepHeHHs: 10.06.2024).

15. Lee D. L. Conservation laws, gravitational waves, and mass losses in the Dicke-Brans-Jordan theory of gravity. Phys-
ical Review D. 1974. T. 10, Ne 8. C. 2374-2383. URL: https://doi.org/10.1103/physrevd.10.2374 (naTa 3BepHEHHS:
10.06.2024).

References
1. Hwang, J.-K. (2020). Thermal behavior of a rod during hot shape rolling and its comparison with a plate during flat
rolling. Processes, 8(3), 327. https://doi.org/10.3390/pr8030327
2.Zhong, L. et al. (2021). Hot deformation behavior and dynamic recrystallization of ultra high strength steel. Metals, 11(8),
1239. https://doi.org/10.3390/met11081239
3. Raabe, D. et al. (2020). Current challenges and opportunities in microstructure-related properties of advanced high-
strength steels. Metallurgical and Materials Transactions A., 51(11), 5517-5586. https://doi.org/10.1007/s11661-020-
05947-2
4. Barani, A. A. et al. (2007). Design of high-strength steels by microalloying and thermomechanical treatment. Materials
Science and Engineering: A, 463(1-2), 138—146. https://doi.org/10.1016/j.msea.2006.08.124
5. Li, J. et al. (2023). Progress on improving strength-toughness of ultra-high strength martensitic steels for aerospace
applications: A review. Journal of Materials Research and Technology. https://doi.org/10.1016/j.jmrt.2022.12.177
6. Bach, M. et al. (2020). Conductive heating during press hardening by hot metal gas forming for curved complex part
geometries. Metals, 10(8), 1104. https://doi.org/10.3390/met10081104
7. Palmieri, M. E., Lorusso, V. D., & Tricarico, L. (2020). Investigation of material properties of tailored press hardening
parts using numerical and physical simulation. Procedia Manufacturing, 50, 104-109.
https://doi.org/10.1016/j.promfg.2020.08.019
8. Blankart, C., Wesselmecking, S., & Krupp, U. (2021). Influence of quenching and partitioning parameters on phase
transformations and mechanical properties of medium manganese steel for press-hardening application. Metals,
11(11), 1879. https://doi.org/10.3390/met11111879
9. Li, Y. Z. et al. (2022). Enhancing yield stress and uniform elongation in an ultrathin packaging steel via controlling
dislocation density. International Journal of Plasticity, 103334. https://doi.org/10.1016/j.ijplas.2022.103334
10. Hu, Z. et al. (2019). Optimization of metal rolling control using soft computing approaches: A review. Archives of
Computational Methods in Engineering. https://doi.org/10.1007/s11831-019-09380-6
11. Andrews, K. (1965). Empirical formulae for the calculation of some transformation temperatures. J. Iron Steel Inst.,
721-727.
12. Soleimani, M., Kalhor, A., & Mirzadeh, H. (2020). Transformation-induced plasticity (TRIP) in advanced steels: A re-
view. Materials Science and Engineering: A. 795, 140023. https://doi.org/10.1016/j.msea.2020.140023
13. Prykhodko, I. Y. et al. (2021). Computer system of monitoring the residual resource of equipment of strip mill. Funda-
mental and applied problems of ferrous metallurgy, 35, 149-158. https://doi.org/10.52150/2522-9117-2021-35-149-
158
14. Golovko, O. et al. (2014). Spray cooling of extruded EN AW-6082 aluminium alloy sheets: spatial heat transfer coeffi-
cients. Forschung im Ingenieurwesen, 78(3-4), 131-137. https://doi.org/10.1007/s10010-014-0181-y
15. Lee, D. L. (1974). Conservation laws, gravitational waves, and mass losses in the Dicke-Brans-Jordan theory of grav-
ity. Physical Review D., 10(8), 2374—2383. https://doi.org/10.1103/physrevd.10.2374

Haditiwna 0o pedkoneeii / Received by the editorial board: 02.09.2024
lputiHama 0o dpyky / Accepted for publication: 20.11.2024



YK 66.041.001.2

ISSN 1028-2335 (Print)

Teopisi i npakmuka memanypeii, 2004, Ne 4
Theory and Practice of Metallurgy, 2004, No. 4

https://doi.org/10.15802/tpm.4.2024.06

PomaHnvko A.B., Mewkoea A.I., Cyaimenko C.€.
JlocaiIsKkeHHS TeIUI0BOI MIATOTOBKH CTAJIEJIMBAPHUX KOBIIIB
NPU BUKOPUCTAHHI eJIEKTPUYHHUX HarpiBayvis

Romanko Ya.V., Meshkova A.H., Sulimeko S.Ye.
Study of thermal preparation of steel ladles with the use
of electric heaters

O6°’ekm docnidxeHHs1 — npoyecu mennoobmiHy  poboyomy rpPocmopi cmarnenueapHO20 Kogwa ma chymupisui npu toz2o
po3iepigaHHi ¢ 3acmocy8aHHsIM e1eKmpuYHUX Hazpigayie. Mema OocniOx)eHHs — BU3HAYEHHS 8ITIUBY XapaKmepucmukK
Hazpisa4ya ma Koswa Ha mernsiosi MoOMOoKU Ha o8epxHi hymepieku ma memnepamypHi rnosns Ha pisHux OinsHKax Koswa.
B pobomi npedcmaesneHa mamemamuy4Ha MoOesb po3igpigy cmarnenugapHO20 Koswa 3 8UKOPUCMAaHHSIM efIeKmpoHaa-
pisaya. [nsi po3paxyHKy mernnoobmiHy 8UrnpoMiHIO8aHHSIM MiX MOBEPXHSIMU (hymepy8aHHsI, KPULIKU ma HazpigarbHUMU
efileMeHmamu 3acmocos8aHuli 30HanbHUl memod. 3adaya eusHaqyeHHs1 mernmnonposiOHocmi 051t KOXHOI OinsiHKU gpyme-
pys8aHHs1 supiuiysanacst MemoOoM KiHUesuXx pi3HUUb. HagedeHo pe3ynbmamu po3paxyHKie po3iepigy cmarnepo3iugHo20
koswa emHicmio 50 moH. [Noka3aHo 3anexHocmi 3MiHU mernsioeux MomMokie ma memnepamypu no8epxoHb Mo sucomi
bi4HOI cMiHKU Koswa, a makox po3rnodiny memrnepamypu 3a MoSWUHOK ¢hymepyeaHHs.

Knroyoei crnoea: enekmpoHazpieaHHs, cmaneposnueHull Kigw, chymepyesaHHsl, Mamemamuy4He MOOest08aHHs, mersio-
06MiH.

The object of study is the process of heat exchange in the working space of a steel ladle and linings when they are heated
with frozen electric heaters. The purpose of the study is based on the influence of the heating characteristics of the ladle
on the heat flows on the surface of the lining and the temperature fields on different sections of the ladle. This study
represents the mathematical model of steel teeming ladle heating using electric heater. The zone method was used to
calculate the radiative heat transfer between refractory line, lid, and heating elements. Heat conductivity for each line
section was calculated by finite difference method. The results of calculation of steel teeming ladle heating (up to 50 tons)
are represented. The dependences of heat flux change and surface temperature upon the height of the ladle’s side wall

is presented. The temperature distribution over the refractory line’s thickness is presented, too.
Key words: electric heating, steel teeming ladle, refractory line, mathematical model, heat transfer.

Betyn. B gaHuin Yac Ha meTtanyprinHux nignpuem-
CTBax eKcnnyaTyeTbCcs Benvka KinbKicTb cTanenusap-
HWX KOBLUIB, SIKi BUKOPUCTOBYIOTBCSA OS5 TPaHCNOPTY-
BaHHSA, pPO3NMBaHHA PiOKOro MeTany Ta npoBedeHHS
HW3KN TexHonoriyHnx npouecis. CyLliHHA Ta po3irpis
dyTepyBaHHA KOBLIB € BaXNMMBMM MigroTOBYUM
eTanoM, SKUN BNNMBaE Ha eKcrnyaTtauiiHy CTinKICTb
BOTHETpMBIB Ta TeMnepartypa posnnasy. Big umx dak-
TOpPIB Hagani 3anexutb SKiCTb FOTOBOI MPOJYKLil -
cTani, wo sunnaensieTbes. Cnig 3asHaunTn, WO Ten-
noBa niarotoBka yTepyBaHHS - LWe K eHeproeMHuin
npouec, Ha sikuiA nge Ginblla YacTMHa eHeprosuTpaT
Ha eTani po3nMBaHHA cTani.

AHani3 nitepatypHux pgaHuUX Ta MNoOCTaHOBKa
npobnemu. Ak Bigomo, Tennosa obpobka pyTepoBok
CTaneposnMBHUX KOBLLIB NPOXOAUTb Ha cnewianbHuX
CTeHax CyLWiHHA Ta pogsirpisy. [ina onaneHHs Ha uux
YCTaHOBKaX 4acTille BMKOPUCTOBYETBLCA TennoTta na-
nvBa, OgHaK OCTaHHIM 4acoM anbTepHaTUBOK CTaB
enekTpoHarpis [1]. Y pasi BUKOPUCTaHHA eneKTPUYHUX
CTEH[iB Ansl TEMMOBOI NiArOTOBKM KOBLUIB 3abe3nevy-
eTbcsa Bucokun KKM, peanisauis TemnepaTtypHoro pe-
XUMy Oyab-sIKOi CKNagHOCTI, 3HWKEHHS 3ara3oBaHOCTi
poboyoro mMamgaHuuka [2]. OgHak BUMHUKaKOTb MNpO-
6nemu 3 ekcnnyartalielo HarpiBanbHUX eneMeHTIB Ta
CWMOBOrO eneKkTpu4Horo obrnagHaHHS.

© PomaHbko A.B. K.T.H., gou. YOYHT
Mewkosa A.I'. — YOYHT
CynimeHko C.€. — k.T.H, gou. YOYHT

Ha cborogHilLHil geHb LikaBUTb JOCTTiIKEHHSI KOM-
NMOHYBaHHS eneKkTpoHarpisadiB Ta iX po3TallyBaHHA B
KOBLUI Ha SIKICTb PO3irpiBy Ta CyLUiHHSA, BUOIp onTuma-
NbHUX NapameTpiB HarpiBy i3 3abe3ne4eHHsAM TEXHO-
NOriYHOCTI NpoLecy Ta eKOHOMIT NanMBHO-eHepreTny-
HWUX pecypcis. Hx4ye onncaHo matemaTuyHy MOAErb
posirpisy KOBLLA NPV BUKOPUCTaHHI eneKkTpoHarpisy.

[na MogentoBaHHA Mpouecy posirpiBy cranepos-
NMBHOTO KOBLUA NPUNHATO, WO KiBLW Mae oopMy nopo-
YKHWUCTOTO LMIiHAPA 3 MIIOCKUM OHOM Ta MIIOCKOK Kpu-
wkoto (puc. 1). CTiHKa uuniHapa mMae BHYTPILLHIN pa-
Jiyc Ry Ta 30BHiWHin pagiyc R2. BucoTa BHYTpILLHBLOrO
npoctopy — H. [JHO Ta KpuvLlka uuniHgpa maroTb, Bid-
noBiaHo, TOBLKHY Sy Ta S». Ha kpuLuLi posTalloBaHuia
enekTpoHarpiBay, kUi NpeacTaBnsie cobow pag of-
HaKOBUX LUuniHApiB giameTpom d i BUCOTO h, piBHOMI-
pHO po3TaLLoBaHUX NO Kony pagiycoM Rz B LIEHTpi Kpu-
LLIKW.

Y noyaTtkoBM MOMEHT Yacy CTiHKW, [HO i KpuLUKa
KOBLUA MaTb Temnepartypy fp. Temnepartypa enekr-
poHarpiBaya nNpoTArom npoLecy HarpiBaHHsS 3anuiia-
€TbCS NOCTINHO Ta AopiBHOE T, MNepenaya Tennotu
BiJ HarpiBada g0 KOBLUA Ta KPULLIKN 30iNCHIOETLCA BU-
KIMOYHO BUMPOMIiHIOBaHHAM. [pu LibOMY BCi MOBEPXHI
€ Cipumu Ta audpysHumu. Mporpis CTIHOK KOBLUA Ta Kpu-
WK1 BiAOYBaeTbCA TENMnoOMpoBIAHICTIO TifbkuM MO
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TOBLUMHI doyTepyBaHHS. 3 30BHILLUHIX NMOBEPXOHb KO-
BLUA TEMnoTa BTpavyaeTbCs B JOBKINA KOHBEKLIEID Ta
BMMPOMIHIOBaHHAM.

[na pospaxyHKy TennoobmiHy BMNPOMIHIOBAHHSM
yCepeavHi KoBLUa 3aCTOCOBYETLCS 30HaNbHUA MeTof,.
BHyTpilLHA NOBEPXHA UMNIHOPWUYHOI CTiHKM KOBLUA
YMOBHO po3bumBaetbcsl Ha N, piBHUX AOiNsHOK

3aBBUWKKN Az =H / N_. Ha BHyTpiLLHIii NOBEPXHI Kpu-

LKW BMAINAETLCA OBi 30HWM — BHYTPILUHA Ta 30BHILLHS.
Mepwa 3 HUX 3HAXOOUTBLCA BCEPEOMHi Kona, yTBope-
HOro Harpisadamu pagiycom R, a gpyra 3anmae pe-
LUTY NOBEPXHi KPULLIKW.

z
S B(Kpmm{a
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I
h 71
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PVIcyHOK 1 - Cxema CTanepos3yiMmBHOroO KoBLla 3 eJ1IeEKTPUYHNUM HarpiBa‘-IeM

Ha noBepxHi AOHHOI YaCTUHM KOBLLA PO3TaLLOBY-
IOTbCA BHYTPILLHA Ta 30BHILLHA 30HM OHWLLA, WO Ma-
I0OTb TaKi X PO3Mipu, SIK 30HN KPULLKW. TakuM YMHOM,
BHYTPILLHS NOBEPXHS KoBLUA nogineHa Ha (N, + 4) 30H.

[o Hux gopgaeTbes 30Ha, WO npencraBnde noBepxHo

a; = oo&; X2 i (T —

e Qi — LWiNbHICTb pe3ynbTyr4oro TensoBoro no-
TOKY BUNPOMIHIOBaHHSIM Magatyoro Ha 3oHy i, BT/m?;
0o =5,67-10"%  BT/(M2K4) koedilieHT  Bu-
NPOMIHIOBaAHHSA YOPHOrO TiNA; & | &— CTYNEHsl HOPHOTYH
30H i ij; T; i T; — Temnepatypu 30H i i j, K; f; —

fij = b + ZREG b (1 — &dfij s

ae goij — KYyTOBWUI KoediLiEHT BUNPOMIHIOBaHHS i3

30HW j Ha 30HY j.
KyToBi KoediLieHTM pOo3paxoBYyOTbCA Y CUCTEMI
6e3 enekTpoHarpisaya. [1ri LbOro BUKOPUCTOBYOTHCSA
aHaniTU4YHI 3aneXxHoCTi ANA NPOCTUX FeOMETPUYHUX
KOH@irypaLin Ta BNacTUBOCTI KyTOBUX KoedilieHTiB [3,
4]. MoTim NpMBNN3HO 3HAaXOAUTLCA NpoNycKanbHa 34a-
THICTb psily eNnemMeHTIB eneKkTpoHarpisaya, sika 4opis-

HI0€E
d-Ng

~ 2nRy’

2 (©)

ne Ne KINbKICTb  LUMNIHOPUYHNX  eNEMEHTIB

Harpisaya.
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BCIX efleMeHTIB enlekTpoHarpisava. [ HagaeTbea Ho-
mep 0.
LLlinbHOCTI Tennosux NOTOKiB Ha 30HW CUCTEMU PO-

3PaxoBYOTLCS SK:

4
), (1)
O03BONSAYNA KYyTOBMI KOedilieHT BUMPOMIHIOBaHHS
i3 30HM i Ha 30HY j.

[HosBonsoui KyToBi koediLiEHTV BpaxoByloTb Gara-
TOpa30Bi BiOOpaKeHHs1 NPOMEHUCTUX MOTOKIB Bif Ci-
pUX NOBEPXOHb CUCTEMU Ta 3HAXOASATHCS 3 BUPILLEHHS
HaCTYMHOI CUCTEMU PIiBHSIHb:
i,j=012,...,N, + 4, (2)

[ani po3paxoByloTbCs KYyTOBI KOeiLiEHTN MK 30-
HaMK CUCTEMIU 3a HasIBHOCTI B Hill eneKkTpoHarpisaya:

¢ij = (i)l'] - ¢i0(1 - Pij)' l!] = 1'2!"'!Nz + 4, (4)

ae (0' — KyTOBWUIA KoedilieHT BUNPOMIHIOBaHHS i3

30HU j Ha 30HY j B cucTemi 6e3 enekTpoHarpisaya; Pj—
nponyckansHa 34aTHICTb HarpiBaya M 30Hamu /i J.

MponyckanbHa 3aaTHICTb Pj npuiiMae 3HayeHHs p,
KONMW MPOMiHb NPOXOAUTb OAWH pPsAL eneMeHTIB
HarpiBada, i 3Ha4YeHHs1 P2, KON NPOMiHb NPOXOOUTb
ABa psan enemMeHTiB. B pewrTi Bunagkis P = 1. KyToBi
KoeiLiEHTM BUNPOMIHIOBAHHA 3 MOBEPXOHb hyTe-
pyBaHHS Ta KPULLIKM Ha enekTpoHarpisay 3HaxoasaTbes
AK:



bio =1-XV ¢y,

Micns BU3Ha4YeHHs1 3Ha4YeHb LUINbHOCTI MPOMEHUC-
TMX NOTOKIB 3a hopMynoo (1) ANA KOXHOI BUAINEHO!
AiNsHKN oyTepyBaHHA KOBLLA Ta KPULLKM BUPILLYETLCS
andepeHLianbHe pPiBHAHHA TENNOonpoBiAHOCTI NPOTS-
rom Manoro iHTepsany 4acy Az [1py LbOMy Ha BHYTPi-
LWHIN noBepxHi yTepyBaHHA 3a4al0TbCs PaHUYHI
YMOBW APYroro poay Ans KOXHOI AinaHku. [ns 30BHi-
LLHIX NOBEPXOHb KOBLLUA B SIKOCTi rPaHNUYHOI YMOBU 3a-
AaETbCSA TENNOOOMIH 3 HABKOSNULLHIM CepeoBULLEM.

[ns BupileHHs 3agadi TennonpoBigHOCTI 3aCTOCO-
BYETbCSA MeTOo[, KIHLEBMX Pi3HMLb. Ha KOXHINn pospaxy-
HKOBI AiNsiHLi NO TOBLUMHI CTiHKM BBOOUTLCS BY3r10Ba
piBHOMipHa ciTka. lMicns po3paxyHKy po3noginy Tem-
nepaTyp y By3nax CiTKM NpOTArOM Manoro iHTepsany
Yyacy BUKOHYETbCH NepepaxyHOK NPOMEHUCTMX MOTOKIB
Ha 30HM cuctemun. [na uporo crnodaTtKky 3adalTbCs
HOBI 3Ha4YeHHs TemnepaTyp 30H, AKi NPUAMaOTLCS Pi-
BHMMM 3HAYEHHAM TemnepaTyp Y By3nax CiTkv Bigno-
BiHMX AINSHOK, PO3TalLOBAaHUX Ha X BHYTPILUHIN No-
BepxHi. Micns uboro 3a dpopmynoto (1) pospaxosy-
HOTbCSA LWiNTbHOCTI TEMNSIOBUX MOTOKIB i T.A4.

PesynbTtaTtn gocnigxeHHsA. 3a 3anpornoHOBaHO
BYLLE MaTeMaTU4HOK Mogensno Gyno po3paxoBaHo
po3irpiB pyTepyBaHHS CTaneposfMBHOIO KOBLUA EMHI-
cTto 50 TOHH. MNpn LubOMy BYNN NPUIHATI Taki OCHOBHI
po3Mipn KOBLUA: cepefHiil BHYTPIWHIN pajiyc KosLua
Ri = 1,04 ™m; BucOTa BHYTPILUHBOIO MNPOCTOPY
H = 2,5 m; ToBWWMHa BiYHOT CTiHKM (pyTepyBaHHA Ta
aHvwa S=0,22 m i S1=0,4 M BigNoBigHO; TOBLLMHA KpU-
wkn Sz = 0,22. byno npuiHATO, WO pobodi NoBEpXHI
KOBLLA BMKOHaHI 3 LLaMoTy, a KpuLLKa pyTepoBaHa BoO-
MNOKHUCTUMW BOTHETPUBKMMMK Onokamn. Ha kpuwiui
©ynu BctaHoBneHi 10 U-nogibHux kapbigokpemHieBux
HarpiBanbHUX eNeMeHTIB, po3TallOBaHUX Mo Kony pa-
aiycom R3=0,5 m. MNpuinmanu, wo Harpisadi manu Tem-
nepatypy nosepxHi 1550 K. Po3sirpis TpmBas 2 roanHu.
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i=12,...N,+4. (5)

3MiHa LWiNbHOCTI TEnnoBoro NOTOKY Ta Temnepa-
Typu NOBEPXHi hyTepPyBaHHS Ha Pi3HUX AinsHKax Oiy-
HOI CTiHKW NOKa3aHa Ha PUCYHKY 2.

MakcumanbHe 3HaYeHHS pPe3ynbTYYOI LWiNbHOCTI
TENMoBOro NOTOKY Ha (pyTepyBaHHA Mae Micue Ha no-
YyaTKy posirpiBy Ha 4ingHUi LWIakoBoro nosica, Lo no-
SICHIOETbCS MOr0 GNIM3bKMM po3TallyBaHHAM OO Harpi-
Baya Ta KpULLKM cTeHay (aue. puc. 2 a). B pesynbTari
CTPIMKO nigHIMaeTbCA TeMnepaTypa NOBEPXHi y 3a3Ha-
YeHi 30Hi Ta IHTEHCUBHICTb MPOMEHNCTOrO TEMns000-
MiHY 3HWXY€ETbCA BABIYi 3@ nepLui 30 XBUIVH.

HarpiB BepxHbOI 30HW GiYHOI NOBEPXHi Ta KPULLIKM
Npu3BOANTL A0 30iMbLUEHHS TENMOBOrO NOTOKY HAa HU-
XHi OiNSHKW 3a paxyHOK NepeBuNpPOMIHIOBaHHSA Ten-
notu. MNpnbnnsHo Yepes roguHy po3nogin NpoMeHnc-
TOI eHeprii 30HM BUPIBHIOETBECS. HanpukiHUi po3paxyH-
KOBOro nepiody nepenag TemnepaTypu no BMcoTi 6id-
HOI NoBepXHi yTepyBaHHS KoBLUA cTaHOBUTL 225 °C.

Ha pucyHKy 3 nokasaHo po3noain Temnepartypu 3a
TOBLLMHOIO LWakoBoro nosica vepes 30, 60 i 120 xBu-
INVH Big noyaTky posirpiey kosla. 3a nepiui 30 XxBUnmH
goyTepyBaHHsI NporpiBaeTbcs Ha rnmMbuHy 90 mm, npu
LbOMY OPOHS 3anMLIAETbCA XONOAHO, Temneparypa
TYT NOYMHAE NigHIMATUCA TiMNbKW OO 3aKiHYEHHS Opyroi
roavHn. HwkHA yacTtuHa BGivHOT CTiHKKW, po3TalloBaHa
6ins gHuwa, nporpisaeTbes ripwe (aus. puc. 3 6). Oa-
Hak nepenagj TemnepaTyp 3a TOBLLMHOI pyTepyBaHHS
B HWXKHIW 30HIi HA NOYaTKOBOMY eTani BinbLu HiX Yy Tpy
pasu HWX4e, B NOPIBHSHHI 3 30HOLO LLMAKOBOro nosica,
LLIO rOBOPUTE MPO MEHLLY MMOBIPHICTb PyMHYBaHb BOT-
HeTpUBIB NpW Po3irpisi.

TemnepaTypa BHYTPILLHBLOT NOBEPXHi KOBLUA JOCH-
rae gnsa wnakosoro nosica 870 °C, a onda AOiNAHKW B
panoHi gHmwa 640 °C. [Ins noganbLlloro nigBULLEHHS
TemnepaTypu OOUINbHO NPOAOBXUTW HarpiBaHHS i Nig-
BULLUTW TemnepaTypy HarpiBadviB 3a paxyHOK niasu-
LLIEHHS MOTY>XHOCTI, L0 NOAAETLCA HA HUX.

6)
t,°C
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PucyHok 2 — 3MiHa LWinbHOCTI TEMMOBOro NOTOKy (a) Ta TemMnepaTypu BHYTPILWHLOI NOBEPXHi (6) npu
HarpiBaHHi yTepyBaHHs KOBLUA Ha Pi3HMX AinsgHKax 6i4yHOi CTiHKK
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PucyHok 3 — Po3nogin TemnepaTtyp 3a TOBLUMHOK BiYHOI CTIHKM KOBLUA B paloHi LUNAkoBoro nosica (a) ta
OHvwa (6) npu HarpiBaHHi KoBLUA

BucHoBkuW. 3a pesynbTatamy po3paxyHkiB BUAHO,  [03BOMSE BPAXOBYBATW BMMB MOTYXXHOCTi HarpiBaya,
LLIO NMpw po3irpiBi PyTEpPYBaHHS KOBLUA 3HAXOAUTBCS B MOro KOHirypauii Ta KOMMNOHYBaHHS, iHLLWX BaXKITMBUX
Pi3HUX TEMMOBMX YMOBAX, L0 BiAbVBaeTbCA HA Temne-  (PaKTopiB Ha HEpPIBHOMIPHICTb Ta EKOHOMIYHICTb
paTypHOMY Moni yTepyBaHHA NPOTArOM YCbOro nNpo-  HarpiBy yTepyBaHHs..

Liecy.
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Awnoea T.A., Hocko 0.A., €aaziu A.C., Koeass /1.0.
Ipupona intepmeraiiny AlsSisMgsFe B cruiaBi AK74,
MiKpoJerosanomy komiuiekcom Ti-B-Sr

Aiupova T.A., Nosko 0.A., Yelagin A.S., Koval D.O.
Nature of the intermetallic AlsSisMgsFe in the AK7ch alloy
microalloyed by the Ti-B-Sr complex

Mema. Memoto docridxeHHs1 € 8USHaYeHHs1 cmpykmypu ma ocobriugocmeti ghopMy8aHHs 3ai308MiCHO20 iHmepmema-
nidy AlgSisMgsFe e crinasi AK74, npu komnnekcHit Oif mikponeaysaHHHsi Ti-B-Sr ma mepmoyacosoi 06pobku po3srnasy.
Memoduka. O6’°ckmom docnioxeHHs cryxue crinas AK74, mikponezosaHul komnnexkcom Ti-B-Sr nicns mepmoyacogoi
06pobKu posnnasy 3a pisHUMU pexumamu. [ocnidxeHHs1 ocobnusocmell CmpyKmypoymeopeHHsi iHmepmemanioy
AlgSisMgsFe nposodunu 3a dornomoeoto MemarioepagiyHoe2o, 110KarbHO20 PEHM2EHOCMEKMPaibHO20 aHasidy ma Memo-
0Oom OughbepeHUiliHO-cKaHy4Oi Karopumempii. Pesynbsmamu. BusHayeHul ximiyHUl cknad 3ani308MicHo20 iHmepmema-
nidy AlgSisMgsFe, susyeHa lioeo Mopghoroeisi ma ecmaHosieHa memrepamypHa 3anexHicms to2o o6’emHoi dori 8
crinasi AK74 (Ti-B-Sr) 8i0 memnepamypu mepmodyacosoi 06pobku po3rnnasy. BcmaHosrneHa npu4uHa 3MeHWeHHs1 06’em-
Hoi doni AlgSisMgsFe. Haykoea Hoeu3Ha. BuserneHO 3MeHWEHHS KiflbKocmi 3ani3o8MiCHOI iHmepmemarioHoi ¢ghasu
AlgSicMgsFe e cnnasi AK74, wo micmums komrnekc Ti-B-Sr, nicna mepmodacoeoi 06pobku npu 800°C. Mpakmu4vHa
3Havywjicmb. S3MeHWeHHS HeeamugHOo20 8r11usy 3arlida 3a80siku hopMy8aHHIO MEHWOI KibKocmi iHmememarioHoi crio-
nyku AlgSisMgsfFe y cmpykmypi cninasy AK74, wjo micmums komnnekc Ti-B-Sr nicnis mepmoyacosoi 06pobku po3srinasy
ripu 800°C 0038071u10 NOKpawumu 0OHOYaCcHO XapaKmepucmuKu MiyHOCMI i mnacmu4yHocmi crinasy, a makox (020 KO-
po3itiHy cmilKicmab.

Knroyoei cnoea: cunymiu, 3anizoemicHi iHmepmemarniou, MikponeayeaHHsi, mepmodacosa obpobka.

Objective. The aim of the study is to determine the chemical composition, structure, and peculiarities of the formation of
the iron-containing intermetallic AlsSisMgsFe in the AK7ch alloy under the combined effect of Ti-B-Sr microalloying and
thermal treatment of the melt. Methodology. The object of the study was the AK7ch alloy microalloyed with a Ti-B-Sr
complex after temperature-time melt treatment under various regimes. The AlgSisMgsFe intermetallic was studied using
metallographic analysis, local X-ray spectral analysis, and differential scanning calorimetry. Results. The chemical com-
position of the iron-containing intermetallic AlsSigMgsFe was determined, its morphology was studied, and the temperature
dependence of its volume fraction in the AK7ch (Ti-B-Sr) alloy as a function of temperature-time melt treatment was
established. The reason for the reduction in the volume fraction of AlgSisMgsFe was identified. Scientific novelty. A
reduction in the amount of the iron-containing intermetallic phase AlgSisMgsFe in the AK7ch alloy containing the Ti-B-Sr
complex was observed after temperature-time melt treatment at 800°C. Practical significance. The reduction of the
negative impact of iron due to the formation of a smaller amount of the intermetallic compound AlgSisMgsFe in the structure
of the AK7ch alloy containing the Ti-B-Sr complex, after temperature-time melt treatment at 800°C, simultaneously im-
proved the strength, plasticity, and corrosion resistance of the alloy.

Key words: silumins, iron-containing intermetallics, microalloying, thermal treatment.

Bctyn

AntomiHieBi cnnasm LUMPOKO Ta YCNiLLHO 3aCTOCOBY-
I0TbCA y BGaraTbox ranyssix NpPoOMUCIOBOCTI. 3aBasku
CBOIM rapH/VM KOPO3iNHUM, KOHCTPYKLINHWUM | TEXHOSO-
ri4YHMM BNACTUBOCTAM, @ TAKOX HU3bKiIA NUTOMIl Ba3i,
MOXKHa 3aMiHUTK HUMMK BinbLu Baxki cnnasu. OHieto 3
rONOBHUX NPOGIEM CUMYMIHIB € HA3bKA MIACTUYHICTb,
0obymMOBrieHa HasBHICTIO Yy CTPYKTYpi BENMKUX BKIIHO-
YeHb KpucTanis TBEPOOro KPEMHIEBOro PO34YUHY Ta iH-
TepmeTanigis. Heasaxaroum Ha Te, WO CTPyKTypa Ta
BMacTUBOCTI CUMyMiHIB Jobpe BuBYEHI, iHdopmauis,
LLI0 CTOCYETLCHA YMOB YTBOPEHHS Ta (POPM 3POCTaHHS
3ani3oBMicHOI iHTepMeTanigHoi cnonykn AlsSisMgsFe
obmexeHa. Y 3B'A3Ky 3 MM JOCHIOKEHHS BNMBY Tep-
Mo4acoBoi 06pobku cnnasy AK74 (Ti-B-Sr) y pigkomy
cTaHi Ha chopmyBaHHs iHTepmeTanigy AlsSisMgsFe €
aKkTyanbHO 3agjadero.

AHania nitepaTypHMX AaHWUX Ta NMOCTaHOBKa Npo-
onemn

© Awnoea T.A,, - K.T.H., gouy, YOYHT
Hocko O.A., - K.T.H., gou YOYHT
€narin A.C.,

Kosanb [.0.

(ORONS

MexaHiuHi, TexHoMnoriyHi Ta ekcnnyaTauinHi xapak-
TEPUCTMKN anOMIHIEBMX CNMaBiB 3HAYHOK MipoK 3a-
nexarb Bif iIXHbOI CTPYKTypW, WO HabyBae ocobnu-
BOr0 3Ha4YeHHA AN BTOPUHHUX CNiiaBiB Yepes nigsu-
LLEeHW BMICT iHTepMeTanigHux as. [1na antomiHieBnx
cnna.iB i3 BTOPMHHOI CMPOBWMHU OJHIEID 3 FONOBHUX
LIKIONMBNX OOMILLIOK € 3ari30, sike 3BUYanHO MiCTUTBLCS
B HMX B KinbkocTi go 0,6%. Y npoueci kpuctanisadii
BOHO CMpUsiE YTBOPEHHIO MIIACTUHYACTUX BKpPaneHb,
SKi Oit0Th SIK KOHLLEHTpaTOpW HanpyKeHb. 3ani3oBMiCHI
iHTepmeTanian (FeAls, AlsSiFe, a-(FeMn)sSi2Al1s,
AlsSisMgsFe) [1, 2] 3a3Buyait MaloTb 3HaYHI po3mipu Ta
cnabki KorepeHTHi 3B’A3KN 3 MaTPULEHD, LLIO HEraTUBHO
BMNNMBA€E Ha XapakTepUCTUKM MILHOCTI Ta, 0cobnmeo,
NNacTUYHOCTI MaTepiany.

Y po6otax Manbuesa M.B., Bonuka I.I., Ma3ypa
B.l., Kyuosoi B.3., MNMpuryHosoi A.Il". [3-6] nokasaHo, Lo
ieBMM (bakTopoMm, KM BUSHAYaAE CNPUATIIMBE CTPYK-
TYPOYTBOPEHHSI MPOMUCIIOBUX CUNYMIHIB i 3abe3nevye

© Aiupova T.A. - c.t.s., docent USUST
Nosko O.A. —c.t.s., docent USUST
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oHO4acHe NigBULLEHHS TX MILHOCTI Ta NNacTUYHOCTI,
€ moguadikysaHHsi. Npu upomy Mapxytikom MN.A., MaHi-
eBum |.M. Ta iH. [7] BCTaHOBNEHO 30inblUeHHsT aude-
peHLUiauii eBTEKTUYHOrO KpeMHito nig Yac moamdiky-
BaHHA CTPOHLIIEM, LLIO CYNPOBOAXKYETLCHA 3POCTaHHAM
nnactuyHocTi cnnasy. OgHaK XapakTepUCTUKN MILHO-
CTi TAKOro crnnaey 3anulatTbCs HU3bKUMU.

BawHik P. Ta iH. [8] npogemoHCTpyBanu BUCOKY
edeKTMBHICTb MOANMDIKYBaHHSA OOEBTEKTUYHUX CUMY-
MiHiB OOpom i TMTaHOM ogHo4dacHo. Take moandiky-
BaHHSA [J03BONSAE NOAPIOHUTM 3€pHO 3aroTOBKW, BU-
KIMOYMTY NOSIBY TPILLMH, @ TaKOX 3MEHLLUTM HOPMY BU-
Tpatu niraTypu ©0e3 3HWXKEHHs BracTuBocTen. Y
3B'5I3KY 3 UMM BaXIMBUM € 3'ICYyBaHHSA MO3UTUBHOIO
BMAMBY NOTPIAHOI niraTypu TUTaH-OOP-CTPOHUIA Ha
CTPYKTYpY Ta BracTMBOCTI JOEBTEKTUYHUX CUIYMIHIB.
MpoTe B niTepaTypi HeJOCTaTHBO AAHMX LLOAO BNIIUBY
TaKoi niraTypy B Manux KOHLEHTPAaLiSX Ha CTPYKTYpo-
YTBOPEHHS, ha30BUiA CKNag, PO3MOAIN €NEMEHTIB MK
daszamu Ta CTPYKTYPHUMM CKITAZOBMMU, @ TAKOX Bria-
ctusocCTi cunymiHy AK74.

Bigomo Npo nosnTtMBHMIM BNAMB Ha CTPYKTYpYy Ta
BNACTMBOCTI CUMYMIHIB Takux MmeToaiB 06pobku poa3r-
naBy, sik TepmovacoBa 06pobka poannasy [9], obpo-
Oka enekTpuyHMM cTpymom [10], nnasmosum [11], ria-
poumpkynsauinHum [12] i BogHeBum [13] meTogamu, a
Takox TepmiyHa obpobka y TBepaomy ctaHi. OgHak Ha
CbOrOAHI BiACYTHI AaHi NpO BMMAMB TEPMOYACcOBOi 06-
pobkn posnnaBy CUIYMIHIB y KOMMMEKCi 3 MOANMIKY-
BaHHSAM MOTPINHOO MiraTypoto TUTaH-60p-CTPOHLLIN.

MeTa i 3aBAaHHA aocnigxeHb

MeToto gocnigykeHHst € BU3Ha4YeHHsA ocobnmBocTen
dopmMyBaHHS 3ani3oBMiCHOro iHTepmeTanigy
AlsSisMgsFe B mogudikoBaHomy komnnekcom Ti-B-Sr
cnnasi AK74, BUBYEHHS MOro cknagy, mopdponorii po-
CTYy Ta BCTAHOBJIEHHS 3aNEXHOCTI MOro 06’eMHOI Aoni
BiJ TemnepaTypu TepmoyacoBoi 06pobku posnnasy.

Martepianu Ta meToau gocnigKeHHSA

O6’ektom gocnigkeHHs cnyxums cnnae AK74, Mik-
poneroBaHun komnnekcom Ti-B-Sr nicna tepmoyaco-
BOI 06po6kK po3nnasy 3a Pi3HMK PEXUMAMN.

Tabnuug 1 — XimiyHun cknag gocnigHoro cnna.y AK74 (Ti-B-Sr)

XiMiyHUIM enemeHT, %Mmac.

Al Si Fe Mg Mn Zn Cu Ti Sr B

Ochosa 79-8.1 0,05- 1,03- 0,02- 0,09- 0,02- 0,21- 0,004- 0,01-
T 0,07 1,07 0,03 0,1 0,04 0,25 0,006 0,04

HocnigxyBaHi cnnasv Bunnaensanu B nabopatop-
Hoi neyi CLUOJI-12,6/12-M3.

CyTb TepmouacoBoi 06pobku cnnasy AK74(Ti-B-
Sr) nonsrana B neperpisi po3nnasy TemnepaTyp B iH-
Tepsani 720...900°C, nepemiwyBaHHi posnnasy, i30-
TepMiyHin Butpumui Nnpotsarom 30 XB Ta OXONMOOKEHHI
i3 3a3HaYeHNx Temneparyp B MiwaHin popmi.

MikpocCTpyKTypy [OCnigHuX crinasiB BuBYanu 3a
Jornomoro onTuyHoro mikpockona «Neophot-21» Ta
enekTpoHHoro mikpockona JSM-840 KinbkicHi napame-
TpW CTPYKTYpW BU3Ha4anu metogom [maronesa. lgeH-
Tudoikauio a3 3gincHioBanu 3a 4OMNOMOroK efekT-
poHHOro mikpockona JSM-840 3 cuctemoro mMikpoaHa-
nigy «Link-860/50». OocnigxeHHs nposBoaunu B pe-
XVMi BTOpUHHWX enekTpoHiB (SEl) i poscisHnx Ha3ag
enektpoHie (BEI). CTpym nyuka ctaHoBuB 107...10° A,
Hanpyra U = 20 kB, 4yac aHani3y ctaHoBuB 100 cek, gi-
ameTp nyyka 1-1,5 mkm. AHanis nposBoaunu 3a gono-
moroto nporpamu ZAF4/FLS. Tennosi edektn daso-
BMX NEepeTBOpPEHb BM3HAYanu AudepeHLuianbHo-cka-
HYIO4OK KanopuvMETpielo 3a [OMOMOrol npunagy
NETZSCH STA-449F1 3 TOYHICTIO BMMIpHOBaHHS
+0.1°C. MikpoTBepaicTb BUMiptoBanu Ha MikpoTBepao-
Mipi MMT-3 npu HaBaHTaxeHHi 20 T.

Pe3ynbTaTtu gocnigkeHHs Ta ix 06roBopeHHs

Ctpyktypa cnnasy AK74(Ti-B-Sr) cknagaetbcsa 3
nepBUHHUX AeHapuTiB a-Al TBepaoro posudnHy, biHap-
HOi eBTekTUKM a-Al+B-Si Ta MOTPINHOI €BTEKTUKM O-
Al+B-Si+Mg2Si, cnonykn Mg2Si Ta iHTepmeTanigis o-
(FeMn)sSi2Al15, B-FeSiAls, AlsSisMgsFe [14].
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MopaundikyBaHHa cnnasy AK74 BuxigHoro cknagy
komnniekcom Ti-B-Sr npuBoantb 4o 3MiHKM Mopdoosorii
€BTEKTUYHOI CKMNaaoBoi — BOHa cTae binbll TOHKOAU-
depeHuiioBaHo, Po3mip, napameTp GOpMnN eBTek-
TUYHOIO KPEMHIt0 3MEHLLYETbCH. EBTEKTUYHA KOMOHIs
B MOAMIKOBaHWX CrfaBax CKNnajaeTbCcs 3 KpucTarnis
a-Al TBepAoOro posynHy, 3-Si TBepAOro po3ynHy Ta iH-
TepmeTanigy Mg2Si. Takox NpUCYTHi KOMOHil, SiKi yTBO-
punuca BHacnigok CKnagHWx eBTEKTUKO-NepUTEKTUY-
HUX peakLii 3 yTBopeHHsiM cha3s Tuny AlsSisMgsFe (pu-
CyHoK 1).

OaHMM i3 OCHOBHUX MeTofiB iaeHTudikauii iHTep-
MeTanigHnx das € KonbopoBe TpasneHHs [15]. Ak
npasuno, Ans uboro BukopucTtoBytoTb 0.5% BOAHUIA
po3unH HF. BukopucToByloTb TakoX iAeHTudikauito
¢a3 3a popMOK 3poCTaHHA KpucTanis. Hepornikom
LbOro MeToay € Te, WO AesKi iHTepMmeTanign MOXyTb
MaTun SIK OgHakoBi POPMM POCTY (ronyacTy, rpaHHy),
TaK i 6rin3bke 3abapBnNeHHs NpW TPaBMEHH.

B HasiBHI pobOTi BU3HAYanu BMICT Nneryroumnx ene-
MEHTIB Npu iaeHTudikauil inTepmeTanigHoi dasu.

PesynbTat nokanbHOro peHTreHOoCneKTpansHoro
aHanidy cnnasy AK74(Ti-B-Sr) npeacrasneHi Ha pucy-
HKax 2-4, BMICT XiMiYHUX eneMmeHTiB B iHTepMeTanigi
AlgSisMgsFe — B Tabnuui 2. 3 pucyHKy 2 BUXOOUTD,
wo enemeHTu-moaudikatopu Ti, B Ta Sr piBHOMIpHO
po3noginaTbca y asax i CTPYKTYPHUX CKIagoBUX
J0CnigHoro cnnaey i He YTBOPHOE OKpeMUX iHTepMeTa-
nigHux ¢oas.
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AlKal Mg kat_2

PucyHok 2 — AkicHa kapTuUHa po3noiny eneMeHTiB MiXX CTPYKTYpHUMK cknagosumm B cnnasi AK74(Ti-B-Sr)
(TYO npwn 730°C) x480
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e o b SO
50um ' Electron Image 1

Spectrum Mg Al Si Ti Mn Fe Total CTpyKTypHi cknagosi
1 15,01 46,38 | 26,73 0,00 0,00 11,87 | 100,00 AlsMgeSisFe

2 0,00 97,78 | 2,22 0,00 0,00 0,00 100,00 a-Al

3 0,47 68,13 | 31,40 0,00 0,00 0,00 100,00 a-Al+B-Si

4 8,37 84,84 |6,38 0,40 0,00 0,00 100,00 a-Al+Mg2Si

5 0,23 44,57 | 54,91 0,29 0,00 0,00 100,00 a-Al+B-Si

PucyHok 3 - Posnogin xiMiyHMXx enemeHTiB (Mac %) y asax Ta CTPYKTypHUMX cknagosux cnnasy AK74(Ti-B-
Sr) THO 720°C

3a BMICTOM neryloumx enemMeHTiB y Kpuctanax iH- MeTtogom KinbkicHOi  MeTanorpadii  BU3HaA4YeHO
TepmeTanigy CBITNO-Ciporo Konbopy METOAOM oKanb-  06’emHy gornto iHTepmeTtanigy AlsSisMgsFe B 3anexHo-
HOro peHTreHoCneKTpanbHOro aHanisy BiH igeHTUdIko-  CTi Big TeMmnepaTtypu posnnasy nigyac TepModacoBol
BaHu Ak AlsSisMgsFe. 06pobku (TemnepaTypu 3miHIOBan1cs B dianasoHi 720

®opma BktoveHb  AlsMgesSisFe rpaHHa, H-nogibHa - 900°C, Butpumka cknagana 30 XBUNuH) (PUCYHOK 5).
abo posranyxeHa 6e3 rocTpux KyTiB (aus. puc. 1-4).

VS

40um L Electron Image 1

Spectrum Mg Al Si Ti Mn Fe Zn Total CTpyKTYpHi
cknagosi

1 15,37 45,38 | 26,55 |0,00 |039 |12,32 | 0,00 100,00 AlsMgeSisFe

2 14,90 | 45,66 | 27,91 0,00 | 0,50 | 11,02 | 0,00 100,00 AlsMgeSisFe

3 15,41 46,15 | 26,17 |000 |0,28 |11,35 | 0,65 100,00 AlsMgeSisFe

4 14,17 | 47,71 26,42 0,30 | 0,72 | 10,14 | 0,54 100,00 AlsMgeSisFe

5 1,55 70,01 2795 10,00 |0,00 |0,00 0,49 100,00 a-Al+3-Si

6 6,13 88,62 5,00 0,00 |0,25 |0,00 0,00 100,00 a-Al+Mg2Si

7 0,42 98,70 0,88 0,00 | 0,00 | 0,00 0,00 100,00 a-Al

8 15,24 | 46,47 | 28,09 | 0,00 |0,00 | 10,21 0,00 100,00 AlsMgeSisFe

9 4,32 91,42 | 4,03 0,00 |0,23 | 0,00 0,00 100,00 a-Al+Mg2Si

10 0,20 9,45 90,01 0,00 | 0,00 |0,34 0,00 100,00 B-Si + a-Al

11 0,33 97,60 | 2,07 0,00 | 0,00 | 0,00 0,00 100,00 a-Al

PucyHok 4 - Posnogin ximidHux enemeHTiB (Mac%) y dasax Ta CTPYKTYpHUX cknagosux cnnasy AK74(Ti-B-
Sr) THO 800°C
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Tabnvuga 2 — BmicT xiMiYHMX enemeHTiB B iHTepMeTanigi AlsSisMgsFe, %mac

Mg Si Ti Mn

Fe Zn Al

13.60-15.04 25.61-28.39 | 0.024-0.026

0.41-0.45

10.10-11.16 | 0.19-0.21 45.35-50.12

% 0,8

0,6 -

04 -

02 -

720 730 750 770 780 800 830 850 860 870 880 900 T1,°C

PucyHok 5 - TemnepatypHa 3anexHictb 06’emHoi goni inTepmetanigy AlsMgeSisFe B cnnasi AK7y (Ti-B-Sr)

Mpn oxonomxkeHHi 3 Temnepatypu 800°C y cnnasi
AK7y4 (Ti-B-Sr) cnoctepiraetbcs HanmeHwa ob'emHa
yacTka AlsMgesSisFe — 0,26%, npu TemnepaTtypi nepe-
rpisy poannasy 780°C — 0,68%, a npu 880°C — 0,65%.

BpaxoBytoun, LLO Ui iIHTepMeTanigmn € KOHUEeHTpaTo-
paMu HanpyxXeHb i CMpPUsOTb MOKPUXYEHHIO BMPOOY
3ararnom, 3MEHLLEHHS iX KifTbKOCTi NO3UTMBHO BMMBa-
TUME Ha CTPYKTYpY Crrasy.

Hasnaku npu Temnepatypi 880°C cnocrepiraetbcst
Hanbinbla o6’emHa YacTka AlsMgesSisFe, Lo moxe He-
CNpUATIMBO NO3HAYUTUCH HA BNACTMBOCTSX CNaBy.

Hy, MNa

TemnepaTypHa 3anexHiCTb MIKpOTBEPAOCTI KpuUc-
Tanie a-Al TBEpAOro po3ynHy Ta eBTEKTUYHOI CKnago-
Boi crnnaBy AK74(Ti-B-Sr) nicns TepmoyacoBoi o6po-
OKM po3nnasy, KOPemnE 3 JaHMMM 3anexXHOCTi 06’eM-
Hoi yacTkm AlsMgsSisFe Big TemnepaTtypu Tepmoyaco-
BOI 06p0o0OKM (PUCYHOK 6).

MeTogoM NOKanbHOTO PEHTreHOCNeKTpanbHOro
aHarnisy BCTaHOBMEHO, Lo Npu TemnepaTypi neperpisy
po3nnasy 800°C cnocTepiraeTbCs NigBULLEHHS BMICTY
neryloumnx enemMeHTiB y Kpuctanax Haanuwkosoro a-Al
TBEPAOro PO34MHY, LLO 3YMOBIIHOE 3HUXKEHHSA 00'€EMHOI
yacTku AlsMgesSisFe (pucyHok 7).

B EBTektMyHa
cknanosa

1080 4 O a-Al

1040 -
1000
960 -
920 -

720 730 750 770 780 800 830 850 860 870 880 900 T,°C

PucyHok 6 — TemnepaTtypHa 3anexHiCTb MiKpOTBEpAOCTi EBTEKTUYHOI CKIagoBoi Ta a-Al TBEpAOro po3ynHy

B cnnasi AK7y (Ti-B-Sr)

% 5.4
5,2 -

f SN S S
BN OOOOOG
1

730

r i BN 1

800 T°C

PucyHok 7 — CymapHuin BMICT nerytoumnx enemMeHTiB B a-Al 3anexHo Big Temnepartypu TepmMo4acoBoi 06pobkum
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Bigomo, wo temnepatypa 800°C € TemnepaTypoto
CTPYKTYPHOTO MEPETBOPEHHST Y MIKpOYrpynoBaHHAX
aTtomiB a-Al (FTUK«>OLK) y posnnasi [16]. OueBnaHo,
Ler nepexig Npu3BOAUTb 4O NePepo3noginy neryymnx
enemeHTiB MK dasamum Ta CTPYKTYPHUMMK CKnago-
BMMW y Cnnasi y TBepaoMy craHi. MoxHa odikyBaTu,
LLIO 3HWKEHHS 06'€MHOI YacTkM iHTepmeTanigis i yTBO-
peHHs KpycTaniB BinbLl KOMNAKTHOI popMum Bigirpae
CnpuSaTnMBY ponb nNpu ¢opMyBaHHI BNAacTUBOCTEN
crnnaBy, BHAaCMiAOK 3HWXKEHHS KiNbKOCTi KOHLEHTpaTO-
piB HaMNpyXeHb.

PoarnaHytnin iHTepmeTania moxe opmyBaTucs
BHaCNIAOK HU3KM KacKafy peakLii, Lo peanisytoTbCs B
pocnigHomy cnnasi [17]. [1na BCTaHOBNEHHSA LMX pea-
KUuin cnnae gocnigkyesanu metogom amdepeHuianb-
HOT CKaHylo4oi kanopumeTpil. Ha KpuBin Tennosoro
edpexty cnnasy AK74(Ti-B-Sr) npu Temnepatypi nepe-
rpisy poasnnasy 800°C Ta LUBWUAKOCTI

JACK /(MxB/mr)

1 3Kk30

0.2 1

0.0

oxonompkeHHsi/Harpiy 10 K/xB npucyTHi ABa AoAaTKOBI
nikm (pucyHok 8), siki BiANoBiaaTb YTBOPEHHIO iHTEp-
meTanigHnx ga3 MgzSi ta AlsMgeSisFe 3a HacTyn-
HUMUW peakuisiMu:

P—AI+Si+Mg2Si+ AlsMgeSisFe (554°C);

K—AI+Si+Mg2Si (555°C);

K—AI+Si (577°C).

MoaundikyBaHHA komnnekcom Ti-B-Sr npussoanTs
00 3CyBYy TemrnepaTyp noyaTKy Ta KiHUa KpucTanisauii
Ta Temnepatyp peakuin 1-3. Peakuii 1 Ta 2 peaniay-
H0TbCA 3a Ay>ke 6rnM3bKkMx TeMnepaTtyp i ePeKT Ha Kpu-
Bill MPOSBNSAETLCA TiflbKM MpU 3MOMLI 3i LUBUAKICTHO
oxonomkeHHst 10 K/xe. Ockinbkmn nnowa niky mana,
O4YEBMAHO, WO B iHWMX YMOBaXx 3/iOMKM (MpW LWBUAKO-
cTax 2 i 20 k/xB) Npu HarpiBaHHi abo OXONOOXKEHHI Te-
nnoBun edekt nornuHaeTbcs abo 3nMBaeTbCs iH-
LUMMM, CUIBHILLMMK peakuisimu, WO MakTb oyxe 6nu-
3bki TeMnepaTtypwm ix peanisauii.

550 600

500 550

600 650 700

Temneparypa /°C

PucyHok 8 - Kpua Tennosoro edpekty cnnasy AK74(Ti-B-Sr), wewnakicte nnaeneHHs 10° C/xs

BucHoBku

BuBueHo XiMiuHUI cknaa, Mmopdboriorito Ta ocobnu-
BOCTi YTBOPEHHSs1 3ani3oBMICHOro iHTepmMeTaniay
AlsMgeSisFe B cnnasi AK74 (Ti-B-Sr).

AlsMgesSisFe moxe maTu rpaHHy, H-nogibHy abo
posranyxeHy 6e3 rocTpux KyTiB oopMu pocTy, MiCTUTb
6rmabko 14,32% Mg, 26.961%Si, 10,629% Fe Ta anto-
MiHii. MeTogom andbepeHuianbHOi CKaHyH40I Kanopu-
MeTPpii BU3HaAYeHO TemnepaTypy Ta peakuito, y Bigno-
BigHOCTI J0 skoi yTBOptoeTbest AlsMgeSisFe B cnnasi
AK7y (Ti-B-Sr)

MobynoBaHa TemnepaTypHa 3anexHicTb 06’ eMHOT
poni iHtepmetanigy AlsMgeSisFe B cnnasi AK74 (Ti-B-
Sr) Big TemMnepatypu neperpisy nigyac TepmMoyacoBol
06pob6kn. BusHayeHe 3HayeHHs1 TemnepaTtypu obpo-
OKM, MpU SIKOMY BUSIBASIETbCA MiHiManbHa ob’eMHa
nons AlsMgeSisFe: npu neperpisi posnnasy go 800°C

o6’eMHa 4acTka iHTepmeTanigy AlsMgeSisFe ameHLwy-
eTbes y 2,5 pasn (0,25% npu 800°C y NOpIiBHAHHI 3
0,65...0,68% npu 780...880°C).

BcTaHoBneHe niaBULLIEHHS BMICTY neryiumx ene-
MeHTIB B 0-Al B pe3ynbTaTi TepMo4acoBoi 06podku
npy 800°C y 1,33 pasu y NOPiBHAHHI 3 TEPMOYACOBOK
obpobkoto npu 720°C (3 3,6% ao 4,8%). Le asuwe
NiABULLEHHS PO3YNMHHOCTI NEryymnx enemeHTis B a-Al
B pe3ynbTati 06pobku npm 800°C MMOBIPHO 3yMOBIHOE
3meHweHHst o6’emHoi goni AlsMgeSisFe.

3MeHLWeHHs 00’eMHOi 40N 3anmi30BMICHOTO iHTep-
meTtanigis AlsMgeSisFe, siki € KoHLeHTpaTopamn Ha-
npyru, sike CynpoBOMKYETLCA MiABULLEHHSAM Jerosa-
HocTi 0-Al TBEpOoro po3udvHy, Aae 3Mory nporHosy-
BaTW OAHOYacHe NiABULIEHHS TBEPAOCTI, MILHOCTI Ta
NNacTUYHOCTI AOCMIAHOrO Crnasy.
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Po3p’s13aHHd 3a1a4i HArpiBY (0X0JI0I?KEHHS) HEPYXOMOI'0 OPUCTOIO

Iapy MaTepiajy MeTOJA0M eJIeMEeHTAPHUX 0aJIaHCIB

Baranova T.Ye, Savvin 0.V., Sulimenko S.Ye., Yeromin 0.0.
Solving the problem of heating (cooling) a fixed porous layer
of material by the method of elementary balances

Y cmammi po3ensdaembcs numaHHs HeghopMarnbHO20 8UBEOEHHSI CUCMEMU CKIHYEHHO-PI3HUUEe8UX Pi6HSIHb Onisl Haepigy
(0X0/100KeHHS1) HEPYXOMOEZ0 Wapy mamepiarsy 3 ideanbHO MeronposiOHICMI0 Ha OCHO8I aHani3y pieHsIHb, CKITadeHux
mMemodom efleMeHmapHuUx mennosux banaHcie. loka3aHo ¢hisu4Hy CymHiCmb Pi3HUX PO3PaxyHKO8UX CXEM i 3arporoHo-
8aHO 800CKOHarieHy MemoOuUKy po3paxyHKy Hazpigy (0X0/100XeHHs)) HepyxoMoeo wapy mamepiany. [lposedeHo nopis-
HSAbHUU aHani3 pesynbmamie po3paxyHKy Hazpigy (0XOnoGXeHHs]) HepyXoMo20 wapy Mamepiany 3a aHaaimu4yHUM pi-
WEHHSIM, 3a HESIBHOK CXEMOK 3 (hopMaribHUM HabuXeHHsIM OugbepeHyiaribHUX PiBHSIHb ma 3a 3arporioHOB8aHOK Me-
MOoOUKOI.

Krnrouyosi cnoea: Hepyxomuti wiap mamepiary, Hagpig, 0OXOrooxeHHs, Memoo efleMeHmapHUX merogux banaHcie, Memoduka
PO3paxyHKy.

The article considers the issue of informal derivation of a system of finite-difference equations for heating (cooling) a fixed layer
of material with ideal thermal conductivity based on the analysis of equations made by the method of elementary heat balances.
The physical essence of various calculation schemes is shown and an improved method for calculating the heating (cooling) of
a fixed layer of material is proposed. A comparative analysis of the results of calculating the heating (cooling) of a fixed layer of
material according to an analytical solution, according to an implicit scheme with a formal approximation of differential equations

and according to the proposed method was carried out.

Keywords: fixed layer of material, heating, cooling, method of elementary heat balances, calculation method.

BceTyn. 3agavi HarpiBy (OXONOMKEHHS) HACUMHOro
abo opraHi3oBaHOro NOPUCTOrO LLApy MaTepiany gyxe
NOLLMPEHI B TENMOTEXHIYHIM npakTuui. B gaHum vac pi-
LLIEHHA UMX 3afad, B NepeBaxkHin BinbLIOCTi BUNaakis,
3[iACHIOETLCA 32 AOMOMOrOK NporpamoBaHol KOMM'to-
TEPHOI TEeXHikW, TOMy AndepeHLianbHi PiBHAHHA Ans
HarpiBy (OXOMOMKEHHS) HEPYXOMOrO NMOPUCTOrO Lapy
npegcTasneHi abo B KiHLEBO-pi3HMLEBOMY BUNSAi [1,
2], abo B nepeTBOpEHOMY BUAj, 3py4HOMY AJ1s1 3aCTO-
CyBaHHS Byab-aKOro YncensHoro metoay [3].

AHani3z nitepaTypHux pgaHuUX Ta MocTaHOBKa
npobnemu. [na piweHHa 3agady  Harpisy Ta

C. ¢ atf —C.-W,- atr——av(tr—tM);
b Cur (1= 9)- 22 a6~ ).

at,,
Ix anBop,ﬂTb [0 anre6paiyHmx piBHAHb BUAOY
k+1_ k+1 k+1

Coer (Ft ”)+CW(—” 1y =, (g -
k+1
P Cur (1= ) - (B M‘) = a, (5" — ).

Y piBHAHHAX (1) (4)
t., t, — MOTOYHI (32 BUCOTOLO i YacoM) TemnepaTypu
rasy i matepiany B wapi BignosigHo, °C; C,, C,, — nUTOMi
cepefHi TennoeMHOCTI rasy i MaTepiany BignoBigHo,

Mng KZ:X; pu — TYCTUHa martepiany, & — MOPUCTICTb
3

Lapy, F; W, — wBnakicTe pyxy rasy B Lwiapi, Lo rnos's-
3aHa 3 BiNbHUM NEPEeTUHOM LIAXTH, M/C, AKa JOPIBHIOE
W, =W, - &, W,, — bakTU4Ha LWBUOKICTb PyXy rasy B
waxTi, M/c; a,, — 06'eMHUI KoedilieHT Tennonepeaadi

31
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ERE

tk+1 .

OXOJOKEHHSI HEPYXOMOrO MOPUCTOro Lapy MaTepia-
niB NepeBaxHO BUKOPUCTOBYETLCA MEeTOL, CKIHYEHHMX
pisHuUb. 3a3Buyar noyaTtkosi AudpepeHuianbHi pis-
HSAHHA bopmarnbHO NpeacTasnaoTb Y BUMNSAAI KiHLUe-
BMX Pi3HMUb, 3aMiHIOKYM BignoBigHI NOXigHi X CKiH-
YeHHO-PI3HULEeBUMU aHanoramu. Hanpuknag, B knacu-
YHi 3agadi HarpiBy (OXONOOXEHHS) HEPYXOMOTO LLapy
KyCKOBOro marepiany, Wo cknagaetbcs 3 Tin igeans-
HOI TennonNpoBIAHOCTI, MOYATKOBI AndepeHUianbHi pi-
BHSIHHSA [4] MaloTb BUA,

(1)
()

@)
(4)

Bi rasy oo matepiany, %; Jh — eneMeHTapHUn Npu-
PiCT NOTOYHOI BUCOTM LLAPY B HanNpsiMKy pyxy rasy, Mm;
0T — eneMeHTapHWIN NPUPICT MOTOYHOrO Yacy, c; Ah, At
— KPOK 3a BUCOTOHO i 3@ YacoM BiAMoBIAHO, 3aMiCTb dh
i T Npy HaBNWXKEHHI NOXigHWX Y PIBHAHHAX (1) i (2), M,
C; i — HOMep manoro wapy Ah 3a BUCOTOM wWwapy; k —
HOMep iHTepBany 3a Yacom At B NPOLECi Harpisy.
TeopeTunyHi acnekTn Takoro HabNMXeHHS, Nu-
TaHHS1 TOYHOCTI i CTabiNbHOCTI OfepP)KyBaHMX pilleHb
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[OCUTb OOKMagHO po3rnsagaltoTbes B Nitepatypi [5 —
11].

MeTa i 3aBgaHHA aocnimkeHb. PopmanbHe ne-
peTBOpPEHHS andepeHLianbHUX piBHAHb B anrebpaiyHi
Ma€ MPUHLMNOBUIA HEeOOMiK: BOHO He ao3Bonsie 4oisun-
YHO MOKpPALLUMTU MaTemMaTUYHWUA OMUC PO3rMsIHYTOro
npouecy. Kpim Toro, MoxyTb OyTu onyLieHi geski, 4ya-
CTO MPUHLMMNOBO BaXnuBi, Pi3W4HIi nepegymoBM i
YMOBM, SIKi Manu MmicLie Npu cknagaHHi andepeHLians-
HOro PiBHSAHHSA. 3p03yMino, WO BigobpaxkeHHs nornu-
GreHoi nmocTaHoBKM isnyHOI 3agadi y dhopmarbHin
yncenbHin peanisauil CKiIHYEeHHO-PI3HULIEBMX PIBHSHb
BMMarae ckragaHHs HOBUX AudpepeHuianbHMx pis-
HsHb. [MoTpeba B UbOMY Bignagae, SKWO disUYHWUIA
aHani3 nNpouecy CynpoBOXKYETbCSA CKIadaHHsIM CKiH-
YEHHO-PI3HULIEBKX PIBHSAHb, B SKUX OB'EKT YMOBHO Ai-
NUTbCA Ha KiHUeBi 06'emn abo noepxHi. [na Takmx
ernemeHTiB 0B'€KTy MOXHa CKacTu PIiBHAHHA Tenno-
BOro 6anaHcy i nepeHocy pevyoBUHU, 3 SKUX BUNMMBA-
l0Tb KIHLEBO-Pi3HMLEBI PIBHAHHSA. BnacHe kaxy4u, uen
nigxiga He HOBMM | BUKOPUCTOBYBABCS HAYKOBLISIMU M-
depeHuianbHOro Ta iHTerpanbHOro YNCHEHHS.

[nsa npouecis TennonpoBigHoOCTi uen nigxia 6ys Bu-
KopucTaHui B [6, 9] i Ha3BaHun B [9] MeToaOM eneme-
HTapHUX GanaHcie. 3aBasikm uboMy B [6] Byna po3k-
puta isnyHa CyTHICTb OOPManbHUX YOTUPUTOYKOBNX
SABHUX | HEABHUX CXEeM i HEeABHOI LUeCTU-TOYKOBOI
CXeMU po3paxyHKy npouecy TenronposigHOCTi MeTo-
OOM KiHLEBUX Pi3HULb.

Marepianu Ta meTtoau gocnigxeHHs. Cknagemo
CKIHYEHHO-PI3HMLEBI PIBHSIHHSA 3@ AOMOMOIro MeToay
enemMeHTapHuNX TennoBux GanaHciB Ansi po3paxyHKy
HarpiBy CTauiOHapHOro Liapy KyCcKoBOro matepiany 3
ideanbHOM TEMOMNPOBIAHICTIO (A — o).

PosrnsHemo waxTy, sika 3anoBHeHa KyCKOBVMM Ma-
Tepianom, Lo yTBOPIOE Wwap 3 NopucTicTio At. a3, wo
Mae Temrepartypy t. Ha BXOAi B Luap, MPOHWKAE B
HBbOrO, NPOXOAAYN 3HU3Y Bropy.

Mpunyctmo, Wo BTpaT TENNOTU Yepes CTIHKU Ka-
Mepy Hemae. [1o3HauMmo NnoLLy nonepeyvHoro nepe-
pidy kamepu sk Su, a 3aranbHy BUCOTY wapy sk H. Mo-
AiNMMOo Wwap no BUCOTI Ha N Manux LWapiB 3 04HAKOBOO
BMCOTOH KOXHOIO Ah i CKnageMo piBHSHHSA TENIOBOro
GanaHcy ans i-oro wapy (avB. pUCYHOK) 3a iHTepBan
yacy Ar.

[ns cknagaHHs Tennosoro 6anaHcy i-oro wapy Te-
nnoobmiH MiX rasom i Matepianom MOXHa npegcra-
BUTW TaKUM YMHOM:

— abo ras Ha noyaTky iHTepBany 3a Yacom At noT-
pannse B i-ui LWap i 3anvwaeTbCs B HbOMY AESKNUIA Yac
AT, @ B KiHUi AT MUTTEBO NEepexoavTb B HACTYMHWN
wap;

— abo npoxoauTb BCHO BUCOTY i-0ro wapy Ah npo-
TAroM 4acoBOro iHTepBany A7, a NPOTArOM HacTyMHOro
4acoBOro iHTepBany At NPOXOAWTb HACTYMHUR i+1-ni
Lwap Bucototo Ah i Tak gani.

1+1

%\m%
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I

A

T.0

—>
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PucyHok 1 — Cxema po3spaxyHky: 1 - Lwap matepiany, 2 - waxra (kamepa).

Tak 5K Wwap KyckoBOro matepiany HepyxXxoMuii, TO
TemnepaTypa rasy B KOXXHOMY i-OMy Lapi i y BCbOMY
Luapi 3MIHIOETBLCS K 3@ YacoM, Tak i no BucoTi. Mpuny-
CTMMO, LLIO TeMnepaTtypa maTepiany B i-oMy Llapi 3Mi-
HIOETLCA TiMbKM B Yaci i BOHa € cepeHbol B LIbOMY
wapi. Hexa B neBHWU MOMEHT Yacy T = k - At ra3 3
TemnepaTypoto tfi_l, BXOOMTb B i-Ui LWIap i NPUHOCUTb
3 cobOI0 NEBHY KiMbKICTb TEMNOTH fopi.r- 3a vac At Te-
MnepaTypa rasy Ha BXOAi B i-UW wWap 3MIiHWUTbCA i
npuime 3HayYeHHst t,l‘i’jil, npw LibOMY KifIbKiICTb TEMNOTH,
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LLIO NPUXOaNTb B i-UI Wap, CTaHe Q,’f;i_lf. Tak sk AT He-
BEMUKMIN, TO MOXHa MpUMYCTUTK, WO ra3 B cepea-
HbOMY MPUHOCUTL B i- I LLIAP Taky camy KinbKiCTb Te-
nnoTu

- _ Qr’lcpl-.t‘*'Qll;];i.lr

Qup;e - [Ox. (®)

AHnanoriyHo 3anuwemo opMyny ANsi BUSHAYEHHS
CepeaHbOl KiNbKOCTI TEeNMnoTH, Ky rasd yHOCUTb 3 i-0ro
wapy



— Q)l/(x it Q}I/cxt}r
Qe = —22 K], (6)
KinbkicTb TeNnoTu, WO 3anMaeTbes B i-oMy Liapi i
BMKOPUCTOBYETLCA ANA HArpiBy matepiany wapy, Ao-
piBHIOE
= _ Ofpurteigh  Qfetofill

Ali = anpi.r - nyi.r - 2 2 ' [,D,)K]
(7)
abo
for0fiye | ohitolith
Ali — Q“pi'T nyl.' + Q pj- Qy i ’ [.D')K] (8)

2 2
Martepian B i-omMy Liapi NOrMUHAE KinbKiCTb TENNOTH

Al; 3a 3akOHamMu Tensionepeaadi.
Banvwemo Tennosi NOTOKK Bif rady 4o MaTepiany
— B k-uh MOMEHT Yacy Ha BXx0gi B i-ui wap

QF_, = 4145, [BTl; 9)
— B k-ii MOMEHT Yacy Ha Buxogij 3 i-oro wapy

Q,=05-[05-(Qf_, — Q) +0,5-(Qf' — &™),

abo

Qi = 0125 : ASH : [(QLk—i - qlk) + (qgc_+11

3a npomikok Yacy At i-ui wap oTPUMYE TakKy Kinb-
KiCTb TENMNOTU

Al = Q;4t,  [Bx]. (15)

Lis kinbkicTe Tennotu 6yge BUTpavyeHoO Ha NpupicT
eHTanbnii i-oro wapy.

3miHa eHTanbnii MmaTepiany B i-omy wapi B k+1 Mo-
MEHT Yacy MOXHa BU3HAYUTM HACTYMHUM YMHOM

AIMi = Ali(lll\:rl - l]lvcll) = AmM,’C}\{l{l(t’Nf:‘l - t’]vfl)!(16)

Ae Am,, —Maca maTepiany i-ro wapy, Kr;

k1 i’,jl. — NUTOMa eHTanbnis Mmatepiany i-oro wapy

Iy
. Jbx
B k+1 i kK MOMEHTU yacy, —

tetl, tk — cepenHs TemnepaTypa matepiany B i-
omy wapi B k+1 1 k momeHTM Yacy, °C.

Harpis matepiany B i-omy Lapi BigOyBaeTbcs 3a
paxyHOK OXOMNOMKeHHS rasy, Lo NPUIALLIOB B LieN Lwap,
TOMY NPUPICT eHTanbnii rasy B k+1 MOMEHT yacy Mo-
)KHa BU3HA4UTM 3 PIBHAHHS

Alri = _Q_iAT = AVri(iI{Cit} - il"(i+1)1 [ﬂ)K]’ (17)

ne AV, — ob’em rasy B cTaHi TennoobmiHy 3 mare-
pianom Ha npoTssi Yacy At, m3;
i, it — nuToma eHTanbnis rady i-1-oro i i-oro

wapis B k+1 MOMeHT yacy BignosiaHo, i—m.

PiBHAHHS (15), (16) i (17) fatloThb LWe oaHe PiBHSAHHS
TennoBoro 6anaHcy
AV - (4 = 45 = Am,, (@5 — i), (D). (18)
Bpaxosytouu, Wwo
AV, = VAt = WS, At = Wyee - Sydt = Ahie - Sy; (19)
AmMi=Ahi : SL[I * Prac = Ahi : SLH : (1 - g) " P> (20)
3
ne V. — BuTpaTa raay, MT;

Ah; — BucoTa i-0ro wapy, WO Bignosigac AiNcHin
LLIBUOKOCTI pyxy rasy, m;

£-Co- (EE =ty = @, [0,5 - (¢f_ +¢£) - 0,5 (¢k_ +¢kH!

Fi—1 rj—1
Ona matepiany ob'egHaHHsa dopmyn (16), (25) i
(26), onga ymoB C,, = const i a,, = const gae TaKy piB-
HICTb

- qlk+1)] = 0’5 :
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— B k+1-M11 MOMEHT Yacy Ha Bxofi B i-uin wap

QM1 = gftlas,,  [BT]; (11)

— B k+1-M11 MOMEHT Yacy Ha BMxogi 3 i-oro wapy

Qi = qf**4s,,  [BTl. (12)

Y dopmynax (9) — (12)

AS,, — NOBEPXHS HarpiBy maTtepiany B Manomy Luapi,
MZ;

q¥, v g — ryctuha Tennosoro notoky Big rasy
[0 MaTepiany Ha BXOAi B i-UI Wap Ha No4vaTKy i B KiHUi
Marioro NPOMiKKy yacy At, %;

q¥ v qf** — ryctuna Tennosoro noToky Big rasy 4o

MaTepiany Ha BMXogj 3 i-0ro wapy Ha no4vatky i B KiHLj

Bt
AT, E

CepegHini TennoBun NOTIK Big rasy 4o maTtepiany
Ha BMCOTY wWwapy 4h i vac At

[BT]; (13)
8S, - |alu + alit*| = 45, 425 (14)
Puac — HACUMHA ryCTWHa Lwapy, %
PiBHsAHHA (18) MOXHa 3anuncaTtu Tak
. . _(@1-9 . .
- = G = 5. (21)

3 HaBeeHNX BULLIE PIBHSIHb BUAHO, WO NpW po3pa-
XyHKax HeoOXigHO BUTPMMYBATW HacTyrnHe ChiBBigHO-
LUEHHS:

Ahi = W;K . ATi. (22)

KoHKpeTHi BenuunHmn Ah i At BU3Ha4aroTbCa 4oi3ny-
HMM CTaHOM 3ajaui.

Tennoeui NOTIK BiA rasy A0 NOBEpxHi marepiany
MOXXHa 3HaWTK 3a 3akoHOM HbloToHa-PixmaHa

k .
Qi =as - (t — t) - ASy;
i 3anMcaTn anga po3rnsiHyToro BUNagKy Tak
k _ —
QTi = as(t, — ty) - A4S, = q - A4Sy, [BT], (23)
he ag — nosepxHeBun KoedilieHT Tennonepenadi
. . B
Big rasy go maTtepiany, MZ—TK

t, — TemnepaTypa noBepxHi Matepiany, °C.

Matoun Ha yBasi, wo AS, = f - AV, = f - Ah; - S,

a,=a;-f. . (24)

e f — nuTomMa NoBEepXHs Harpisy, %;

AV; — oB'eM i-ro wapy matepiany, m3;

OTPUMYEMO BMpa3s Angd Tennosigaadi Big rasy o

MaTepiany, Hanpuknag, 4ns KoopauHart CiTku i, k
QF, = as(tf —ti) - f - ARSy = ay (Ll — ) -

Ah;S,;  [BT]. (25)
Axwo anga piBHAHHSA (14) NpynycTMMO, WO
akn = gy, a gl = gl Toni

Q,=05-AS,-[qk, +q]; B, (26)

BpPaxyeMo Lei pe3ynbTaT 3a AONOMOro opmyn
(17) i (25), oTpumaemo anda rasy 3a ymosu, Wo C, =
const i a, = const TaKy pPiBHICTb

] - At. (27)

Mj—1
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Co (1 —8) py- (EhF —th) = a,[05- (¢f_ + K1) —0,5- (tk _ +tkt!)]- ar. (28)
Akwo ans dopmynu (14) npunyctumo, wo g%, = gk, a gkt = g¥**, Togi otpumaemo

— ana rasy

£-Co- (KT =ty = ,[0,5 - (¢ + t£*) — 0,5 - (¢k, + tf+D)] - A7 (29)
— Ans matepuany

Co (1 —8) py- (EEFT —th) = a,[0,5- (tK + tK*) — 0,5 - (tX + t5+D)] - 47 (30)

PiBHsAHHS (27)-(30) nokasytoTb, WO Nepegada Ten-
noTu Big rasy OO martepiany BU3HAYaETLCS vepes ce-
pedHi 3a yacom TemnepaTypw rasy i matepiany. Pis-
HAHHSA (27) i (28) cnig BMKOPUCTOBYBATWM Ha MoYaTky
pO3paxyHKy NporpiBy HEPYXOMOrO LLapy martepiany Ha

£-Co- (KT — £k = g, [cf* — f+ A,

— onsa matepuany

Co- (1 —8) - py - (5 —th) = a [tk — thH] 4T,

nepLUOMY KpOLi 3a YacoMm, KONM 3a4aHo PiBHOMIPHWUIA
po3noAin TemnepaTypu 3a BUCOTOO LUapy.

k+1 k+1

Axkwo npunyctuTth, WO q§h=q4\h =gq;*, ToMi
OTPUMaEMO
— ansa rasy
(31)
(32)

PiBHsAHHSA (31) i (32) HanyacTile BMKOPUCTOBYOTHCA B 06YMCNIOBArbHINM NpakTyLi i iX BiGHOCATb 4O HEABHOI

CXEMW PO3PaxyHKYy.

Skwio npunycTuTy, wo g%, = g5 = gk, Topi otpumaemo

— ans rasy

£ Co- (L —tf¥) = a, [t — ¢k A7 (33)
— Ansi Matepuany

CM ' (1 - S) *Pum (tn’;:rl - tl\lffl‘) = av[tll(i - tﬁi]ﬁ‘[. (34)

Cxema pospaxyHKy 3 BUKOPUCTAHHSM PiBHSHb (33)
i (34) noBMHHa ByTK HecTiko. MexXy CTIKOCTi L€l
CXemu cnig ouikyBaTW, SKLO BWKOHYETbCA YMOBA
Ah; < W, - A1, dka aHanoriyHa ymoBi, BCTaHOBEHOI
ONs1 XBUNbOBOTO PiBHAHHS [8].

Ons uboro noTpibHa ekcnepumeHTanbHa po3paxy-
HkoBa nepe.ipka. CxeMy po3paxyHKy, B OCHOBI SIKOI €
piBHSAHHSA (33) i (34), cnig BigHECTN OO SABHUX.

Mpu posrnsagi Ta aHanisi piBHAHb (27)—(32) Byna
3anpornoHoBaHa binblu ToOYHa, Ha HaW NornsA, cxema
PO3paxyHKy Ha KOXXHOMY KpoLli 3a Yacom At:

— BCTaHOBINIOKOTLCA Kpokamu Ah i AT TakMM YNHOM,
wob cniseigHOWeEHHA Ah = W, - AT 36epiranocs;

— 3a piBHAHHAMYK (31), (32) abo (31), (18) obuuncnto-
I0Tb TemnepaTtypu rasdy i matepiany B k+1 MOMeEHT
yacy;

— PO3paxoBYKOTbCA CepefHi Temnepatypu rasy i
MaTepiany 3a NpoMiKoK vacy At;

— 3HOBY 3a piBHAHHAMM (31), (32) abo (31), (18)
YTOYHIOKTLCA TemnepaTtypy martepiany i rasy B k+1
MOMEHT yacy;

— 3[iCHI0ETLCA Nepexia o i+1-oro wapy.

Pesynbtatn pocnigxeHHs. o6 ouiHutM TOY-
HICTb 3anpOoroOHOBAHOr0 MeTody PO3paxyHKy npose-
OEHO MOPIBHANBHUIA aHani3 pesynbTaTiB po3paxyHkiB
ONS HarpiBy HEPYXOMOro LWapy maTtepiany 3a aHanitu-
YHUM pilleHHsIM [1], 32 HEABHO CXeMoto 3 hopmarib-
HUM anpokcumaldieto (HabnwkeHHsAM) amdepeHLians-
HUX piBHSAHDb (1), (2) Ta 3a BULWE HaBeaeHO MeToau-
KOH.

Po3paxyHkun npoBoannmncst npu ogHakoBMX yMOBaX,
ONS UbOro BUKOPUCTOBYBANW HacTYMHi BUXIOHI AaHi:
Bucota wapy 0,5 M, 4vac Harpisy wapy 50 c,
t,, = 1200 °C, noyatkoBa Temneparypa matepiany

t, = 0 °C, G, = 1000 -2 . = 04766 X,
pu = 3800 =, C, = 1400 Mf.l:;;aa’ a, = 5000 Mg_‘f;aa,
(Ah =W, -4At), W, = 1wmlc, Ah = 0,025 M,
At =0,025 c.

PesynbTatn po3paxyHkiB npegcTaBneHi B Tabnu-
uax 1 — 3. 3 yux Tabnuupb BUAHO, LLO 3arnpornoHOBaHUI
MeToL po3paxyHKy npu piBHMX yMOBax Aa€ pesylb-
Tatn, 6NKYi OO aHaNITUYHKX, HiXK, HANpuKnag, Hes-
BHa cxeMma npwv popmanbHOMy HabnvKeHHi andepeH-
LjianbHUX PiBHSHb.

Tabnuus 1 — Pe3ynbTaTti po3paxyHKy A58 Harpisy HEPYXOMOTO LLapy MaTepiany 3a aHaniTM4HUM po3B'a3aH-

HAMm [1].
Yac  Ha- Bucota Hacagku, M
: 0,1 0,2 0,3 04 0,5
rpiey, ¢
tr ty tr Ly tr Ly tr by b Ly

10 577,8 14,2 278,2 6,8 133,9 3,2 64,4 1,5 31,0 0,7
20 588,2 28,3 288,2 13,6 | 1411 6,6 69,0 3,2 33,8 1,5
30 598,5 42,4 298,1 20,6 | 148,3 10,0 73,7 49 36,6 24
40 608,6 56,3 308,0 27,6 | 155,5 13,5 78,4 6,6 39,4 3,2
50 618,6 70,1 317,8 34,7 |162,8 171 83,1 8,5 424 4,2
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Tabnuusa 2 — PesynbTath po3paxyHKy Harpisy HEpyxXoMoro Liapy maTtepiany 3a HESIBHOK CXEMOL0 3 hopma-
NbHO anpokcMMauieto andepeHLianbHuX PiBHAHB (1), (2).

Yac BucoTa Hacagkn, m
: 0,1 0,2 0,3 0,4 0,5

Harpisy, C

t ty t, ty t, ty, t ty, t. ty,
10 613,2 15,0 313,2 7,5 159,9 3,8 81,6 1,9 41,7 [ 1,0
20 622,6 29,9 322,8 15,2 | 167,2 7,8 86,6 3,9 448 |20
30 631,8 44.8 332,2 23,0 | 1745 11,8 91,6 6,1 48,0 | 3,1
40 640,9 59,5 341,6 30,8 | 181,8 15,9 | 96,6 8,2 51,2 |43
50 649,8 74,0 350,9 38,6 | 1891 20,1 101,6 10,5 545 |55

Tabnuusa 3 — Pe3ynbtaT po3paxyHKy Ansi Harpisy HEPYXOMOro LLapy Martepianis 3a 3anponoHOBaHOK Me-
TOLMKOLO.
Yac Bucota Hacagkun, m
. 0,1 0,2 0,3 04 0,5

HarpiBy, C

t to t. to t. to t to t. to
10 573,3 15,7 273,8 74 130,8 3,5 62,4 1,7 1298 10,8
20 583,9 31,2 283,9 14,9 138,0 7,1 67,0 34 325 |16
30 594,3 46,6 293,9 22,5 145,2 10,8 | 71,6 52 353 |25
40 604,6 61,9 303,9 30,1 152,4 146 | 76,3 7.1 38,1 3,5
50 614,7 77,0 313,8 37,8 159,7 18,5 | 81,0 9,1 410 |45

O6roBopeHHs pe3ynbTaTiB. 3ayBaXxvmo, O Y
cniBBigHOLWEHHS (22) npu HarpiBi HEPYXOMOTO Liapy
MaTepiany ra3 OXONOMXKYETbCA i MOro AincHa LwBua-
KicTb 3meHwyeTbea W,.. Tomy, KO NPUAHATUA KPOK
BUCOTM Wapy Ah HE3MIHHUM, TO ATANS KOXHOrO Lwapy
Oyne 3MiHHMM | Byae 3MiHIOBaTUCS Y CTiNbKK pasiB, y
CKiNbKW 3MiHIOETLCA fiiCHa WBWAKICTb, ane B 3BOPOT-
HOMY HarnpsaMKy.

BucHoBkw.

MokasaHo Hegonikv hopmarnbHOT anpokcumalii cu-
cTeMu audepeHuianbHUX piBHSAHbL ANs Harpisy Hepy-
XOMOrO Lapy MaTepiany CUCTEMOK CKIHYEHHO-PI3HK-
LieBUX PiBHSHb.

OTpvMaHi CKiH4EHHO-PI3HULIEBI PIBHAHHSA AN NPO-
Lecy HarpiBy Hepyxomoro Luapy maTtepiany Ha OCHOBI
aHanisy piBHsHb, SiKi CknageHi MeToaoM enemeHTap-
HUX TennoBux 6anaHcis.

[MokazaHa pisnyHa CyTHICTb hopmanbHO oTpuMa-
HWX CKIHYEHHO-PI3HMLEBUKX PIBHAHb AN HarpiBy Hepy-
XOMOTO Lapy marepiany.

3anponoHOBaHO YTOYHEHU METOA PO3PaxyHKY Ha-
rpiBy HEpyxoMoro Lapy martepiany 3 ifgearnbHoto Ter-
NOnpoBIAHICTIO.

MokasaHo, Wo Npu OJHAKOBUX YMOBaX PO3paxyH-
KOBa CXema HarpiBy CTauiOHapHOrO Lapy KyCKOBOrO
mMaTepiany, ska 3anpornoHoBaHa, Aa€ BinbL TOYHI pe-
3ynbTaTu, 6nm3bki 4O aHaNITUYHOrO PO3B’'A3aHHS.
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AHaJIi3 mpoueciB Ta MeTOAIB PO3IIMPEHHS
CUPOBHMHHOI 0231 KOKCYBaHHSI.
IHoBinomuienns 2. Cy4acHi ySBJIECHHS HI0J10 PO3IIUPEHHS CHPOBUHHOIL
0a3u KOKCyBaHHS

Kashirnaya N.O., Korenev 0.V., Sorokin Ye.L., Starovoit A.G., Malyi Ye.l., Starovoit M.A.
Analysis of processes and methods for expanding the raw material

base of coking.
Message 2. Modern ideas on expanding the raw material
base of coking

Mema. AHaniz nocmcy4acHux memodis, ujo 00380/151H0Mb PO3WUPSMU CUPOBUHHY ba3y KOKCyeaHHs1 3adns eghekmue-
HO20 BUKOPUCMAaHHST BUKOIMHUX NMPUPOOHUX pecypcie kpaiHu. Memoduka. AHani3 Hadcy4acHuUx ma cydacHux memooie i
mexHoroail, Wo cmocyombscsi Memo0osioaii po3wUpeHHs1 CUPOBUHHOI 6a3u KokcysaHHs. Pesynbmamu. AHarni3 cy4ac-
Hux memodie, W0 CMOCYMbCS PO3WUPEHHIO CUPOBUHHOI 6a3u KOKCysaHHsS 0038071U8 8U3HaYuUmu rpiopumemHi Ha-
npsiMu siki 00380719Mb CYMMEBO 3HU3UMU HagaHMakeHHs1 Ha NMpupoOHi pecypcu ma ix 3bepexxeHHs1. Haykoea Hoeu3Ha.
Habymi 3HaHHsI, 3 HagedeHo20 aHari3y 00380/15iMb CrIOHyKamu 00 8U3HAYeHHSI ma OMpUMaHHSI HOBUX YsiereHb w000
bydosu eoproHux KonasnuH, a came 8UKOMHoz0 8yz2ins. Mpakmu4yHa 3Ha4YumMicmb. BugyeHHs numarHs wo0o po3wu-
PEHHSI CUPOBUHHOI ba3u KoKcysaHHs1 00380/UI0 8CMaHo8UMU HeOo0CmamHicmb 3HaHb Ma HayKo8UX MOMOXEHb PO
CcmpyKmypy Criknugozo 8yainns ma Uoeo eracmugocmi, Wo crioHykae 8 0ocnioxeHHsIx tioeo 6ydosu ma enacmusocmedl.
Knroyoei cnoea. cuposuHHa basa KOKCy8aHHsI, mepmMidHa nid2omoeka 8y2ifibHoi wuxmu, ernacmueocmi 8ye2inss, gycu,
modludpikauiss erracmusocmeli 8yeinns, cknad syains, 6ydoea 8yeainsns, mepmMoOuHamidHi erracmueocmi.

Purpose. Analysis of postmodern methods that allow expanding the raw material base of coking for the effective use of
the country's fossil natural resources. Methodology. Analysis of ultramodern and modern methods and technologies
related to the methodology for expanding the raw material base of coking. Results. Analysis of modern methods related
to expanding the raw material base of coking made it possible to identify priority areas that will significantly reduce the
load on natural resources and their conservation. Scientific novelty. The knowledge acquired from the above analysis
will allow to encourage the definition and obtaining of new ideas about the structure of combustible minerals, namely fossil
coal. Practical significance. Studying the issue of expanding the raw material base of coking made it possible to establish
the insufficiency of knowledge and scientific provisions about the structure of sintering coal and its properties, which
encourages research into its structure and properties.

Keywords: coking raw material base, thermal preparation of coal charge, coal properties, slag, modification of coal

properties, coal composition, coal structure, thermodynamic properties.

BigHoBneHHs1 kpaiHu nig Yac 6oroBux gin Ta nicnsi
nepemoru notpebye BigHOBNEHHA MeTanyprinHoi Npo-
mucnoBocTi. CyyacHi ymoBM BigbuBaloTbCa Ha NigBu-
LLEHHI npobnem noB’si3aHMX 3 HecTayer CUPOBUHM.
Ocobn1Bo rocTpolo € NUTaHHS 3 CUPOBMHHOK ©a30t0
KOKCYBaHHS1, LLIO € HaCMnigKkoM OKynauii TepuTopin Ha-
LIOT KpaiHM Ha AKMX 3HaxXoOAaTbCsl OCHOBHI 3anacu go-
Opecniknueoro Byrinns. Takum YMHOM, BUBYEHHS TEX-
HOMOTi Ta METOAIB PO3LUMPEHHS CUPOBUHHOI 6a3u Ko-
KCyBaHHSl € BeNlbMW akTyanbHOK NpobremMoro Cboro-
OEHHS.

HasBHi mMeToan LWOAO0 PO3LUIMPEHHST CUMPOBUHHOI
0a3u KOKCyBaHHS B Cy4acHUX yMOBaXx, € ManoedekTu-
BHUMW ab0 EKOHOMIYHO HedoLUiNbHUMK, a TaKoX
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ERE

NnoTpebyloTh YMManux kKanitanosknageHb. [poTte y
Hall Yac HabyBae MonynApHOCTI rpyna MeToaiB, Haui-
neHa Ha perynBaHHA BNacTUBOCTEN CMIKNMBOro BY-
rinNns Wnsxom cnpsiMoBaHOro BNAMBY Ha Npupoay BY-
rinns.

Omxe, rpyna MeToaiB, LLO MPYHTYETLCSA Ha Uinecn-
psiMOBaHOMY BMIMBi Ha NPUPOAY BYTiNMs LWASXOM ne-
pepo3noginy KOMMOHEHTHOro cknagy, To6To Ha cnps-
MOBaHOMY pPEryroBaHHI BracTUBOCTEN, € HanbinbL
nepcnekTMBHOM. LiA rpyna xapaktepusyeTbes TUM, Lo
PO3LUMPEHHS CMPOBUHHOI 6a3n KOKCyBaHHs BiabyBa-
€TbCA Yepes 3arnyyeHHss 0 CKragdy BYrifbHOI LUNXTU
BYriNnsi, BUKOPUCTOBYBAHOTO B eHepreTuui. TyT Heob-
XiOQHO 3a3HayuTH, WO BUKOPUCTAHHS €HepreTU4HoOro
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BYFiNNA nig Yac BUPOOHULTBA MeTanyprinHOro KOKcy
6e3 3MiHM NOro TEXHOSONYHMX BACTUBOCTEN NPU3BO-
ONTb A0 3HWXKEHHA SKOCTi OTPUMYBaHOIO BYrneLeBoro
BiAHOBHMKa. ToMy ONA BMKOPUCTaHHSA 3a3HayeHoro
mMeToay HeobxigHe AeTarnbHe BUBYEHHS MOXIUBOCTI
3MiHM BMacTMBOCTEN HU3bKOMETamMopdi3oBaHOro BY-
rinns, a Takox CTPYKTYpM i BNacTUBOCTEWN CMiKMMBOIO
BYrinns.

MowmpeHnin meTon pO3LUNPEHHST CUPOBUHHOI 6a3un
KOKCYBaHHS NOMsirae y BUKOPUCTaHHI CMiKNMBOI 3B’513Y-
FO4OI PEYOBWHW B LUMXTI ANA KOKCYBaHHSA SIK CRIKAMBOI
Jomiwku [1 - 4] Ta yTunisauii Bigxo4iB KOKCOXiMIYHOIo
nignpuemcTea. KokcoxiMiyHe nianpMemMcTBo Mae 3Ha-
YHY KinbKiCTb BigxoaiB, 4O CKnady SKMX BXOOAUTb BYr-
neub — ue dycu (67%), kucna cmonka (30%), noni-
mepu (3%) Towo. YTunisadito umx BigxodiB 34iNCHIO-
I0Thb LUMISAXOM 4OAAaBaHHs iX 40 BYTiNbHOI LUIMXTKU Ta NO-
AanbLIOro KOKCyBaHHSA abo BMKOPUCTOBYIOTb iX SK
3B’53yI04Y PEYOBUHY B NpoLeci BUpOOHMLTBa BpuKkeTiB
ONA AoAaBaHHSA A0 BYTiNbHOI LWWXTU.

BukopucTaHHs pigknx BigxoAiB OO3BOMSiE NOKpa-
wmTt nokasHukm kokcy (CRI i CSR) Ta 3meHwWwuWTH
BMICT cniknmeoro Byrinns mapok Ki XK'y wuxTi gns ko-
KCyBaHHSsI, 3aMiHMBLUWN MOro Ha HU3bkoMeTamopdizo-
BaHe Byrinng [9].

[NpoTe BMKOPUCTaAHHA 3a3HaAYEeHOI TEXHOSOTII e
noTpebye [oOaTKOBWUX OOCHiKEHb, 30KpemMa BU-
BYEHHS (i3NKO-XIMIYHUX XapaKTepUCTMK BYrneLeBux
BiAXOAiB ONa pauioHanbHOro ix BUKOPUCTaHHSA. [1o
ckrnagy BYrneueBMICHMX BigXo4iB BXOAUTb 3Ha4Ha Ki-
INbKICTb BOAM, SIKa € HENOCTINHOK, TAKOXX BOHU MICTATb
3HAYHY KiNbKiCTb CipKM, CIPYMCTOT KUCNOTKM Ta cynbda-
TiB, LLIO HEraTUBHO BNIMBAE Ha AKICTb KOKCY [2, 6, 7].

BuKOpUCTaHHA LIMX PEYOBMH SK 3B’A3YIOUUX ANs
OpVKeTyBaHHS B YMCTOMY NMpMpOAHOMY Burnsagi, 6es
nepepobkun, 4OCUTb NpobnemMaTuyHe, TOMy LLO HEMO-
XIMMBO KOHTPOMtOBaTN MOKA3HUKM SIKOCTi OpuKeTiB 3i
3MiHOIO cKragy BiaxodiB, OTPUMAaHUX Y PisHWUA Yac Te-
XHOJTOriYHOro npoLiecy.

Cknag ByrifbHOI LUMXTU TaKOX BNIIMBAE Ha SAKICTb
OpwvkeTiB, TOMy O 3i 3MiHOKW cTagdii meTamopdizmy
3MIHIOKTBCS | NpoLecH B3aEMOZIi 3 BiAXo4amMm KOKCO-
XiMiYHOro BMPOGHMLTBA, 30KpEMA 3MIHIOETLCS NMPOLEeC
CKIMEloBaHHA BYrifIbHUX YacTOK, WO BNAMBAE Ha Mil-
HiCTb OpUKeTIB.

Ane BCTaHOBNEHO [2], AKLWO0 KOHTPOoBaTK NpoLec
BMIOTOBIEHHSA OpUKETIB, 30KpeMa TUCK MPEeCYBaHHS,
cknag i KinbKiCTb 3B’A3yHO4OI PEeYOBUHU, MapOYHUR
cKnap BYrinbHOT LWMXTU Ta CTyNiHb MeTamopdoiamy By-
rinns, TO MOXHA TakKUM YMHOM BUPILLNTU MUTAHHS CU-
POBMHHOI ©a3n KOKCyBaHHS, NpPOTe Mpouec € OOCUTb
CKITagHuM.

[ocuTb eheKkTMBHUM METOA0M € TepMiYHa NiaroTo-
BKa LLUMXTKW A58 KOKCyBaHHSA. TepMiyHa niaroToska ne-
penbavae gBa npouecu [8]:

1. FMMBOKy CyLLKY LINMXTW 3 JOBEAEHHSIM Ti BONOro-
cTi 8o 0,5% (sik npaBuno, 3aBof OTPUMYE BYTiNns 3 Bo-
norictio 8-10%).

2. lNMonepeaHe HarpiBaHHS LUMXTW No3a KaMepor
kokcyBaHHs go 150- 200°C.

58

Mmnboka cywka npu 100°C cynpoBO4KyeTbCS NOB-
HUM BMAANEHHsIM HaBiTb TirPOCKONiYHOI Boriorn (BO-
nora, WO yTBOPKETLCA nNpun cuHTesi H2 i O2 y kamepi
KOKCYBaHHS1 MpW BUCOKIlA TemnepaTypi).

KokcyBaHHS TepMiYHO NigroToBRAeHOI BYrifnbHOI LWK-
XTW Mae Taki nepesaru [8-12]:

— MNOKPALLYETbCS AKICTb KOKCY (MILHICTb, piBHOMIp-
HICTb 32 po3MipoM);

— PO3LLMPIOETLCS CUPOBMHHA Basa KOKCYBaHHS 3a
paxyHOK 30irnblUEHHsT B LUMXTi YacTKM crnabkocniknm-
BOrO i ra30BOro BYrinns;

— NiABULLYETHCSA NPOOYKTUBHICTb KOKCOBMX Neven
Ha 25-40%;

— 3MEHLUYETBCA KiNbKICTb CTIYHUX BOA,.

Y npoueci TepMoniaroToBKN MO3UTUBHUM € TaKOX
36inbLUEHHsT HACUMHOI TYCTUHW BYriNbHOIO 3aBaHTa-
XXEHHS B KaMmepi KoKCcyBaHHs. Lle npussoanTb 4o TOro,
IO CMIKMMBICTb BYTIMIbHOrO 3aBaHTaXXEHHSA MiaBULLY-
€TbCS 3a PaxyHOK NiABULLEHHS LWiNbHOCTI NOBEpXHe-
BOIO KOHTaKTy 3epeH Byrinns, 36inbllyeTbCcs WBWA-
KICTb HarpiBaHHs y CTagisix, WO nepeayoTb nepexoay
B HamMiBKOKC, 3MEHLUYETLCA TPILMHYBATICTbL KOKCY 3a
paxyHOK 3HWXEHHA nepenagy TemnepaTyp y 3aBaHTa-
XKEHHI N 3MEHLUEHHs rpafieHTa LUBMAKOCTEN YycaOku
CYMDKHMUX LUApiB HamniBKOKCY, € TEeHAEHUia A0 3Hu-
YEeHHs1 cipuncTocTi kokey [13- 15].

TexHonorisi BUKOPUCTaAHHA TEepMIYHO nigroToBne-
HOI BYTiNbHOI LUMXTW Nepen KOKCYyBaHHSAM Mae CBOi Mo-
3UTUBHI Ta HeraTMBHI CTOpoHW. [1poTe TexHonorisa
«[pekapboH» AOCUTL YCMILLHO BUKOPUCTOBYETLCSA Ha
KOKCOXiMIYHUX NiANPMEMCTBAaxX BNPOAOBX 6araTbox
pOKiB, @ TaKoX, SIK 3a3Ha4YeHO B AOCHimMKeHH:AX [16 -
21], € nepcnekTnBa OTPUMAHHS BUCOKOSIKICHOIO KOKCY
B YMOBaX MOTipLLUEHHSA CUPOBUHHOT 6a3n KOKCYBaHHS.

MexaHiyHa MILHICTb TepMi4YHO NiAroTOBMEHO! K-
XTW 3Ha4HO Binblua i B npoueci 36inbLUeHHs KifbKOCTi
CcnabKoCNiKMMBOro BYTiNmMs He3MiHHA, TOBTO sk CTBep-
DXKyl0Tb aBTOPW, TEPMIYHO NiAroTOBNEHa LWuxTa Oo-
3BOMSE OTPUMATU PIBHOMIPHUIN Ta SAKICHUMA KOKC Mpu
KONMMBaHHI AKOCTi BYriNbHOI WnxTu [22]. [JocnimkeHHs
[23], wo npoBOAMM B JOMEHHMX NeYax 3 BUKOPUCTaH-
HSAM KOKCY, OO CKIagy sIkoro BXOAMMO BYTiNMs 3 BMic-
ToM 40% rasoBoro crnabkOCMiKNMBOro BYTiNs, NMoka-
3anu gocuTb edbekTmBHi pesynbtatn: CSR — 44,9 % i
CRI-42,3 %.

MopibHi gocnigkeHHs npoBoaunu i Ha BAT «Acu-
HOBaTCbKOMY KOKCOXiMiYHOMY 3aBogi» [24], y poboTi
BUCBITNEHO pe3ynbTaTy JOCHiAXEeHb BUCOKO peaKLini-
HOrO KOKCY 3 TePMiYHO NiArOTOBMNEHOT LUNXTN Y dhepoc-
nfiaBHi NPOMMUCIOBOCTI.

OpHvM 3 MeTogdiB PO3LLMPEHHST CUPOBUHHOI 6asu
KOKCYBaHHS € TepMivHa NiAroToska BYrinns B enekTpo-
MarHiTHoMy noni, WO a€e MOXNMBICTb BUKOPUCTOBY-
BaTW HU3bKOMeTaMopdi3oBaHe BYyrinna B LWWXTi Ans
KOKCYBaHHS1 ©€3 NoripLeHHs1 MOro SIKICHNX NMOKa3HWMKIB
[25 - 27]. NigroToBKa cnabkocniknMBOro Byrinms 3a Ao-
NOMOrOK eNneKTPOMarHiTHOI eHeprii gonomarae oTpu-
MaTu rMMBOoKi BHYTPILLHEOMONEKYNSAPHI 3MiHU 3a paxy-
HOK npouecy rigporeHisauii. 3 pesynbTaTis Jocni-
DKEeHHS BUAHO, WO BYrifbHA LWMXTA, OO cKragy Kol
BXOOUTb TEPMIYHO nigroToBneHe cnabkocniknuee



BYrinns mapku I, mae 6inbLuy HacunHy macy, 36inbLuy-
€TbCS1 LUBUAKICTb KOKCYBaHHS, 3MiHa, LLO BiAOyBaETbCS
Ha MOJSEKYNAPHOMY PiBHI B OpraHiyHiin maci TepMiyHoO
niaroToBNEHOro Byrinns NpnsBoanTb A0 3MiHW B peak-
LisIX po3KkrageHHs B NpOLIECi KOKCYBaHHS.

[MpoTe BpaxoByto4M BCi MO3UTUBHI BNNUBU TEPMIY-
HOI MiArOTOBKW BYriNbHOI LUMXTN ab0 OKpeMnx mMapok
BYTiNMs, BapTo 3a3Ha4MTU i HEOOMiKK, SKi HE Aal0Tb Mo-
BHOI MipOIO0 KOPUCTYBATUCS Li€0 TEXHOMOTIiK0 Ha KOK-
COXiMiYHMX nignpuemcTBax [28].

[looaBaHHSA OpraHivyHMX AOMILLIOK A0 BYrinns xapa-
KTEpU3yeETLCH BEMNUKOK PISHOMAHITHICTIO BracTUBOC-
Ten i MOXyTb ByTK KnacudikoBaHi 3a 03HaKamu: OTpU-
MaHi nig 4ac nepepobku Byrinns abo HadTH; Tepmo-
OEeCTPYKTUBHOIO Ta iHLWOro NOXOMKEHHS; 3B’A3yBarbHi
Ta CNiKNMBI; ME30reHHi Ta HEME30reHHi; ByrneBoHi Ta
CKIagHi TexHi4Hi cymilwi. MgporeHizadisa sk MeToq Ha-
Aa€ BENWKi MOXITMBOCTI LLLOAO OTPUMAHHS 3 BYTinns pi-
3HOMaHITHUX HaMiBNPOAYKTIB Bid MPOCTMX BYrNIEBOAHIB
00 CKNagHMX OpraHiYHMX CnonykK, WO MiCTSITb KUCEHD,
Cipky Ta a3oT.

MepcneKkTMBHUM HaNPSIMOM € TigpyBaHHS cnabkoc-
NIKNWBOro BYrinNA ANs NiaBULEHHSA MOro TEXHOMOTIY-
HWX BNACTUBOCTEWN 3a paxyHOK NPUEHaHHSA HEBENNKOT
KiNIbKOCTi rigporeHy. ICHyloTb MeToau 3 BUKOPUCTaH-
HAM pycCiB KaM’AHOBYFINbHMX, WO BUKOPUCTOBYIOTb
B’A3KOMMMHHI abo TBEPAOB’A3K.

[omilkun doycis NoKpaLLytoTh SKICTb KOKCY i He € 3a-
TpaTHUMK. Ha uen yac opraHivHi ZOMILLKK, 9K MOaNI-
KaTopw KOHKPETHOI MapKu BYTiNnst 4N oTpMMaHHSA SKi-
CHOrO [JOMEHHOIO KOKCY, MPaKTU4YHO HE 3acCTOCOBY-
I0TbCA Yepe3 BernuKy Pi3HOMaHITHICTbL BnacTuBOCTeNn
AK AOMILLIOK, TaK i Byrinns [29 - 35].

BukopuncTtaHHa MiHepanbHUX KOMMOHEHTIB SIK AOMi-
LLIOK Yy npoLieci oTpumaHHs Kokey [36, 37] (Hanpuknag,
Lwnam, LnaKk ToLo) TakoX He € AOCUTb MOLUMPEHUM.
Lis TexHonoria cnpsiMoBaHa Ha OTpPUMaHHS cneLianb-
HUX BUAIB Kokcy. Bci MiHepanbHi cknagosi Byrinns i
LWITYYHO JOAaHi A0 HbOro HeopraHiyHi JOMILLKW BUBYa-
nvca 3 nornagy ixX BNAvMBY Ha peakuiiHy 34aTHICTb KO-
kcy [23, 5]. Jomiwkm B kinbkocTi Big 0,5 o 2,5% Takux
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pPEeYOBUH SIK 3ani3HAK, OKCUA Karblilo, Kpenaa, BUsIB-
nsTb cebe akTMBaTopaMu peakuiiHOl 34aTHOCTI, a
TaKi pe4yoBUHU sIK 6Op, KpEMHE3EM, TNIMHO3EM i Cipka €
iHribiTopamu Liei BNacTUBOCTI KOKCY.

3 pesynbTaTtiB OOCMiAXEHb, BUCBITNEHNX Y pobo-
Tax [37 - 46] BcTaHOBMNEHO, WO MiHeparibHa AoMmillka
YEpPBOHOrO LUMaMy He iHEPTHUA KOMMOHEHT BYTifbHOI
LUNXTK, @ aKTMBHa Aomiwka. [loBegeHo, Lo BUKOPUC-
TaHHS1 YepPBOHOrO LWnamy B KinbkocTi 0,5% 3 raszoBum
BYTiNAsiM NO3UTUBHO BMNSIMBAE Ha PiBHI B'A3KOCTi nnac-
TMYHOI Macu y nepiog HambinbLIOro ra3oBUAINEHHS,
LLIO NPU3BOANTb A0 3HWKEHHS ra30NPOHMKHOCTI BYriNnb-
HOro 3aBaHTaXEHHS, a TaKoX 36inbLUye Npouec cryyy-
BaHHSA. OUiHKy BNNMBY LbOro dakTopy BU3Ha4vanum 3a
JOMOMOroOl MoKasHMKa BUXOAY KOKCOBOMO 3aruvLLKY,
WO [O03BOMMIIO PO3KNacTM CKNagHy AMCNepcito Ha
CKNagoBi Ta OUIHUTY 3@ NEBHUMUW KPUTEPIAMM, AKi NOo-
Kasanu CyTTEBUWA BMMMB YEPBOHOIO LUNaMy Ha BuUXig
KOKCOBOTO 3aruLLKYy.

[ocnimpkeHHs1, B SKUX BUCBITNEHO pe3ynbTaTtu CTo-
COBHO B3a€EMOfji MiHEpanbHWX KOMMOHEHTIB 3 BYTifb-
HOO CKIagoBO, 30KpEMa BUBYEHHS B3aeMOZIi Woao
CnikaHHA Ta CNiKNMBOI 30aTHOCTI, Jany No3uTUBHI No-
KasHuku [47 - 50]. KiHeTuka B3aeMOoSji LMX KOMMNOHEH-
TiB, sika Oyna npoBeaeHa 3a 4ONOMOrow AepuBoTorpa-
diyHOro aHanisy, nokasana, LIO OO4aBaHHS 4epBO-
Horo wnamy 30inblUye eHeprito akTuBaLlii. Y rasoBoro
BYrinns BoHa ctaHoBuTb 54500 kan/monb, a 3 goaa-
BaHHSM YEPBOHOIO wnamy — CTaHOBUTb
65000 kan/moneb.

Omxe, AoaaBaHHA [0 BYTiNMs Ta BYTiNbHOI LLMXTU
MiHepanbHUX OOMILLOK YCKMaAHIETBCA Ha cTagisx
NiQroToBKM CUMPOBMHHUX MaTepianiB, iX ApobneHHs,
npecyBaHHsi, GOpMyBaHHS, a TakoX Nig Yyac BUPOOHW-
LTBa JOMEHHOro Kokey [37].

[MpoTe, NnepernsHyBLUN OCHOBHI MeTOoaM, Ski Haja-
I0Tb MOXIMBICTb PO3LUMPUTU CUPOBUHHY 6asy KoOKCy-
BaHHs, Oyno BCTaHOBMNEHO, WO BiAcyTHI abo He noB-
HO MipO0 BUCBITNEHI BiZOMOCTI LLOAO B3aemMogiji By-
MifIbHUX KOMMOHEHTIB, AKi BXOAATb A0 CKNaay BYrifbHOI
LLUMXTK, y NpoLEeCci TEPMIYHOro Niponiay.
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