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HauioHanbHMin yHiBepcuTeT Biopecypcis i NPUpOAOKOPUCTYBAHHA YKpaiHMu,
Kuis

Ha ocHogi ananizy npoyecie ompumanus HAHOYACMUHOK NOKA3AHO, WO ceped YUCENbHUX
Memooie 00epPHCAHHST Memalegux HAHOYACMUHOK el1eKmpOoICKpoga 00pobKka 2epanyii 6 piOuHi
00360715€  OMPUMYBAMU HAHOOD'€EKMU NPU  BUCOKUX MEMNEPaAmypax, MUcKax i weUOKOCmSIX
0X0N00CEHHS, MOOMO HAHOYACIMUHKY 3 BUCOKOI eHeP2OHACUMEHICIIO MA SIK HACTIOOK 3 e(heKmueHol0
MOOUPuKyIowoio 30amuicmio. Bpaxosyrouu 6ucoky enepeonacuuenicms HaHO4acmuH oK, OMpUMaHux
eNeKmpOICKPOBOID 0OPOOKOI0 Memanegux epaHyn 8 piOuHi O0CTIOHNCeHO GNIUE HAHOYACMUHOK,
Wo ompuMylOmvbcsl 8 Npoyeci GUKOPUCMAHHA Y SIKOCMI GUXIOHUX Mamepianie epanyn 3anisa, Ha
CmpyKmypy mManogyaineyegoi Huzvkone2oeanoi koncmpykyiunoi cmani 25ICJI.

Hageoeno pezynomamu 0ocniodtcenns niugy HaHOYACMUHOK 3a7i3d 8 0OONOHYI 3 OKCUOY
Fe, O, wo npu 66edenni 6 posnias i HacpieanHi 00 memnepanypu posniagy nepemeopocmocs 6
okcuo Fe O, na popmyeanus oendpumnoi ma geppumo-nepnimuoi cmpyxmypu cmani 251'CJI npu
0XON0OdACEHHT nicnst 3amaeepdinns ma 6 npoyeci Hopmanizayii. Ilokazano, wo 68edenHs 8 po3nias
3,65x107 wm/cm® nanowacmunox npusodume 00 NOOPIOHeHHs 2106VIApHUX OeHOpumis 6 2,5-
2,8 pazis, 3menutenus posmipy 3epen aycmenimy @ 1,4- 1,8 pasis, 3epen nepnimy 6 1,7-2,0 pasis,
Gepumy - 6 1,4-1,5 pasis, kinekocmi nepnimy 6 1,4-1,5 pasis, a xinokicmo epumy npu yoomy
s6invuyemscs 6 1,8-2,0 paszis. Cnocmepicacmvcs 30inbuteHHs 008HCUHU A 3MEHULEHHS MOBUUHU
nnacmun yemenmumy, eionogiono, 6 1,8-2,0 i 1,7-1,8 pazie, a siocmansv mixc niacmunamu
yemenmumy 3menutyemocs 8 2,7-3,0 pasu.

Moougixysanns 3mintoe opmy yemenmumy 6 nepnimi 3 NAACMUHYACHMOL V BUXIOHII
cmani 0o Kysicmoi 'y mooughikosaniit. [loeocuna ma koegiyicum hopmu niacmux yemenmumy
3MIHIOEMbCS, 8i0N06IoHo, 3 2,9 - 5,0 (cepedne - 4) mxm i 8,9 - 22,0 (cepedne — 14,7) ona euxionoi
cmani 00 0,20 - 0,82 (cepeone - 0,41) mxm i 1,1 00 3,0 (cepedne — 1,7) ona moougpixogarnoi cmai.

Mexanizm 8niugy HaHOUACMUHOK HA MEPMOKIHeMUYHI napamempu azoeux nepemeopeHs
i cmpyxkmypy cmanu npu 0Xono0iceHHi y npoyeci ma nicis 3ameepoinHs, a maKko;ic npu HaepieaHii,
SUMPUMKU MA OXOJIOONHCEHHI NpomsA2oM HopManisayii nos’si3aHo, 8 OCHO8HOMY 3 IX Oiclo, K
yenmpie Kpucmanizayii, ma nepexkpucmanizayii npu ¢opmysanni 6-Fe ¢pasu, meepoogdpasznux
nepemeopennsix 8-Fe — y-Fe npu oxonodowcenni nicis 3ameepoinHs, a MAKOiC @hazo8ux
nepemeopeHs aycmenimy 6 nepiim ma nepiimy 6 aycmeim.

Kniouosi cnosa: nanowacmunxu 3aniza, cmpykmypa, oenopum, ¢epum, nepiim, gazosi
nepemeopeHHs.

MO/:[I/I(biKyBaHHH CTPYKTYPH METAJEBUX MAaTepiajiB € HalGiJbIl TeXHOJIOTITHIM
METOJIOM TIi/JIBUIEHHS X sIKOcTi. MexaHiaM BIiuBy MoaudiKaTopiB MoJATAaE B
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da3oBi nepeTBOPEHHA

KOMILIEKCHOMY a60 BHGIpKOBOMY BILINBI Ha IMBHAKiCTb 3aposkeHHs i (a6o) spocranHs
LEeHTpiB KpucraJizanii Ipu TBepAHEHHI MeTaJIeBOIO PO3ILJIABY, BJIACTUBOCTI TBEPLOTO
pPO3YMHY, BUJ, KiJAbKiCTb, PO3MipH Ta pO3TAINyBaHHsS BTOPUHHUX a3 i TepMOKiHETHYHi
nmapamMeTpu (a3oBHX TMEpPeTBOPEHb TPHU HATPiBaHHI i OXOJIOKEHHI Marepiajay B Tpoiieci
TepMiuHOT 06pOOKH.

3acTocyBaHHIO HaHOMarepiajaiB B IPOMHUCJOBOCTI TIPU/IIISIETbCS  3HAYHA
yBara [1]. Ile moB'sizaHo 3 TuM, 10 HAa MOBEPXHi MaTepiaay B HAHOPO3MipHOMY CTaHi
posTaioBaHa BeJKa KiJbKiCTb aTOMiB 3 HECKOMIIEHCOBAHNMII 3B'sI3KaMM, SIKi Mi/[BUIIYIOTDH
BIJIbHY IOBepXHEBY €Heprifo HaHOOG'€KTIB i 3YMOBJIIOIOTb iX iHTEHCHBHY B3a€MOJII0 3
HaBKOJINIITHIM CepeIOBUIIEeM.

Cepen dnceTbHIX METOIB OJlep>KaHHS MeTaJIeBIUX HAHOYACTHHOK €JIeKTPOiCKpOBa
o6po6ka rpanys B piauHn [2] mgo3Bosisse oTpuMyBaTH HAHOOG'€KTH TIPH BICOKUX
TeMIeparypax, THCKAaX i IMBUIKOCTSX OXOJIO/KEHHSI, TOOTO HAHOYACTUHKU 3 BUCOKOT
€HEeProHACHYEHICTI0 Ta IIMPOKHM CHEKTPOM CTPYKTYPHUX CTaHiB i BJjacTuBocTell.
BpaxoBytoun BHCOKY eHEepProHACHYeHIiCTb HAHOYACTHHOK, OTPUMAHUX eJeKTPOiCKPOBOIO
06pO6KOI0 MeTaJieBUX TPaHyJ B PIiAUHU, ITPEACTABJSAIO iHTEPEC [TOCJIJUTH BILINB
HAHOYACTHHOK, 110 OTPUMYIOTLCSI B MPOIeci BUKOPHUCTAHHS y SKOCTi BUXiHIX MarepiasiB
rpaHyJsl 3ajisa, Ha CIPYKTypy MaJoByIJelleBoi HU3bKOJIErOBaHOI KOHCTpYyKUiiiHOi
cram 25I'CJI. 3acrocyBaHHSI y SKOCTi MoAandikaTopiB HAaHOYACTHHOK HA OCHOBI 3aii3a
JTO3BOJIILIO YHUKHYTH edeKTa MiKpoJIeTyBaHHS PiJKOTO Ta TBEPAOTO PO3YHMHY i AOCIiIUTH,
B OCHOBHOMY, BILJIIB HAHOPO3MipHOTO (haKkTopy.

HanouacTHHKN OTpUMYBAJIM HIISIXOM €JEKTPOiCKPOBOi 06po6GKH I'panHyJI 3aJi3a,
SKi 3aBAaHTKYBAJU Yy PO3PSAHY KaMepy 3 eJeKTpoJaMH 3 TOTO K Marepiaty, HaJUBAJH
BO/Zly, BMUKAJH TE€HEPATOp PO3PSAHUX IMITYJbCiB i OTPUMYBaJIN KOJOIHUII PO3UYNH
3aJ1i30BMiCHUX pevyoBWH y Boiai [3-5]. Ximiunwmii ckJaj TpaHyJ 3ajida Ta eJIeKTPO/IiB
nactynauii (%, mac. wacrka): 0,025 C; 0,08 Si; 0,25 Mn; 0,10 Cu; 0,10 S; 0,015 P;
pemrra — Fe. Bupginennss 4acTMHOK 3 OTPUMAHMUX KOJIOIHUX PO3UYNHIB 3/ilCHIOBAJIN
IIJISXOM CYINiHHSI Kparesib PO3YMHIB Ha IIJIACTUHAX KpHUINTaJeBoro kKsapiy. Po3wmip,
dopmy i XiMiuHHUIT CKJIA/] YACTHHOK BU3HAYAJIN HA CKAHYIOYHX €JEKTPOHHUX MiKPOCKOTaX
Jeol-6490LV, Jeol JSM6360 u Hitachi SU8000. [lociskeHHsT CTPYKTYPI HPOBOIIIN HA
esiekTporHOMYy Mikpockori JEM-3010 JEOL 3 myabrickanyiouoro kamepoio GATAN Orius
SC200D.

DazoBuilt  ckgaa  JOCTIIKYBAJN  METOJOM  peHTreHiBcbKol  audpakiii B
monoxpomarndHomy CuK -punpowminioBanni na andpakromerpi JJPOH-YMI. Ximiunmuii
CKJIQJl TIOBEPXHi HAHOYACTUHOK BUBYAJIN METOJaMU BICOKOBYTJIOBOI TEeMHOIIOJIbHOI
mikpockomnii (HAADF) rta penrrenisebkoi doroenextponnoi cnekrpockorii (POEC) na
criektpomerpi EC - 2401. I'mn6una anauisy moBepxui < 10 aToMHEX mIapis.

3akoHOMipHOCTI (Ha30BUX TMEPETBOPEHb B HAHOYACTHUIIAX 3aJ1i3a JOCJIi/KYBaJH
Ha ananizatopi STA 449 F1 Jupiter mopoiliky HAHOYACTHMHOK METOJOM CHHXPOHHOTO
TEPMIYHOTO aHaJi3y 3 O/HOYACHUM BUMIiPIOBAHHSM TeIJIOBUX edeKTiB (a3oBux
nepersoperb ([ICK) i sminm macn (TI) HaHoyacTMHOK B Tpoleci HarpiBaHHs i
0X0JI0/pKyBaHHs B aproui 3i mBukictio 20 °C /xB. To4yHicTb BUMipIOBaHHS TeMIepaTypu
cranomia *+ 0.25 %, enrauspiii - £ 3 %, macu - + 2 Mir. I[lapamerpu ¢pasoBux meperBopeHb
craJieil BUBYAJN HA YCTAHOBII MIBUJKOTO PEHTTEHOCTPYKTYPHOTO aHATiI3y 3a METOJNKOIO,
o HaBezeHa y poboti [6].

[as  xapakrepuctuku GOpMH  CTPYKTYPHHUX  CKJIQJOBHX  pPO3PaXOBYBAJH
koeditient ¢opmu (K-BiHOIIEHHS MaKCHMaJbHOTO PO3Mipy CTPYKTYPHOI CKJIAI0BOT
JI0 MiHiMaJbHOr0), 1IN0 BHKOPHCTOBYETbCS IPH KiJbKiCHOI OIIHKH MaKpOCTPYKTYPBI
[7], mikpoctpykrypn [8] i mae MokImMBicCTb KjaacugiKyBaTH CTPYKTYPHI CKJIAJOBi Ha
isomerpuuni (K<1,3), nmpomixkni (1,3<K<2,0) i romgacti (K>2,0) [9].
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®da3oBi nepeTBOpPeHHSs

EnexrpoickpoBoio 06po6KoI0 TpaHyJ 1 3a/i3a OTPUMATN HAHOYACTHHKU PO3MipoM
Big 15 mo 60 um (cepeane — 30 um) (puc. 1 a, 6) 3 koedinientom dopmu Big 1,0 go 1,2
(cepenne — 1,1), mo ckaagawoTbes 3 45,5 % a-Fe i 54,5 % y-Fe.

AHaIi3 HAHOYACTUHOK IIPU BeJUKOMY 3GiJbIIEHHI 1TOKa3aB, M0 HA iX MOBEPXHi
icuyrorb finankn gk nosutusnoi (R ), tak i meratmsnoi (R ) xpususan (puc. 1 B).
IIporunexnuil HanpsaMoK paziyciB KPpUBU3HH y MeKaX oJfHOI HAaHOYACTUHKH BKa3ye Ha Te,
1[0 HaBiTb Ha IIOBEPXHi OAHOI HAHOYACTUHKU iCHYIOTb AIJAHKHU 3 Pi3HOIO TeMIIepaTypoio
¢a3oBoro MepeTBOPEHHs, OCKIiJbKU BiJIOMO, IO TIPHW MMO3UTHUBHOMY Ppajiyci KpHUBU3HH
TeMmIiepaTypa (a3oBOTO IepeTBOPEHHS [MNCIIEPCHOTO Marepiasy, 3MEHIIYETbCs, a IIpH
HeratuBHOMY — 36isburyersest [2]. Kpim toro Bimomo [10], 1nio 3a HeratuBHOI KpUBH3HU
MOBEPXHi TBEP/i BKJIIOYEHHS MOXKYTHh OYTH IIeHTpaMH KPUCTAJi3allii Ipu MepeoxoIo/;KeHHi
posmiaBy 6smsbko 0 °C.

P

o Vo a e ne el
SU8000 5 0xV x300x SE(UL) 100 xax

Puc. 1. Posmipn Ta chopma HaHO4YaCTUHOK (&, 6) i cxema rpaHuui noBepxHi (B) 3 AinsHkamu nosuTueHOI (R,,) i
HeraTuBHOi (R, ) KpuBM3HW.

Jlocmimxkennsi, MeTOMOM PEHTTeHIBCbKOI  (POTOETEKTPOHHOT — CIIEKTPOCKOITiT,
XiMiYHOTO CTaHy €JIeMEHTIB Ha MOBEPXHiI HAHOYACTMHOK 3aJsida [11] mokasano, 1o KuceHb
JIa€ HaiiGi/IbITy iHTEHCUBHICTD i HA MOBEPXHi HAHOYACTUHOK 3a/1i32 KICEHb 3HAXOAUTLCS Y
3B’SI3aHOMY CTaHi.

Anamiz ¢dopMn Ta MOJOKEHHS Fezp— JiHiI, fAKa BU3HAYa€ eHeprilo 3B A3KYy
Fezp3 ., CJIEKTPOHIB 3 KaTiOHOM 3ajli3a, ITOKa3aB, MO Ili eJEKTPOHU Y 3aps/XKeHOMY
KaTioHi 3aji3a cujbHille 3B’s3aHi 3 HUM, Hi)K B artoMmi Meraysy. 3G6ijblieHHS eHeprii
3B’ 3Ky Fezpa ,, — €JIEKTPOHIB XapaKTepusye 3pOCTaluuil CTyNiHb OKHCJEHHS MOBEpPXHi,
a6o mepeHocy eJIEKTPOHIB Bij 3asiza m0 KucHio. [lik Fengy ,, — JIHii BiJIIOBi/1a€ eHeprii
3B’s3Ky, aKa Ginbuia Hixk y Fe,O,, i Bkasye Ha Te, mo 3apsj kationis Fe y nosepxuesiii
IJIiBIli HAHOYACTHHOK He MeHmmii Hixk y Fe,O,.

dopma O1S — JiHii BijinoBizae mpubJN3HO OJHAKOBO MAKCHMAJIbHO 3apsiKEHUM
anionam kncHio. Cumerpuunicts O, — JiHii Ha MOBepXHi 3asisa BKasye Ha Te, 11O
TaM 3HaXOJATbCS HETaTHBHO 3aps/KeHi iOHM, eJIEKTPOHH SIKUX MalOTb MEHIIYy €eHepriio
3B’43Ky, HiK Fe,O,, Tpoxn MeH 3apsa/ukeni anionn Kuchio, sk y CO,, a Takox Maiixe He
saps/pkeri anionu B O,. Ananis qinii O, , gKa XapakTepusye CTaHi KHCHIO Ha TOBEpPXHi
HAaHOYACTHHOK 3a/li3a, MOKasye, 1o eHepreTndHe nojoxennsa O, minii gocutb 6113bKO
a0 1i MOJIO)KEHHIO B OKCH/Ii Fe203. e cBimunTb mpo Te, 1O HA TTOBEPXHI HAHOYACTHHOK
3a/1i3a 3HAXOJATbCS KHCHeBMicHi copbatn y surasani Fe,O,, axi ne pearywors i3 3asisom
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da3oBi nepeTBOPEHHA

i yTBOPIOIOTD MIiJbHY i MillHY NAcUBYIOUY IJIIBKY, 1[0 He IPOIYCKA€e KUCeHb copbaty o
aToMiB 3aJi3a B 06’eMi, TOOTO B cepe/luHy HAHOYACTUHKU.

[cHyBanHs1 [i7STHOK 3 HeraTnBHOI KPUBU3HOIO MOBEPXHI HAHOYACTHMHOK 3aJ1i3a,
B OGOJIOHIII 3 OKCHU/LY FeZOB, 1o ILIaBuThesl Ta guconioe mpu 1565 °C [12], poburb
IepCleKTUBHUM iX 3acTOCyBaHHS, K JOJATKOBUX LIEHTPiB KpHcTaJisalii.

[lyis BU3HAYeHHS MeXaHi3My BILJINBY HAHOYACTHHOK HA (POPMYBAHHS I€PBUHHOT
i BTOPUHHOI CTPYKTYpH CTaju JOocJaiiuan (as3oBi MepeTBOPEeHHST B HAHOYACTHHKAX IIPH
1O/IBillHOMY HarpiBaHHi U OXOJIO/[’)KE€HHi (taba. 1).

Tabnuus 1
Temnepatypu Ta Tennotn (Q) pasoBrx nepeTBOpeHb HAHOYACTUHOK, WO MICTATb 45,5% a-Fe i
54,5% y-Fe, npu HarpiBaHHi i OXONOMKEHHI

No Temmneparypa, °C Q*,
Bujt 1ieperBopeHHs -
eTary MOYATOK | MakcuMyMm | KiHelb Ibx /T

[epmii Harpis

1.1 H y-Fe — a-Fe 230 336 390 29

1.2 H |Bupasenus piijuHu 3 1OPOLIKY 397 427 460 -5,8

1.3H 6Fe O,=4Fe,0,+0, 597,1 665 800 1374

1.4 H a-Fe — y-Fe - 748 800

1.0H y-Fe — d-Fe 1132,7 1149 1172 -14,95
OXOJTO/IZKEHHST TTCJIST TIEPIIOTo HATPiBY

1.1 0 5-Fe — y-Fe 1124,9 1098 930 14,9

1.2 0 y-Fe — a-Fe 692,4 677 643 32,14

[lpyruii narpis

21 H a-Fe — y-Fe 737,6 751 782 -22,7

22H y-Fe — 8-Fe 1138,2 1155 1167 -12,6
OX0I0/13KeHHS TTicsd JPyroro HarpiBy

210 5-Fe — y-Fe 1122,4 1100 912 13,2

220 v-Fe — a-Fe 693,6 675 645 31

HpI/IMiTKaZ *+ BU/IiJIEHHS TEIJIOTH; - MOTJIMHAHHS TEILJIOTH

[Tepmmuii kA HarpiBy Ta OXOJIO/KEHHs iMiTyBaB IIOBe/IiHKYy HaHOYACTUHOK IIpU
BBe/IEHHI B PO3ILIAB i OXOJO/KEHHI B IPOIleci 3aTBEP/AiHHS BUJINBKA B JUBapHiil (opMmi.
[Apyruii nuKJa — HOpMaJi3aliio.

AHaJi3 eKcllepUMeHTaJbHUX JAaHMX II0Ka3aB, 110 B IIPOLieci Ieplloro HarpiBy
g0 1300 °C y mopoliKy HAaHOYACTHHOK IIOCJiIOBHO criocTepiraiotbesi y-Fe — a-Fe
1lepeTBOPeHHs, BUJAJEeHHs PilMHN 3 NOPOWIKY, IeperBopenHsa okcuay Fe,O, B Fe,O,,
o-Fe — y-Fe i y-Fe — 6-Fe mneperBopenns. Ilpu oxosomkenHi Big6yBaoTbCs 3BOPOTHI
8-Fe > y-Fe i y-Fe — a-Fe nepersopenns (ra6n. 1).

B upotteci apyroro nukay npu Harpisi crocrepiraiorbest o-Fe — y-Fe i y-Fe —
5-Fe, a npu oxonokenni - 8-Fe — y-Fe i y-Fe — a-Fe neperBopennsi.

Bimomo [13], mo mpoMucJIOBI 3aJi30BYTJICIICBI  PO3IJIABH  MICTATh 3HAYHY
KiJIbKiCTb HeMeTaseBUX (a3, SKi MOXKYTb CTaTH IEHTpaMM KpucTajisaiii. 3a JaHuMH
po6Gotu [14] B 1 cm?® pigkoro yaByHy 3HaxoanThest 6;n3bKo SX10° HeMeTaneBUX BKIIOYEHb.
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da3oBi nepeTBOPEHHA

[Ipexncrapasno  iHTepec jpocaiauti  BIUIMB — GifblIiol  KiJbKOCTi (Hop;IL[Ky
102 mT/ cM?) HamowacTMHOK 3afiza, B OGOJIONI[i 3 TYTOILTABKOTO OKCHUJY Fe,O,, na
CTPYKTYpPY Ta BJACTHBOCTI MAJIOBYTJeneBoi HusbKkoJeroanoi craji 25T CJIL.

Bumnnasky crami 25ICJI mpoBoanan B 120 kr ingykmiitaii meqi. [licas gocsraemnts
HeOOXITHOTO XiMIYHOTO CKJIQAY i PO3KHUCJEHHS AJIOMiHIEM PO3ILIAB IPU TeMIEpaTypi
1550 ©C posauBain mo dpakilisM B MIMAHO-TJIMHICTI JAUBapHi popMu emHicTio 15 K.
HanovactuHky BBOAWIN B PO3JIMBHIII KiBIII B CTpyMeHi aproHy 3rigHo Metoxukn [15].

Ximiunu#i cknag suxigmoi crami 25TCJI nacrymmmit (%, mac. wactka): 0,26 C;
1,0 Si; 0,7 Mn; 0,13 Cr; 0,10 Ni; 0,10 Mo; pemra - Fe. Moaudixkysanus cramu 25T CJI
HAHOYACTHHKAMU, 10 MicTuin 45,5% o-Fe u 54,5% y-Fe, apaificHioBain mo 2 pekuMam.
ITIpu 1 Bapianti MoxmdikyBanus B posmiag Beoauau 0,0035 % HAHOYACTMHOK, IO
Bijnosijgano seejgennio 3,65x10" wr /cm®. IIpu 2 Bapianti — 0,0070 % HaHOYACTHHOK, 1O
Biguosigano — 7,30x10" wr /cm3.

Ha puc. 2 mokaszano BIJINB HAHOYACTHHOK 3a/i3a Ha JACHAPUTHY, PepUTO-TICPTITHY
CcTpYKTYpy Ta 6ymoBy mepJity ctami 25TCJ1 y mutoMy crami.

BceranoBneno, 1o npum  MoaudiKyBaHHI  CIIOCTEPITAETbCS — TOAPIOHEHHS
rao6yIapHUX AeHaputiB B 2,5-2,8pasis (puc. 2 a, 6).

BB HanowactuHoK Ha (GOPMYBAaHHS AEHAPUTHOI CTPYKTYpH IMOB’SI3aHUI 3
HarpiBoM i OXOJIO/UKEHHSIM HAHOPO3MipHUX 06’€MiB pO3ILIABY B HACIIJOK BU/IJEHHS Ta
MOTJIMHAHHST TETJIOTH iX (ha3oBUX TIEPETBOPCHD Ta €10 HAHOYACTUHOK, SIK IOJATKOBUX
IEHTPiB KpucTaJisaiii. BpaxoBytoun, 10 Tpy HArpiBaHHI HAHOYACTUHOK JI0 TEMIEPATYpPH
pinkoi crasi BigGyBaeTbcsl TEPETBOPEHHS iX OGOJIOHOK 3 OKCUY FeZO3 B O6ijbil
TYTOTJIABKUT OKCHUJT FeSO s (TeMHepaTypa IJIABJIEHHS W UcoIliallii oKcuay FeSO , IOPiBHIOE
1594 °C [12]) (eram 1.3 H Ta6n. 1) 1a dopmy nHamowactuHok (puc. 1 B, r) MOKHA
BBaXKatH, 1o MoandiKyBaHHs JeHPUTHOI CTPYKTYPU CTaJi BilOyBAETHCSI, B OCHOBHOMY,
B HACJIJIOK iX JIii, SIK IIEHTPiB KpUCTaIisallii.

WDa15 6eens

Puc. 2. Bnnue mopudikyBaHHA HaHO4YacTUHKamu 3anisa Ha AeHApWUTHY (a, 6), depputo — nepnitHy (B, r)
CTPYKTYpy Ta GygoBy nepnity (4, x) crani 25I'CJ1 y nutomy ctaHi: a, B, i — BuxigHa ctans; 6, r, xx — gobaBka
0,0035 % HaHo4acTuHOK;, B, r— x300.

Brums narmovactunok ma gopmysarisa Mikpoctpykrypu crami 25ICJI y mporeci
OXOJIO/KCHHS TiCJs TBCPAHCHHS TIOB’ A3aHUi 3 TIOSBOIO JIOJJATKOBUX TICHTPIB OpMyBaHTs
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®da3oBi nepeTBOpPeHHSs

8-Fe ¢asm, ta 3-Fe — y-Fe i y-Fe — a-Fe mneperBopenHs, 10 CTBOPIOE MEpPEAYMOBH [0
no/Ipi6HEeHHST PepUTO-TIEPITHOT CTPYKTYPU 3 BU/IJEHHSIM TEIJIOTH B iHTEPBAJi TEMIEPATyp
1125- 930 °C i 692-643 °C (erarmm 1.1 O, 1.2 O tabxn. 1), N0 YNHATH 3BOPOTHY MifO.

Cymicuuit BB 3,6510' mr/cM® HAHOYACTHHOK TMPU3BOIUTH [0 3MEHIIEHHS
po3Mipy 3epeH mepJity y Jautomy crani B 1,7-2,0 pasu, depury — B 1,4-1,5 pasm,
Kizbrocti mepairty B 1,4-1,5 pasu, a kiabkicts depury mpu mnpomy 36ijbiryerbes B 1,8-
2,0 pasu (puc. 2 B, r). Crnocrepiraertbcs 36iJblleHHS JOBXKUHH Ta 3MEHIIEHHS TOBLIINHU
IJIACTHH TIEMEHTHTY, Bigmosinno, B 1,8-2,0 i 1,7-1,8pasiB, a BificTaHb MiXK TJIaCTHHAMU
[EeMEHTUTy 3MeHnryerbes B 2,7-3,0 pasu (puc. 2 1, x).

Bruns wopmasisamii Big 900 ©C na MiKpocTpyKTYpy BHXiAHOI Ta MOdiKoBaHOT
crani 26I'CJI nokasano Ha puc. 3. AHaJIi3 MiKPOCTPYKTYp HaBeJeHHUX HA pIc. 3 IOKasye,
o 1pu MoANMiKyBaHHI CIIOCTEPITaeTbesl MNCIEPTYBaHHS, BiIIOBIIHO, 3€peH AyCTEHITY,
nepaity ta depury B 1,4-1,8; 1,7-2; 1,3-1,5 pasu i 3MeHineHHs: koediiieHtiB dbopMi B
1,2-1,3; 1,1-1,2; 1,1-1,2 pasis (puc. 3 a-r). [Ipu npoMy KiJIbKiCTh IEpJiTy 3MEHIIYETHCH,
a ¢depury 36ibIyeThCs, BiAmnosiaHo, B 1,3-1,4 pasm.

Puc. 3. Bnnue Hopmanisauii Big 900 °C Ha 3epHo aycTeHiTy (a, 6), dhepuTto-nepnitTHy CTpykTypy (B, r) Ta BygoBy
nepnity (4, ) BUXigHoi Ta mogudikoBaHoi crani 25ICJl: a, B, g-BuxigHa ctanb; 6, r, x — gobaska 0,0035 %
HaAHOYaCTUHOK. a, 6, B, r— x300; g, »k — x2500.

Crin 3asHaunTw, MO MOANQIKyBaHHS 3MiHIOE (DOpPMY IIEMEHTUTY B TEPJIiTi 3
maactuH4acToi y Buxignoi crami (pue. 3x) mo Kyasacroi y moamdikosaniii (puc. 3 x).
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[loBkiHa, TOBIMIMHA Ta KoedillieHT GopMn MJIACTHH IIEMEHTHTY BUXiJHOI CTaJi CKJajae,
Bigmosigno, Bix 2,9 1o 5,0 (cepeane — 4) mxm; Bix 0,21 g0 0,39 (cepenne — 0,29) MKM Ta
Big 8,9 1o 22,0 (cepenne — 14,7). Posmipu ta xoedinieHT dopMu Ky/ISCTOTO LIEMEHTHTY
MoudikoBanoi crami 3MiHOETBCs, Bignmosiano, Big 0,20 no 0,82 (cepeane — 0,41) MKM Ta
Big 1,1 mo 3,0 (cepenne — 1,7).

Bruine mHanoyacTnHOK Ha (POPMYBAHHSI CTPYKTYPH CTaJi IpH TepMidHill 06pobiri
OB’ sI3aHO, y BUIQJIKY HArpiBaHHs, 3 IX [li€f0, SK IEHTPiB IE€PEeTBOPEHHS IEPJiTy
Ta deputy B aycreHiT, aycreHity B 0-Fe (asy, JOKaJIbHUM [ME€PEOXOJIO/PKEHHSIM B
Hanoo6’emax npu temneparypax 738-782 °C ta 1138-1167 °C (sianosigno a-Fe — y-Fe i
y-Fe — 8-Fe nepersopenns) (eranu 2.1 H, 2.2 H 1a6a. 1), ranbMyBaHHAM PyXy I'PAHHIb
3epeH, a TAaKOX 3MiHOIO TEPMOKIHETHYHUX TMapaMeTpiB (a3oBUX MepeTBOPEHDb CTAJI.

Y Bumajgky oXOJIO/UKeHHSI CTaJii TicJs HarpiBy, y BUINEHaBeACHOMY MeXaHi3Mi
BILIMBY HAHOYACTUHOK 3aMiCTbh JIOKAJIbHOTO TIEPEOXOJIO/PKEHHS B HAHOO6 eMax TIpH
temneparypax 738- 782 °C ta 1138- 1167 °C, BinbyBaeTbcst BUIJEHHS TEIIOTH (HA3OBUX
mepeTBopeHb B iHTepBasi Temmeparyp Bim 1122 go 912 °C ra Big 694 mo 645 °C
(Bigmosigno 8-Fe — y-Fe i y-Fe — a-Fe nepersopenns) (eranu 2.1 O, 2.2 O 1abm. 1).
TepmokineTnuni mapamerpu $Has3oBUX TEepeTBOPEHb BHXiAHOI Ta MoaudikoBaHOI cTai
25I'CJI npu marpisanui g0 900 °C Ta HACTYITHOMY OXOJIO/KEHHI HaBeaeHi y tabmauii 2.

Tabnuuys 2
TepmokiHeTUYHI napameTpu ha3oBmx NepeTBOPEHb BUXIAHOT Ta moamdikoBaHoi ctani 25ICJ1 npu
HarpiBaHHi Ao 900 °C Ta OXONnoAXeHHi

Cramp 25I'CJT +

Cranp 25I'CJT 0.0035 %
Ertanu ¢asoBux neperBopeHb HAHOYACTUHOK
t, °C Yac, ¢ t, °C Yac, ¢

Harpis 3 mBujaxicrio 50 °C /¢

[TouaTok mneperBopeHHs depUTy Ta MNEPIITY B

. 741 0 736 0
aycTeHiT
BakiHueHHs aabda- ramMa NEPETBOPEHHS i mouator o, 0,82 779 0.86
PO3UNHEHHS IIEMEHTUTY B ayCTeHiTi
MakcuMyM pO3YMHEHHS 1[eMEHTUTY B ayCTeHiTi 802 0,4 802 0,46
3aKiHYeHHS IlepeTBOpeHHS (pepHTy Ta IIEpJiTy B 833 1,02 836 114

aycreHir

Oxomnopkenns 3 mBuakictio 15 °C /¢

[louaroxk IeperBOpeHHsI ayCTeHiTY B IepJiT i

bepit 733 0 738 0

[louaTok BUiJIeHHS IIeMEeHTUTY B (pepurti 703 2,5 705 2,17
MaxcuMyM BUZiJIEHHS IIeMeHTUTY B pepurti 659 3,22 663 3,12
3akiHUeHHS MEePEeTBOPEHHS AYCTEHITY B MEPJIT 613 6,58 618 6,56

Anajisz jganux mHaBeJlenuX B TaGJUI 2 TIOKA3ye, 10 3HUXKEHHs, TOPIBHINO 3
BUXIJIHOIO CTAJLIIO, TEMIEPATYPHU TOYATKY TMEPETBOPEHIS MepJaiTy Ta (eputy B aycTemiTt
npu mnarpiBanni MoaudikoBanoi cTaji TOB’S3aH0 3 JIi€I0 HAHOYacTUIl, SK IeHTPiB
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dazoBux mepeTBOpeib, TOMY IO TOTJauHanis temaoru npu o-Fe — y-Fe mepersoperntii B
HAOYACTUHKAX MOoYMHaeThea 3a G6impmmx temmepatyp (eramm 2.1 H, 2.2 H Ta6m. 1). B
TOH ke Yac 36iJbIICHHS TCMIICPATYPH Ta Yacy 3aKiHucHHS POPMYyBAHHS ayCTCHITY BKa3ye
1a epeKTUBIE TAJBMYBAIIIST POCTY 3€PEH AYCTEHITY HANOYACTUIKAMH.

[TixBwimennss TeMmepaTypu TEpPeTBOPEHHS ayCTeHiTy B TepJsiT Ta  depur
Mo nikoBaHoi cTasi, TOPIBHSHO 3 BUXI/HOIO, & TAKOX CKOPOYCHHS Yacy TCPCTBOPCHIS
BKasye na eeKTUBHUI BIINB HAHOYACTUIIOK, SIK IENTPIB MepeKpUCTaIi3alii.

Peaysbratn  BUKOHAHWX  JIOCJI/PKCHD TIOKA3yIOTh, 1O BBCJCHHS B CTaJb
HAHOPO3MIPHUX YACTUIOK 3aJ1i3a B TYTOILIABKOI 0GOJIONI MPU3BOIUTD 10 €(EeKTUBHOTO
MoaudiKyBanis AenAputioi Ta (eppUTO-NEPJITHOI CTPYKTYPH CTaJi, SK B JIHTOMY,
Tak i B HopMmasizoBanoMy Bizm 900 °C crami. CTpyKTypa TCpJiTy Tpu MOAU}iKyBAHHS
CTAHOBUTHCS GiJIBII TIIJIBIIO0, a y TIpolieci HopMaJisallii mepeTBOPIOETHCS 3 TIACTUHYACTOT
Ha 3CPHUCTY.
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I. G. Aftandiliants, K. G. Lopatko
Nanoparticle influence into the structure of structural steel
Summary

It is shown in result of the analysis of nanoparticle production processes that
among the numerous methods of metal nanoparticle producing, the electrospark granule
processing in liquids allows to obtain nano-objects at high temperatures, pressures,
and cooling rates, ie nanoparticles with high energy saturation and as a consequence
with effective modifying ability. Nanoparticles obtained by electrospark treatment of
iron granules in liquids, taking into account the high energy saturation. Nanoparticle
influence was investigated on the structure of low carbon low-alloy structural steel
25GSL.

The results are shown of the study of the iron nanoparticles effect in a shell of
Fe,O,oxide, which when introduced into the melt it heating to the melt temperature
and it converted into Fe,O, oxide, on the formation of the dendritic and ferrite-pearlite
structure of 25GSL steel during cooling after solidification and at normalization. It is
shown that the introduction of 3.65-10' nanoparticles into the melt results in grinding
of globular dendrites in 2.5-2.8 times, austenite grains size reduces 1.4-1.8 times,
perlite grains 1.7-2, 0 times, ferrite - 1.4-1.5 times, the amount of perlite 1.4-1.5 times,
and the ferrite amount increases in 1.8-2.0 times. Cementite plate length increases and
thickness decrease, respectively, in 1.8-2.0 and 1.7-1.8 times, and the distance decreases
between the cementite plates in 2.7-3.0 times.

Modification changes the form of cementite in perlite from lamellar for the
original steel to spherical in the modified one. The cementite plate length and the
shape factor changes, respectively, from 2.9 - 5.0 (average - 4) pm and 8.9 - 22.0
(average - 14.7) for the original steel to 0.20 - 0.82 (average 0.41) um and 1.1 to 3.0
(average 1.7) for modified steel.

The nanoparticle influence mechanism is mainly due to action as crystallization
centers, and recrystallization during the formation of 8-Fe phases and transformations
of 8-Fe — y-Fe during cooling after solidification and phase transformations of
austenite into perlite during cooling and perlite into austenite during heating at
normalization on thermokinetic parameters of phase transformations and steel structure
during solidification, cooling after solidification and heating, holding and cooling
during normalization.

Keywords: iron nanoparticles, structure, dendrite, ferrite, perlite, phase
transformations.
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