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3AT'AJIBHA XAPAKTEPUCTHUKA POBOTH

AKTyaJIbHICTb TeMH JO0CJiIKeHHsl. TemMnu nepexoay Bif TPaauLIMHUX JHKEpel
eHeprii 10 BOJIHEBOI €HEPTreTUKHU TaIbMYIOThCS ITpoOieMaMHu, sIKi MOB’s3aH1 3 OC3MEUHUM
30epiraHHsIM Ta TPAHCIIOPTYBAHHSAM BOAHIO. 3/1aTHICTh BOJHIO B3a€MOJISITH MPAKTUYHO 3
yciMa MarepiajaMu paHille BBaKaJlaCch MPHUKJIAJOM HETaTUBHOTO BIUIUBY 30BHIIIHBOTO
cepeIoBHUIa Ha MEXaHI4HI BJIACTUBOCTI KOHCTPYKIIMHMX MaTepialiB, IO MPOSBIISIIOCH B
ix mepemuacHoMy pyiHyBaHHI. Lle rampMyBasio po3poOKy e(hEeKTHBHHX TEXHOJOTIYHUX
pillleHb B XIMIYHIM, €HEPTeTUYHIN Ta 1HIIMX Tany3sx, COPSIMOBAHUX HA BUKOPHCTAHHS
BOJIHIO B SIKOCTI Ji’Kepeia eHeprii.

Bonenb € eneMeHTOM, SIKMH XapaKTePU3Ye€TbCA YHIKATbHUMH (Di3UKO-XIMIYHUMU
BJIACTHBOCTSAMH, 1 J0 TOTO X, IIMPOKO PO3MOBCIOJUKEHHM Y CBiTi. BogeHs, Marouu
31aTHICTh 0 WBUJKOI 1u(y31i y TBEpAHUX TLIaX 1 Oyay4yd aKTUBHUM IO BIIHOLIEHHIO 10
OLIBIIIOCTI MaTEPiaiB Ta CIOMYK, SIK JETYBAJIbHUM €IEMEHT Ma€ YHIKaJIbHI BIIACTUBOCTI HE
TUTBKU PO3UYMHSITHCS B KPUCTATIYHHUX IpaTkax Ta GopMyBaTu HOBI (a3u, aje 1 IPaKTUIHO
MOBHICTIO BUBOAMUTHCS 3 MaTepialliB IMpH 3MiHI TEpPMIYHMX Ta Oapu4yHMX yMoOB. [laHi
0COOJIMBOCTI BOJIHIO TOKJIAJICHO B OCHOBY 0araThOX TEXHOJIOT1M OOpoOKHM MaTepialiB 3
METOI0 KEpPOBAHOTO BIUIMBY Ha iX CTPYKTYpYy, (Pi3UuHI Ta MEXaHIYHI XapaKTEPUCTHUKH.
3/1aTHICTh BOJIHIO JJO OOEPHEHOI B3aeMOIi1 3 MaTepiaiaMu (TOOTO, THMYacOBO HACHUYBaTH
iX 70 MeBHUX KOHIIEHTPAIM 1 OTIM JIETKO BUXOAUTH) OyJIO BUKOPUCTAHO SIK Oa3uC mpH
CTBOPEHHI MaTepialliB-aKyMyJISITOPIB BOJIHIO, IIUPOKO BIJOMUMHU MPEACTABHUKAMHU SIKUX €
TBEP/Il CIIOJIYKH —MeTaneBi riapuan. Came MeTaneBi TiApUIN € HalOUIbII MePCTIEKTUBHUM
KJIacOM MaTepiaiB s Oe3neyHoro 30epiraHHs Ta TPAHCHOPTYBAaHHA BOIHIO Y
3B’SI3aHOMY CTaHi.

P03BUTOK BOJHEBHX TEXHOJIOTiH, B TOMY YHCIi, 3aCTOCYBAaHHS BOJHEBHUX JKEpel
€Heprii y TpaHCHOPTHIN cdepi, MOCTIHHO MOTpeOye HOBHX MaTepianiB-aKyMyJISTOPIB
BOJHIO 3 BHCOKOIO BOJHEBOIO €MHICTIO, M SKUMHM TEpMOOApUYHMMHM YMOBAMH Ta
IPUCKOPEHOI0 KIHETUKOIO TIOTJIMHAHHS W BUIJICHHS rasy, 10 00yMOBJIECHO HEOOX1THICTIO
MIBUAKOT TIepe3apsiIKi  BOJHEBOTO aKyMyjsiTopa Ta 30LIbIIEHHS Yacy poOoTu
TPAHCTIOPTHOTO 3aC00Y Ha OJIHIM 3apsialli.

Haa3BruyailHO Ba)JIMBOIO MaTepiallo3HaBUOK 3aJauyel0 € CTBOPEHHS HOBUX
MaTepianiB-COPOCHTIB BOJIHIO 3 TOKPAIIEHUMH XapaKTepuctukamu. BpaxoByrouwn, 1o 3a
OCHOBHMMH TIOKa3HUKaMU OJHHUMH 3 HAHOUIbII TEPCHEKTUBHUX TAaKUX MaTepialliB €
CIJIaBU 31 CTPYKTyporo iHTepMmeTaniaiB tumy AB 1 AB; (da3za JlaBeca) Ta rerepodasHi
CIUIaBH, IO CKJIAQJalOThCs 3 1HTEepMeTaniay Ta cmiBicHytodoro 3 HuMm OLK-TBepmoro
PO34YMHY, CTBOPEHHS TAKUX CIUIABIB HA OCHOBI TUTaHY a00 YIOCKOHAJIEHHS BXXE 1ICHYIOUMX
KOMITO3UIIIH, TMOTpeOye BH3HAUCHHS 3arajbHUX BHUMOT JO0 iX XIMIYHOTO CKJIaay Ta
OB’ SI3aHUX 3 HUM (Pa30BO-CTPYKTYPHHUX CTaHIB, @ TAKOXK PO3POOKU METOJIB BIUIMBY Ha Il
Martepialid Ui aKTUBAIlli MPOIECIB iX B3aEMOMII 3 BOJHEM 3 METOI KEPOBAHOIO
MTOKPAIIICHHS BOJAHEBOCOPOIINHNUX BIACTUBOCTEH. BupimieHHs BKa3zaHOi mpoOieMu Mae
CyTT€BE HAYKOBE 3HAYEHHS, OJHOYACHO OYIy4d HAJI3BUYANHO BAXKJIMBUM JUISI IIIUPOKOTO
MPAKTUYHOTO BUKOPUCTAHHS PO3POOJICHUX MaTepiaiB.

Takum dYuHOM, PO3pOoOKa (PI3UKO-TEXHOJOTIUHMX 3acajl CTBOPEHHS MarepiaiiB-
aKyMyJISITOPIB BOJHIO Ha OCHOBI TUTaHy 3 BHUCOKOIO BOJHEBOIO €MHICTIO Ta M’SIKUMHU
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YyMOBaMHU TiAPYBaHHS-JETIAPYBAHHS € aKTyaJbHUM 1 TMPAKTUYHO MOTHBOBAHUM
3aBJaHHSM.

3B's130K Po0OOTH 3 HAYKOBUMH MpOrpaMaMu, IJIAHAMHU, TeMaMu. J{ucepTaliiiina
pobora BukoHaHa B IHctuTyTi Mertanmodizuku im. [.B. KypmromoBa HAH VYkpainu
BIJIMOBIAHO JI0 TUTaHIB HAayKOBO-AOCHITHUX poOIT 3a Temamu: 0112U001127 “dizuko-
TEXHOJIOT1YHI 3acaji CTBOPEHHS HOBUX MaTepiajiiB Ha OCHOBI 3aJli3a, KOOAJIbTY, HIKEIIIO Ta
TUTaHy I HOTped CSHEepreTHKW Ta MarmHoOyayBanus” (2012-2014), 0111U005364
“BrimB  (pa30BHX Ta CTPYKTYpPHHX CTaHIB Ha BOJHEBO-COPOIiHI BIAaCTHBOCTI
rerepodazHux cmasiB cuctem Ti-Fe-Mn Tta Ti-Zr-Mn-V” (2011-2015), 0116U006683
“CTBOpeHHs 0araTOKOMIIOHEHTHHX TeTepo(asHMX BOJHEBOCOPOIIITHUX MaTepialiB Ha
OCHOBI MarHito Ta TuTany’ (2016-2018), 0115U003007 “da3oBi piBHOBaru B
0araTOKOMITOHCHTHHX €BTeKTHYHUX crutaBax Ha ocHoBi Al, Co, Ni ta Ti, mepcrnekTuBHAX
JUIE BUKOPHCTAaHHS B CHEpreTHil Ta MamuHoOymyBanHi” (2015-2019), 0118U100164
“@Di3uyHe METAJIO3HABCTBO BOJHECTIMKUX KOHCTPYKLIMHMX MaTepialliB 1 MarepiajiB-
HakonuuyBadiB BoaHio” (2018-2019) Ta 0120U103313 “BmnuB ¢a3zoBoro Ta
CTPYKTYPHOTO CTaHIB €BTEKTHYHMX CIUIABIB Ha OCHOBI HIKEIIO Ta TUTaHy Ha ix (i3uKo-
MmexaHiuHi BiactuBocti” (2020-2024 pp.).

Meta i 3aBaaHHs JociaigkeHHss. Mera poOoTH mossirae y po3poOili (izuko-
TEXHOJIOTIYHUX 3acaJl CTBOPEHHS MarepiajiB-cOpOCHTIB BOJHIO Ha OCHOBI THUTaHy 3
1JIBUIIICHOI BOJHEBOIO €EMHICTIO Ta MIPUCKOPEHOIO KIHETUKOIO COPOIIii-aecopOirii BOAHIO

JIJ1s1 JOCATHEHHS MOCTABJIEHOI MeTH 0YJI0 chopMyJIHLOBAHO HACTYIHI 3aBJaHHS:

e Ha ocHOBI aHami3y MOTEHIIHHOTO BIUIMBY JIETYBaJbHUX €JIEMEHTIB Ha 3MIHH
KPUCTAJIIYHOI CTPYKTypH ciuiaBiB cucreMu Ti-Zr-Mn Ha ocHoBi ¢a3u JlaBeca Ta
TEPMOJIMHAMIYHUX TapaMeTpiB B3a€MOJIT IIUX €JIEMEHTIB 3 BOJHEM, BU3HAYHUTH
€JIEMEHTH, TMEePCIIeKTUBHI JIJIsl JOJATKOBOTO JIETYBaHHS BKA3aHUX CILJIABIB 3 METOIO
MIJBUIICHHS 1X  BOJHEBOCOPOILIMHMX  XapaKTEPUCTUK. EKcCIepuMeHTaIbHO
BCTAaHOBUTHU BILIUB JOJIATKOBOTO JIETYBaHHS OOpaHUMHU €JIeMEHTaMU Ha CTPYKTYpY,
¢da3zoBwuii cki1aa Ta BOAHEBOCOPOIIIHI XapaKTePUCTUKH;

e BcranoButu 3akoHoMipHOCTI BrumBy OLIK-TBepmoro po3umHy Ha OCHOBI THUTaHY,
no criBicHye 3 ¢azoro JlaBeca, Ha BOJHEBOCOPOI[iNiHI BIACTUBOCTI ABOGA3HUX
CIUIaBiB; BU3HAYMTH MEXaHI3M TiIPUIOYTBOPEHHS Yy BKa3aHMX CIUIaBaX Ta pPOJib
KOXHOI (pa3H B KIHETHIIl MPOLECIB B3a€EMO/I11 3 BOJHEM MPU M SIKMX TE€PMOOAPUUHUX
YMOBaXx;

e BusHauntH MOXIIMBI NUIIXA 30UIBIIEHHA 3arajibHOI BOJHEBOI €MHOCTI Ta
MOKPAIICHHS KIHETUKH cOpOIii-necopOirii y rerepoda3sHux CIjiaBax 31 CTPyKTypOIO
iHTepMeTamiay Ta criBicHytouoro 3 HuMm OILK-TBepmoro posumny; 30Kpema,
BCTAHOBUTH TEXHOJIOTIYHI MOXJIMBOCTI Ta YMOBH peajizaiii TiIpyBaHHS TpH
M’SIKHX TePMOOAPUYHHX MTapaMeTpax;

e BcTaHoBUTHU BIUIMB JOJIAaTKOBOTO JIETyBaHHsS BaHaaieM, xpomoMm Ta P3M Ha
CTPYKTYpYy, (Ha30oBUil CKJIaJ Ta BOJHEBOCOPOIIMHI BIACTUBOCTI TeTepodazHUX
cruiaBiB cucreMu Ti-Zr-Mn na ocnosi OLIK-TBepaoro po3uuny;
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e BcTaHOBUTH MOTEHIIIMHI METOJIM aKTHBAIlli B3a€MOJIl 3 BOAHEM BKA3aHHUX CILIABIB
IUISIXOM 301IBIIEHHS X MUTOMOI MOBEPXHI (IMCIEPTyBaHHS B IMOPOIIKOBUM CTaH),
TEPMIUYHHUX Ta TEPMOBOJHEBHX (MIEPIITUH UK COPOITIs-IecopOIliss) 00poOoK;

e Po03poOuTH TEXHOJIOTIYHI MIAXOAW JJISI OTPUMAHHS MAaCUBHHMX 3JIUTKIB CILUIABIB -
COpOEHTIB BOJHIO, 30KpEeMa, 3 BHKOPHUCTAHHSM JICNIEBUX BUXIJHUX METaJiB
MPOMHCIIOBOT YHUCTOTH Ta IHAYKIIMHOI TUIABKH Y BIOKPUTUX THTIAX, IS
BIJIMTOBITHOTO 3HIKEHHS COO1BAPTOCTI KIHIIEBOTO IIPOIYKTY.

O0’exkT focaigxeHHA - (DI3UKO-TEXHOJOTIYHI 3aKOHOMIPHOCTI 1 MeEXaHI3MHu
dbopMyBaHHS ONTUMAIBHUX CTPYKTYpHO-(pa30BUX CTaHIB B CIUIaBaX TUTAHy ISt
CTBOPEHHSI MaTepiaiiB-aKyMyJISITOPIB BOJHIO 3 HEOOXITHUMHU XapaKTEPUCTUKAMH Ha
OCHOBI METAJICBUX T1JIPU/IIB.

IIpeaMer mocJizKeHHSI - BIUIMB JIETYBAHHS Ta TEPMIYHOI OOpOOKU Ha CTPYKTYpY,
¢dazoBuii ckia] Ta BOJAHEBOCOPOIIiiTHI BJIACTUBOCTI MaTepialliB Ha OCHOBI cucteMu Ti-Zr-
Mn; MexaHi13MH T1IpUI0yTBOPEHHS B reTepo(dasHux cruiaBax TUTaHY.

Metoau nociaigxennss - meton CiBeprca; rpaBIMETpUYHHMM Ta 00’€MHUNA METOJ,
mudepeHIIMHNA TEepMIYHUM aHalli3; CBITIIOBA Ta CKaHyk4a €JEKTPOHHA MIKPOCKOIIIS;
JOKanbHUN peHTreHocrekrpansauii aHamiz (EDAX); pentreniBchkuii (hazoBuil anamis;
Mac-CIEeKTPOCKOIIis ra3iB.

HaykoBa HOBHU3HA O/Iep:KaHUX Pe3yJIbTATIB!

1. Iloka3zaHo, IO OCHOBHMMH KPHUTEPIIMU BUOOPY JIETYBaJIbHOTO E€JIEMEHTY IS
30UTbLIEHHS! BOJIHEBOI €EMHOCTI MPHU T0AATKOBOMY JIETYBaHHI CIUIABY € 3[1aTHICTb
YTBOPIOBATH CTIMKY XIMIYHY CIOJYKY 3 BOJHEM (BiJ’€MHE 3HAYCHHS 3MIHU
BUIBHO1 €Heprii mpu GopMyBaHHI XIMIYHOI CIIOTYKH), OLTBIINI aTOMHUNA pajiyc
y TIOPIBHSHHI 3 KOMIIOHEHTOM CIUJIaBy, SIKMM BiH 3aMillly€, a TaKOX BHCOKa
B3a€EMHA PO3YMHHICTh 3 OCHOBHUMH KOMIIOHEHTaMH CIUIaBy. Bu3HadyeHO, 110
YacTKOBa 3aMiHa B CIutaBax cuctemu Ti-Zr-Mn maprasifo, KUl HE YTBOPIOE
TiApUIA, Ha €JIEMEHTH, IO 3/JaTHI B3a€MOMISATH 3 BOJHEM Ta MAalOTh O1IBITHN
aTOMHHU paJilyc, MPU3BOIUTH IO 3pOCTaHHS 00’€My €JIeMEHTapHOI KOMIPKH, a,
BIJIOBIJTHO, 1 O 30UIBIICHHS PajalyCy MIKBY3JIB, SIKI € MICHAMHM JIOKaJIi3arii
aTOMIB BOJHIO B KPUCTAJIIUHIM IPaTIli, 0 MO3UTUBHO BILJIMBAE HA M1JBUILICHHS
BOJIHEBOI €MHOCTI cIlaBy. BcTaHOBIIEHO, 110 TOBHA 3aMiHa I[UPKOHIIO, Ha
€JIEMEHT, SKMM HE B3a€MOJl€ 3 BOJAHEM 1 Ma€ MEHIIMH aTOMHUN pajiyc,
NPU3BOJUTH 10 3MEHILECHHS pPajlyCy TEeTpaeApUyHOr0 MDKBY3JA 1 3arajibHOl
KUIBKOCTI T1APUIOYTBOPIOIOYOT0 KOMIIOHEHTY CIUIaBy, 1, SIK pe3yibTaT, [0
HEMO>KJIMBOCTI HACHUYBATH JIaHI CIUIaBH NPHW KIMHATHIN TeMmmepaTypi, a TaKoxK
JI0 3HWKEHHS 3arajibHOI KiJIbKOCTI TOTJIMHYTOTO BOJTHIO.

2. Bnepmie mokaszaHo, IO TOBHA 3aMiHa BHCOKOYHCTOTO HOJMIHOTO THUTaHY SIK
OCHOBHU CIUJIaBy Ha BIJHOCHO JemieBy TutaHoBy ryoky TI-110 3 cyrreBo
OUTBIIMM BMICTOM JIOMIIIOK BTUICHHS (KHCEHb, a30T) HE TOTIPIIye
BOJHEBOCOPOITiIHI BIIACTUBOCTI CIUIaBYy, ajié MPU IbOMY CYTTEBO 3HUXKYE
coOIBapTICTh OTPUMAHOTO TIAPUAY, IO POOUTH HOTO KOHKYPEHTO3JIATHHM 13
MaTtepialaMi-COpOEHTaMH BOJIHIO Ha OCHOBI 1HIIIMX XIMIYHHUX €JIEMEHTIB.

3. Bnepire ekcniepuMeHTabHO BCTAHOBJICHO MEXaHi3M HACHYCHHS BOJHEM TIpH
M’SIKMX TepMOOAapUYHMX YMOBax TipyBaHHs reTepoda3sHUX CIUIaBiB 31
cTpykryporo (asu JlaBeca ta OLIK-TBepaoro po3urHy Ha OCHOBI THUTaHy, Ta
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BU3HAYCHA pOJIb (DA30BUX CKIAIOBUX Yy IboMmy Tporeci. [lokazaHo, mo Ha
MOYAaTKOBOMY €Tall MOIJIMHAHHS BOJIHIO KIIOUYOBY poiib rpae (dasza JlaBeca,
HECKOMIICGHCOBAaHI MIDDKaTOMHI 3B’S3KM Ha TIOBEPXHI SKOI TMOJICTIIYIOTh
JCOITIAINIO0 MOJIEKYJ BOJHIO (XeMOCOpOIlii0), CHPUSIOYH POHUKHEHHIO
aTOMapHOTO BOJHIO B KPUCTAIIYHY I'paTKy, B mojaibiioMy ¢aza JlaBeca ciyrye
noHopoMm BojHIO aiisi OLIK-TBepmoro po3unHy, B SKOMY HaKOIMUYY€EThCSI OCHOBHA
KUIBKICTB I[LOTO €JIEMEHTY.

4. JloBeneHa MOKIIUBICTH 30UTBIIEHHS BOAHEBOI €MHOCTI YTBOPEHUX TIIPHUAIB HA
ocHoBi (¢asu Jlaseca Ta OLK-TBepmoro po3umHy 3aBASKH 0/aTKOBOMY
3allOBHEHHIO TETPaeAPUYHUX MIDKBY3JIB KPUCTAJIIYHOI IPATKU MIPHU 3MiHI TEPMO-
OapuYHUX YMOB T1IpyBaHH.

5. [lokazano, 1O e(QEKTUBHUM MIISIXOM MPUCKOPEHHS KIHETHUKU IPOIECY
MOTJIMHAHHS BOJHIO € YKPYIMHEHHS (Ha30BUX CKJIAJOBHUX B TeTepodasHuX
CTPYKTypax 1 OYMIICHHS TOBEPXHI BiJ Oap’€pHUX OKCHIHMX IUIIBOK IpHU
TEepMIYHIN 00pOOIIl JOCIIHKYBAaHUX MaTepialiiB y BaKyyMi.

6. BcraHoBieHo, 10 TMpU HACHYEHHI BOJHEM JIOCTIDKYBAaHHUX MaTepiaiB
HE3aJIEKHO BIJl BHUXIJHOI CTPYKTYpH, (a30BOro Ta XIMIYHOTO CKJIaay
JIEKOMITO3UIIiIoBaHHS (a3 He BinOyBaeThcs. [lpu TiApyBaHHI YTBOPIOIOTHCS
TUIBKH TiApuan Ha ocHOBI ¢a3u JlaBeca Ta OLIK-TBepaoro po3uuHy.

7. TlokazaHo, IO TOIEpeaHsS aKTHUBAIllS MaTepiajiB IUKIOM COpOIis-aecopOrris
BOJIHIO € KOPHUCHOIO JJIsi BCIX JOCJIIPKYBaHMX CIUIaBIB, HE3aJ€XHO BIJ iX
BUXIJIHOTO (Pa30BOro Ta XIMIYHOTO CKJIady. BcCTaHOBIEHO, 110 MEpIIUN IUKI
B3a€EMOJIIi 3 BOJAHEM TPHU3BOAWTH 0 IUCIIEPTYBAaHHSI MACHBHOTO Martepiany,
MEePETBOPIOIOYM MOTro Ha MOPONIOK 13 po3MipoM YacTUHOK Big 1 mgo 100 mkwm,
30UTBLIYIOUH Ha 2-3 MOPSAIKHA MUTOMY MOBEPXHIO Ta YTBOPIOIOYM HOBI FOBEHIIbHI
MOBEPXHI, 110 MPU HACTYMHUX ILMKIAX COPOIisi-IecopOIliss CYyTTEBO MPUCKOPIOE
KIHETUKY TIipyBaHHS, THUM CaMHUM CKOPOYYIOUM Yac, HEOOXITHUN s
JIOCSITHEHHSI MaKCUMaJbHO MOXIJIMBOI KOHIIEHTpAIlil MOTJIMHYTOTO BOJHIO B
Marepiani.

I[IpakTuyHe 3HA4YeHHsI OTPUMaHUX pe3yibTatiB. OTpuMaHi pe3yJabTaTH
J03BOJISIIOTH  C(OPMYJIIOBATH MPAKTUYHI PEKOMEHAAIll MO0 CTBOPEHHS MaTepialiB-
aKyMYJIATOPiB BOJHIO Ha OCHOBI THTaHy, BKJIIFOYAIOYU ONTUMI3AIlII0 X XIMIYHOTO CKJIaay
Ta/abo TepMmiuyHy OOpOOKYy [JIsi JOCSATHEHHS IIJIBUIICHOI BOJHEBOI €MHOCTI IIpH
OJIHOYACHOMY TOKpAIlleHHI KIHETHKH TMPOIECiB copOIlii-necopOiiii BogHw. Po3pobieHo
TEXHOJIOTIYHI MIAXOAM, SIKI, MPU MOJIMIICHUX XapaKTEPUCTHUKAaX B3a€EMOJIi 3 BOJHEM,
3a0e3neuyoTh 3HUKEHHS COOIBAPTOCTI BUTOTOBJICHHSI MaTepialliB HA OCHOBI TUTaHy JJis
iX yCHIIIHOI KOHKYPEHII 3 IHIIMMH TUIIaMU MaTeplajiB-aKyMyJIsTOPIB BOJIHIO.

PesynbraTt BUnpoOyBaHb pPO3pPOOJICHHX MaTepiaigiB — aKyMyJsTOpPiB BOAHIO B
IIPOMHUCIIOBUX YMOBaX ITOKa3ajH, [0 BUKOPHUCTAHHS JaHWUX MaTepiajiB s Oe3eYHOTO
30epiraHHsl 1 BHUJIOOYTKY BOJHIO JTO3BOJISI€ TIIBUIMUTH MPOTYKTUBHICTH BUPOOHUUUX
MPOIIECiB, OCHOBAHMWX Ha BOJHEBIM 00pOOIl, 30KpemMa, MpU BUPOOHMIITBI TiIPOBAHOL
TUTAHOBOT TYOKH, CHpUsIE TMiABUIIEHHIO EKOHOMIYHOCTI TEXHOJIOTIYHUX TIPOIECIB Ta
I IBUIIICHHIO O€31eK: BUPOOHUIITBA.

Ocobuctuii BHecok 3100yBauya. B nucepraiiiiitiii poOoTi y3araJibHEeH1 pe3yIbTaTH
JIOCTIKEHb, BHMKOHAaHUX O€3MOCEepEeHbO aBTOPOM, a TaKOXK MpPU HOTO ydacTi SsK



5

BIJIMTOBIIaJTbHOTO BUKOHABIS JepkOromkeTHnx HJIP Bigmily Ta KOHKYpCHUX TMPOEKTIB
HAH VYxkpainu.

OcoOucTtuii BHECOK aBTOPA Y KOJEKTUBHUX MyOJIIKAIISAX MOJIATaB B 3alPONOHYBaHHI
171ei, po3poOIll 3arajibHOI CTpaTerii Ta CXeMH JOCHIKEHb, IIAHYBaHHI Ta IMOCTaHOBII
€KCIIEpUMEHTIB, T4, HA OCHOBI aHaIi3y OJEpKAHUX PEe3yNbTaTiB, pO3B’sI3aHHI 3a/1a4 11010
MOIIYKY (DaKTOpiB 1 3aKOHOMIPHOCTEH BILIMBY Ha BOJHEBY €MHICTh, KIHETHUKY IPOIIECIB
copOrii-gecopOIiii BOJHIO 1 BHU3HAYCHHS MeEXaHI3MIB B3a€MOJil 3 BOJHEM CIUIaBiB Ha
ocHoBl (a3m JlaBeca i rerepodazHUX CIUIaBIB 31 CTPYKTyporo iHTepmetaminy ta OLK-
TBEPJOTO pO3unHy. 3100yBad OpaB O0e3MmoCcepeHIO yU4acTh B 0OTOBOPEHHI PE3ybTaTIB Ta
HalMCaHHI cTaTedl 1 JOomoBiAei. ABTOpPOM 0COOMCTO CGOpMYyIbOBaHI BCl HAyKOBI
MTOJIOKEHHS Ta BUCHOBKH, IIT0 BUHOCSITHCS HA 3aXHCT.

JlocmipkeHHsT MpoIleciB BUALICHHS BOJHIO 3 MPOAYKTIB T1IPYBaHHS MPOBOIUIOCH
CHUIBHO 3 CIIBPOOITHUKAMM BIAAUTY (PI3MKM MILHOCTI Ta IJIACTUYHOCTI HETOMOTE€HHHX
criaBiB [Hctutyty Metanodizuku im. I'.B. Kyparomoa HAH Ykpainu.

Hocnimxenuss ($a3oBoro CKiaay BHUXIJHUX 3pa3KiB Ta NPOAYKTIB TiApyBaHHS,
OTPUMAHUX TP HACHYEHHI JOCIIIP)KyBaHMX MaTepialiB BOJHEM, 3I1MCHIOBAIM Ha
aBTOMATU30BAaHOMY  peHTreHiBcbkomy  nudpakromerpt  JPOH-3M  cnibHO 13
CHIBpOOITHUKAMU BIAUTY (PI3UYHUX OCHOB JIETYBaHHsS CTajed 1 cCruiaBiB IHCTUTYTY
metanodizuku im. I'.B. KyparomoBa HAH Ykpainu.

JlocnmikeHHsT MIKPOCTPYKTYpPH CIUIaBiB Ta BHU3HAYEHHS XIMIYHOTO CKiany (a3
MPOBOJIMJIOCH CHIIBHO 31 CHIBPOOITHUKaMH JabopaTopii €JEeKTPOHHOI MIKPOCKOIIIL
[actutyty metanogizuku iMm. I'.B. Kyparomosa HAH VYkpainu.

Marepianu KaHAMAATCHKOI JMcepTallii aBTOpa BHKOPUCTAaHI BHUKJIOYHO B
JTEpaTypHOMY OTJISII.

Anpobaunia marepiajgiB aucepramii. OCHOBHI MOJIOKEHHS 1 pe3yJbTaTH poOOTH
JOTIOBIJIATTUCA Ta OOTOBOPIOBAIMCS HAa HAyKOBUX KOH(epeHIsx Ta ¢opymax pi3HOIro
piBus: Il Beceykpaincbka xkoHbepeHIliss Mogoaux BueHux. “‘CydacHe maTepialo3HaBCTBO:
matepianim Ta TexHojorii” (KuiB, Vkpaina, 2011); IV MixHapoaHa KOH(epEHIIis
“Hanopasmepubie cuctembl: Ctpoerue, Croiicta, Texnonorun”(Kues, Ykpauna, 2013);
MixHapoauuii auckyciitauid 3axin “Science-Society-Personality” (Kuis, Ykpaina, 2016);
Kondepenriss “CygacHi mnpobiiemu ¢isuku MetaniB i Metamiuaux cuctem” (Kuis,
Vkpaina, 2016); ®opym “UkraineLab: momidoHis aKTUBI3MY Ta JOCIIIKCHHS
epporneiicbkocTi”  (Bepmin, Himeuunna, 2016); dopym “UkraineLab: JlaGopatopis
CTaJOCTI JJISl TPOMAJChKUX iHimiaTuB Ta Kyiabrypu’ (XepcoH, VYkpaina, 2017);
MixHapoaHa HayKoBO-TeXHiuHa KoH(epeHuis “Science-Society-Personality” (Kwuis,
VYxpaina, 2017); ®opym “UkraineLab: Xomictuynmii Ta eko-cucteMHuuit migxoau”, (IBaHo-
®pankiBcbk, Ykpaina, 2017); MixuaapoaHa koHpepeHIis “DyHKIIOHaTbHI MaTepiaiu Jis
inHoBamiHoi eHepretukn OMIE-2019” (KuiB, VYkpaina, 2019); V wmixHapoaHa
KOH(DepeHTIIis “MATERIAL SCIENCE. NON-EQUILIBRIUM PHASE
TRANSFORMATIONS” (Bapua, bomrapis, 2019); ®opyM MOJOAMX HAyKOBIIiB
“CyuacHe Matepiano3HaBcTBO. Marepianu Ta Texnosorii” (KuiB, Vkpaina, 2019); IV
Mixnaponna koHpepenmis “INDUSTRY 4.0” (boposen, bomarapis, 2019); 1I
Mixnaponna koHpepenilis “@yHKIIOHATBHI MaTepiaiu Jyis 1HHOBAINHOT €HEPreTHUKU
®MIE-2020” (Kuis, Ykpaina, 2020).
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Iy6aikanii. OCHOBHI pe3yibTaTH AUCEpTalii BUKIAACH] y 23 TpYKOBAaHUX MpalsX,
3 AKUX 2 CTaTTi OomyOJIIkOBaHI B 1HO3EMHMX BUJIaHHSX, 14 craTteil y creniali3oBaHHX
HAyKOBUX BUJAHHSX, IO BIAHOCATHCS JI0 MEpeiKy HAyKOBUX (paXxOBHX BHUJaHb YKpaiHH,
3aTBepkeHoro HakazamMu MOH VYkpainu, 1 BXOAsSTh 10 MIKHAPOJIHOI HAYKOMETPUYHOI
0a3u manmux Web of Science ta/abo Scopus, 2 po3ainm y KOJIEKTHBHUX MOHOTrpadisx. 3a
MarepiajlaMH TUCepTaIliitHOT pOOOTH OTPUMAHO S MATEHTIB YKpaiHU Ha BUHAXI].

Crpykrypa Ta obcsar auceprauii. J[ucepraniiina po0oTa CKIaaeTbCs 3 aHOTAIII],
BCTyIly, II'SSTU PO3ALUIIB, 3aralbHUX BUCHOBKIB, CIIMCKY BUKOpHCTaHUX xepen 3 240
HalilMeHyBaHb Ta 2 JOJAaTKiB. 3aradbHUil 0OCAT pOOOTH CTaHOBUTH 278 CTOPIHOK
JIPYKOBAHOTO TEKCTY, BKIIOUa0uu 24 Tabmuii Ta /7 pUCYHKIB.

OCHOBHMUH 3MICT POBOTH

VY Beryni oOrpyHTOBAHO CTaH 1 aKTyallbHICTh MPOOJIEMH CTBOPEHHS MaTepialliB-
aKyMyJIATOPIB BOAHIO Ta chOpMyIIbOBAHO METY 1 3a7aui nociimkeHHs. [TokazaHo 3B’ 430k
po0OOTH 3 HAYKOBUMH IporpaMaMu, IJIaHAMH, TEMaMH, TpaHTaMH, BHUCBITJIIEHa HAyKOBa
HOBU3HA OTPUMAHMX peE3yJbTaTiB Ta iX MpakTU4YHE 3HaueHHs. [IpuBeneHo Takox
BIJIOMOCTI 110/10 anpoOariii poOOTH Ta CTPYKTYpH AUCEpTaIlii.

VY nepmomy po3aiji npeacrapieHo iH(opMaliio 1oA0 epeBar 30epiraHHs BOJIHIO
y 3B’SI3aHOMY CTaHl (METaJIeBl TAPUIM) y TOPIBHSAHHI 31 30€piraHHsIM y 3pIIKEHOMY Ta
ra3ono/iil0HOMy cTaHax. Bu3HAau€HO OCHOBHI THUIM MarepiaiiB 3JaTHUX aKyMYJIIOBAaTH
BOJICHbB, 1110 MOXKYTh 3aCTOCOBYBATHUCS Y BOJHEBIN €HEPreTHIll sl O€3MeUHOro 30epiraHHs
Ta TPAHCIOPTYBaHHS BOJHIO Yy 3B’s3aHOMYy cTaHi. [IpoBeeHO  MOPIBHSHHS
BOJITHEBOCOPOIIIMHUX XapaKTEpPUCTUK, BU3HAUCHO IME€peBard Ta HEJOJIKA KOXXHOTO 3
ICHYIOUMX  MaTeplajiB—aKyMyJsiTopiB  BoAHIO. Lle [103BOJAMIO BCTaHOBUTH, IO
HaWTIEPCIIEKTUBHINIMMY 3 HasIBHUX HA ChOTOJHI € 1HTepMmeTania tuny AB; (da3za JlaBeca)
Ta CIUIaBU Ha HOTO OCHOBI.

Cepen intepMmetanimiB tumy ABjy, $KI MOXYTh BHUKOPHCTOBYBATHUCH IS
aKyMyJIIOBaHHS BOJHIO, crmojiyka TIMN, mae mnepeBarw Iepel aHaJoraMH 3aBISKH
NPUUHATHUM KIHETUYHUM TapaMeTpaM MpoIeciB copOIii — aecopOirii, 3HaYHIN KITbKOCTI
nornuHyToro BogHioO ~ 1,0 H/Me, mmpokiii 005acTi TOMOTEHHOCTI TpHU 3MiHI
KOHIIEHTpalIlli eJeMeHTiB B Mexax 11 at.%, Maniii muTtomiid Ba3i Ta HEBUCOKIN BapTOCTI.
BusnaueHo MOXJIMBI NUISIXW BIUIMBY Ha KIHETHUKY MPOILIECIB cOpOIlii-IecopOIlii BOIHIO, a
TaKO)K Ha BOJHEBY €MHICTh 3a3Ha4eHOro iHtepmertanigy. [lokazaHo, 1o 3a paxyHOK
JIETYBaHHS Ta 3MEHUIECHHS KUJIBKOCTI MapraHIl0 MOXHA 30UIbIIUTH KIIBKICTh MOTJIMHYTOTO
BoaHto Big H/Me ~ 1,0 no 1,2, a Takox oTpuMaTu M Kl YMOBHU TiipyBaHHs (KIMHaTHa
temrneparypa Ta Tuck BoaHio 0,6 MIla). Ilpore Big3HaYeHO, IO EKCIEPUMEHTAIBHO
JOCSITHYT1 3HAYEHHS BOJHEBOI €MHOCTI IIMX MaTepiajiB € CYTTEBO HIKYUMHU BIJ
TeopeTuyHo po3paxoBanux (H/Me ~ 2), Tomy BaxJMBUM 17151 OUTBIT aKTUBHOTO PO3BHUTKY
BOJHEBOI €HEPreTUKH € TMOIIYK NUIAXIB IMABUIICHHS MPAKTUYHOI BOJHEBOI €MHOCTI 0
TEOPETUYHOTO PIBHS O€3 BTpATH MPUBAOIUBUX TEPMOOAPUIHUX YMOB TiIpyBaHHS.

Bonens, sk eneMeHT BTUICHHS, IPH PO3YMHEHHI B 1HTepMeTamiaax tunmy AB; Ta
OLK-TBepmux po3dnMHaX Ha OCHOBI TUTaHY PO3MINIYETHCS BHKIIOYHO B TETPACIPUIHHX
MDKBY3JISX. ByJio BM3HA4€HO, M0 OCHOBHOIO YMOBOIO JOCSTHEHHS TEOPETUYHOTO PIBHS
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BoaHEBOi eMHOCcTI H/Me ~ 2 nns intepmeraniaiB tumy AB; € 3amOBHEHHS YCiX TPhOX
tumiB [A2B2]>[AB3]>[B4] HasBHUX MiXKBY31iB. [1JIT MOXKJIMBOCTI PO3MIIIICHHS B KOKHOMY
MDKBY3JI1 aTOMY BOJIHIO TOBUHHI BUKOHYBATHCh MEBHI YMOBH: paalyc MIXKBY3JIsl TIOBUHEH
oyt Oinpiie 0,4 A, a BigcTaHp MK aToMaMu BOJHIO, SIKi pPO3MIIlIeH] Y CYCIIHIX
MIXKBY3JIsIX, TTOBMHHA OyTH Oinbime 3a 1,8 A. Basyrouuch Ha TOMy, IO JIETyBaHHS €
HalileEeKTUBHIIIMM METOJIOM 3MIHM BHIIEBKA3aHMX I1apaMETPIB KPUCTAJIIYHOI IPaTKH,
BIJIMOBIAAIBHUX 32 KUJIBKICTh IMOTVIMHYTOTO BOJAHIO, OYyJIO BH3HAYEHO MEPIIUA KpUTEPId
BUOOpY JETyBaJIbHHUX €JIEMEHTIB JUIf ii 3017bIICHHS, a caMe, OUIbLINI aTOMHHI pajaiyc
JIETYBaIbHUX €JEMEHTIB, HDK Yy KOMIIOHEHTIB CIUIaBY SIKHM BiH 3amimiye. AHami3
JiTepaTypHUX JaHUX MO0 eHeprii GopMyBaHHS Iurimpuay npu Bzaemonii 3d ado 4d
€JIEMEHTIB 3 BOJAHEM CBIJYUTH, IO TUIBKUA Yy BUIIQJKax, KOJM 3MiHA BUIbHOI €Heprii Mae
BiJI’€MHE 3HAUEHHS, a OTXKE, JaHa PEeaKIlis € TePMOAMHAMIYHO BHTIIHOIO ISl CHCTEMH,
€JIEeMEHT YTBOPIOE CTIMKY XIMIYHY CHOJYKY 3 BOAHeM. Buxoasuum 3 1uporo, Oyso
BU3HAYCHO JAPYTUM KpUTEpid BUOOPY JIETYBAJIBLHOTO €JIEMEHTA: BiJl’€MHE 3HAYCHHS 3MIHU
BUIBHOT €Heprii B3aeMoO[ii 3 BOJAHEM 3 YTBOPEHHSM CTIHKMX XIMIYHMX crojyk. Jlius
NEPEeBIPKA 3aKOHOMIPHOCTEHM BILJIUBY JIETYBAJIbHOTO €JIEMEHTY Ha BOJHEBOCOPOIIiiiHI
BJIACTUBOCTI Ta TOKpAIEHHA iX MapamMeTpiB OOpaHO BaHaAlN, XpOM Ta TOJbMIH, SKi
3aJI0BOJIBHSIIOTh BKA3aHUM KPHUTEPIsM, Ta, B MPOTHICKHICTh, 321130, SIK€ HE BIJMOBIIAE
KOJTHOMY.

3a micyMKaMu MPOBEACHOTO aHali3y JITepaTypHUX JaHUX BHU3HAYEHO OCHOBHI
HayKOBI Ta MPUKJIIHI 3aBJIaHHS AUCEPTAI[IHHOTO TOCTIIKEHHS.

B apyromy po3aijii BUKIaJ€HO METOAUYHI aClEKTH BUKOHAHHS PoOOTH. 30KpeMma,
MPUBEIEHO XapaKTEPUCTUKH BUXITHUX MaTeplajiB Ta METOAU OTPUMAaHHS CIUIaBiB. 3pa3Ku
onHoazHuX cCruiaBiB Ha oOcHOBI (¢asu JlaBeca Ta rerepodazHUX 13 CTPYKTYpPOIO
iHTepmetaniny Ta OLK- tBeproro po3urHy mMacorw 30 T BUTOTOBJISUIM METOJIOM JIMTBA B
7a00paTOpHIA €NEeKTPOAYTOBIM Medl 3 HEBUTPATHUM BOJIbPPAMOBHM EJIEKTPOJOM Ha
BOJI0OXOJIOKYBAaHOMY MigHOMY momi. 3muBku cruiaBy (Tio34Zro66)MnNg osVo,12Cro 11 Baroro
oubmie 200 T OTpUMYBAJIM METOAOM 1HAYKIIIIHOT IJIABKU B TUTJIAX 3 OKHCY aJIOMIHIIO B
atMocdepi aprony. TepmiuHy oOpoOKy CIUIaBIB MPOBOAMIM Yy BaKyyMHIM TMedi Ta
OXOJIO/KYBAJIA Pa3oM 3 MIYYIO.

XiIMIYHMM CKJIaJl CIUTaBiB BU3HAYAIM METOJOM PEHTTEHOCHEKTPAIBHOTO aHalli3y Ha
oonmagnanHi VRA-20. Temmneparypu ¢$a30BuX NEpeTBOpEeHbh — TMOYATOK 1 KiHElb
IUTABJICHHS, TIOYAaTOK 1 KIHEIb KpHCTami3aiii, MEepeTBOPEHHS Y TBEPAOMY CTaHI —
BHU3HAYAJIU METOJIOM JU(PEPEHIIMHOTO TEPMIYHOIO aHaji3y 3 BUKOPUCTAHHSM MPUIANY
BATA-8M3. MikpoCTpyKTypy CILJIaBiB BUBYAJIA 3 BUKOPUCTAHHSIM ONTHYHOI MIKPOCKOIIi
3a ponomororo MikpockoniB Neophot 32 ta Olympus 1X70 npu 36inbmennax ao 1000.
MeTonoM CKaHYyIUYOi E€JIEeKTPOHHOI MIKPOCKOMIi 13 JIOKaJbHUM €HEProaucCIiepCiiHuUM
ananizom (EDAX) na mpunagax JEOL JSM-6490 ta VEGA3 TESCAN npociiKeHo
MIKpPOCTPYKTYPY 13 BH3HAQUYEHHSIM XIMIYHOTO CKJIaay OKpeMux ¢a3 Ta po3MnoalLy
KOMITOHEHTIB M)XK HUMH.

Jlnst BU3HA4YEHHS KPUCTAIIYHOI CTPYKTYPH BUXIJHUX CIUIaBiB, MPOJIYKTIB iX
TiApYBaHHS Ta TMMapaMeTPiB KPUCTATIYHUX IPATOK BUKOPHUCTOBYBAIM PEHTICHIBCHKHMA
dazoBuit anami3, skud npoBomuau Ha audpaktomerpi JPOH-3M 3 cranmapTHuM
ronioMmerpoM ['YP-8 mmisixom 3HATTA SK IUIOCKUX MOHOJITHHUX, TaK 1 TOPOIIKOBHUX
3pa3KiB.
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JIyisi BUBYEHHS TIPOIECIB B3a€EMOJIIT JTOCHIKYBAHUX CIUIABIB 13 BOJHEM Y PI3HHX
yMmoBax (1300apHO-130TePMIYHHX, 130TEPMIUHUX, 1300apHUX 1 PEKUMaX OAHOYACHOI 3MIHU
TEMIIEpAaTypd Ta THUCKY) OyJI0 BHMKOpUCTaHO YycTraHOoBKYy IBI'M-2M, mo mgo3Boiisie
IIPOBOJIMTH JOCIIHKEHHS Mpu TemnepaTtypax Bija -160 mo 750 °C 1 tuckax Boauto Bix 0,01
no 10 MlIla. Jlns 3amoOiranHs 3a0pyJHEHHs NpU TIApyBaHHI CIUIaBIB JIOMIIIKaMU
BTIJICHHS, B YCIX JOCIIJKEHHSX BHUKOPHUCTOBYBABCS TUIBKM BOJEHb, SKUH MPOUIIOB
TepMocopOIiiiHe ounimieHHs. J[asg Toro, 100 MiHIMI3yBaTH MOTPAIUISIHHS Ta30BHUX
JOMIIIOK Y TPOAYKT TiApyBaHHS, TpyBaHHS IPOBOAUIIH B JIAOIPUHTHUX TUTJISX.

KinpKicTh MOTJIMHYTOTO MaTepiaioM BOJHIO PO3PAXOBYBAJIH IO PI3HUII THUCKIB JO 1
MICJIsl HarpIBaHHA y 3aMKHYTOMY 00’€Mi, B IKOMY MPOBOJIMINCH AOCTIIKEHHS (00’ €MHUIA
METO/), @ TAKOK KOHTPOIIOBAJIM 1O PI3HUIIl MAcH 3pa3ka J0 Ta ICJIsi HACHYCHHS BOJTHEM
(rpaBiMeTpuyHHIT MeTOJN). BukopucTaHHS TpU AOCTIKEHHSX TEPMOCOPOLIHHO -
OUHMILIEHOTO BOJHIO, a TAKOX JIAOIPUMHTHUX THUIJIIB MPU3BOAUTH IO MIHIMI3ALIi BIUIUBY
OKHCJICHHSI Ha 3MiHYy Macu 3pa3kiB. Tomy pe3yibTaTv, OTPHMMaHiI 3a JIOMOMOTOIO
IPaBIMETPUYHOTO Ta 00’ EMHOTO METOTY, 1I00pPE KOPEIIOIOTh MK COOO0¥O.

[Ipouiec BuUIIIEHHS BOJHIO 3 TPOJYKTIB TIIPyBaHHS JIOCHTIJKYBaBCs Mac-
CHEKTPOMETPUYHUM METOJIOM TMPU HArpiBaHHI abo TMiJ 4Yac 130TEPMIYHMX BUTPUMOK Y
BakyyMi. Mac-CrieKTpoMeTp 03BOJIsi€E OJIHOYACHO KOHTPOJIIOBATH BHUJIJICHHS 6 Ta3iB
(oOupatoun ix 3a BU3HAYCHUMHU MOJISIPHUMH MacaMmH), 3alUCYIOYM 3MIHU iX BIJIHOCHOI
KOHIIEHTpAIlll B KaMepi HarpiBaHHs 3pa3KiB Bij yacy abo TemrepaTypu.

JIOCTOBIpHICTh OTPUMAHUX PE3YNBTATIB 3a0€3MeYeHa BUKOPUCTAHHAM KOMILIEKCY
Cy4YaCHUX METOMIB EKCHEPUMEHTAIBHOIO JIOCTIUKEHHS 3 BHCOKOI HAAIMHICTIO Ta
PO3ILITBHOIO 3JJaTHICTIO.

Tperiit po3ain npuCBSIYEHUN MOCHIIKEHHIO BOJHEBOCOPOLIMHUX BIACTHBOCTEH
onHO(a3HUX CIUIABIB HA OCHOBI iIHTepMeTaniny Tuny AB; ((a3za JlaBeca).

MerTtoto 1i€i yacTuHU poOOTH OyJIO MEPEBIPUTH BU3HAYEHI 3 JIITEPATypPHUX JTAHUX
KpuTepii BUOOPY JIETYBAIBHOTO €JIEMEHTY JIJIs IO3UTUBHOTO BIUIMBY Ha BOJHEBOCOPOITIHHI
BJIACTUBOCTI, @ TAKOX IOIIYK IIISX1B 3HIKEHHS COO1BAPTOCTI OTPUMAHOTO T1IPHUIY.

3a ocHOBY Oyi10 B3sTO CIUIaB Ti154Zr302MNsg 4 (CKIAM CIUTaBY MPHUBEAECHO B at.%) 31
ctpykryporo (daszu Jlaeca Tuny Cl4, mo BianoBigae GHOpMyIbHOMY CKIIaTy
(Tio34Zr0,66)MnN1 2, OCKINBKH, HA BiIMIHY BiJ aHAJIOTiB, BiH 3[aT€H MOIVIMHATH BOJACHH MIPH
KiMHaTHI Temmeparypi Ta TtHCcKy 0,6 MIla B naumtoMy ctaHi 0e3 3acTocyBaHHS
JIOBrOTPHUBAJIOl aKTHUBAIIITHOI TEPMIYHOI 0OpOOKM y Bakyymi. Y BKa3aHOMY CIUIaBi OyJio
3aMIHCHO MapraHelp SKUM He B3aemojale 3 BogHeM Ha S ar.% BaHaaiio
((Tio’34zr0,66)Mn1,1Vo,1) Ta BaHa)Ii}O 1 XpomMy ((Tio734zro766)Mnoy%Voylgcroyll). Mexi
JeryBaHHs Oynu oOpaHi, BUXOJSAYM 13 JIITEPATYpPHUX JAHUX IIOAO MO3UTUBHOIO BIUIMBY
BaHA/I1I0 Ha BOJHEBY €EMHICTh SIK JaHUX 1HTEPMETAJII/IIB, TaK 1 YUCTOTO TUTaHy. Kpim Toro,
crutaB (Tig34Zr066)MnNogsVo,12Cro11 OyJIo OTpUMAHO 3 BHKOPHCTAHHSAM PI3HHUX BUXIJIHHX
MaTepianiB (TUTaH MOAMIHUNA Ta TUTAaHOBA TyOKa) 1 PI3HUX METOMAIB (€JIEKTPOJyroBa
BHUILTaBKa 3JIMBKiB Macoro 30 rpaMiB Ta iHAYKIliiHA BUILJIaBKa y BiAKpUTHX THIIAX 3 Al,O3
3nuBKiB Macoro 200 rpamis).

[Ipn oTpuMaHHI CIUIaBy 3a JOMOMOTOI I1HAYKIIIHHOI TUIaBKH OyJ0 po3poOIIeHO
HACTYIHUN TEXHOJIOTIYHUN MpHioM, 110 3a0e3nedyye MOBHUM MeperiaB KOMIIOHEHTIB 3
CYTT€BO PI3HHUMH TOYKAMH TUTABJICHHS Ta JOCATHEHHS OJHOPITHOI 33JaHO1 KOHIIEHTpaIlil
KOMIIOHEHTIB y 31MBKy. Ha aHO Turias Oyno po3MIIIEHO MapraHellb, SKHi, Maloyu
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HaWHIDKYY TeMIEepaTypy IUTaBJICHHS, PO3IUIABJISIOUNCH TMEPIIMM CTBOPIOE PIAKY BaHHY
JUIS yCIX IHIIMX KOMIOHEHTIB muxTu. Ham Mapraniiem B TUIIII OyJIO PO3MIIIEHO XpOM, a
HaJ HUM - BaHa/ii, 10 Ma€ JeU0 BUILY TeMIepaTypy IUIaBleHHs, HDK XpoMm. Take
PO3MIIIEHHSI KOMIIOHEHTIB CIPHUSIE IOCATHEHHIO OJHOPIAHOCTI 3IMBKA, YHEMOMIIUBIIIOIOUN
NepeMIlIeHHs] B BEpXHI IIapu pO3ILIaBy XpPOMY, 1[0 MAa€ MEHIUIY HIUIbHICTh B TBEPIOMY
ctaHi. TuTaH Ta MUPKOHIN SK HAMOUIBII aKTUBHI €JIEMEHTH PO3MIIIYBAINCH Y BEPXHbOMY
mapi MUXTH y TUTII 1JI9 MiHIMI3aIli1l 9acy X 3HaXO/HKEHHS B PIIKOMY CTaHi, 110 3MEHIITY€E
TPUBANICTh iX KOHTAKTY B PIAKOMY CTaHi 3 Matepiamom Tturis. [licas posmiaBieHHs
IITUXTH Ta HACTYITHOT BUTPUMKH PO3IUIABY MPU KOPOTKOTepMiHOBOoMY BU-niepeminnyBanHi,
3a0e3Meymio OTPUMaHHs TOMOT€HHOI CTPYKTYypU. BMICT amoMiHiIO B CIJIaBi, OTPUMAHOMY
METOJOM 1HAYKIIHHOT TuiaBku, He mepeBunrye 0,55 ar.%, mo miaTBepIKy€e BiICYTHICTD
CYTT€BOI B3a€EMOJIIi MK PO3IIJIaBOM Ta MaTepiajOM THTJIS.

3a JOMOMOrOI0 CKaHYIOUOi €JEeKTPOHHOI MIKPOCKOII BCTAHOBJIEHO, IO
MikpocTpykTypa cimaaBy (Tio3aZroes)MnNoosVo12Cro11 HE 3alIleXKUTh BiJl BHKOPHUCTAHHX
BUXIJTHUX MaTepiajiB Ta Coco0y MOro OTpuMaHHS.

MeTonoM peHTreHIBCHbKOTO (ha30BOr0 aHali3y BCTAaHOBJICHO, IO JIETYBaHHS
BaHazaieM BuxigHoro cruiaBy (Tip34Zroe6)MN12 HE MPU3BOAUTE 10 3MiH y Horo ¢ga3zoBomy
CKJIaJIl, TOMI1 SIK TIPU JIETYBaHH1 XpOMOM 3 SIBIISIETHCA NPYTUi 1HTEpMeTali - ga3a JlaBeca
tumy C15. Ile moB’a3aH0 3 TUM, 110 Yy O1HAPHUX CHCTEMAaX IUPKOHIH—XPOM Ta TUTAH-XPOM
Ipu KIMHATHIN TeMIiepaTypi icHye ¢aza JlaBeca tumy C15.

Buxonsgun 3 oTpuMaHUX JaHUX PEHTTEHIBCHKOro (a3zoBoro anamizy, OyIo
po3paxoBaHO 00'eM ejeMeHTapHOi Komipku da3u JlaBeca tumy Cl4, a meTomom
HaOymkeHHs xopeTkux cdep (RS(C14)=0,074475a ne a-napameTp KPUCTATIYHOI IPATKH)
pPO3paxoBaHO pajlyCc TETPACAPUYHOTO MDKBY3Js, /1€ JIOKATII3YIOThCS aTOMU BOAHIO MPU
po3unHenHi (puc. 1).

06/em enemeHTapHOT KOMIpPKM Pagiyc TeTpaegpuyHOro mixkBysnsa
cbasm Naseca , A3 dasm Nlaseca, A
184,5 185,5 187,5 0,376 0,377 0,378 0,379

1 2 3 4

Pucynox 1 — O06'em eneMeHTapHOT KOMIPKU Ta PaJlyC TETPACAPUIHOTO MIKBY3JIS
¢asu JlaBeca Tuny C14 s crnasis: 1 - (Tio3aZr066)MnN12; 2 - (Tio34Zr0,66)MN11Vo 1]
3- (Tio,34zro,66)Mn0,96V0,12CI'0,11 ry61<a; 4 - (Ti0,34zr0,56)Mn0,95V0,12C1‘0,11 TUTAH HOIUIHUN.

3 mpenactaBiaeHUX aaHuX (puc. 1) BUIHO, II0 YaCTKOBA 3aMiHA KOMIIOHCHTY CILIaBY
Ha €JIEeMEHT 3 OUIBIIMM AaTOMHUM paJlyCoM TMpPHU3BOAUTH A0 30UIbIIEHHS 00’ eMy
€JIeMEHTapHOI KOMIPKH, 1, BIAMOBIAHO IIbOMY, 30UIBIIYETHCS PANIyC TETPACAPUUHOIO
MDKBY31s. Lle cBiuMTh mpo Te, 0 BBEACHHS Y CIUIaB €JIEMEHTY 3 OLIbIIUM aTOMHUM
pazlycoM O4YiKyBaHO MPU3BOIUTH N0 3POCTaHHS 00’€My €JIEMEHTApHOI KOMIPKH, Taka
TEHJICHIIISl I03BOJISIE CIIPOTHO3YBATH BIUIMB MEBHOTO JIETYBAJIBHOTO KOMIIOHEHTA Ha 3MIHY
3arajgbHO1 BOJIHEBOI EMHOCTI CIIABY.
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Jlis  KOpPEKTHOTO  TMOpPIBHSHHS  BOJHEBOCOPOLIMHUX  BIACTHBOCTEH  YyCIX
JOCIIKYBaHUX CIUIAaBiB, MpPOLIEC iX B3a€EMOJIi 3 BOJHEM IMPOBOJUIM MPHU OJHAKOBHX
yMoBax (KiMHaTHa TemIiepaTypa Ta Tuck BogHio 0,23-0,6 MIla) Ha MOHOMITHUX 3pa3Kax
0e3 3acToCyBaHHS TMOINEPEAHBOI TepMIUHOI O0O0poOku. B 1maHMX yMOBax aKTHUBHE
NOTJIMHAHHS BOAHIO CIUIaBaMKM TMpPU  TEpUIOMY TiAPYBaHHI PO3MOYAIOCh MICIs
1HKyOaIiitHoro nepioay Bijx 2 10 10 XBuiauH 1 TpuBano Oau3bko 10 XBUIIWH, TIPU ILOMY
BoaHeBa eMHICTh misa cruiaBy (TiozaZroes)MnNy1Vo 1 ckimana 2,00 mac. % (H/Me=1,31), a
st (Tip 34210 66)MnNoo6Vo012Cro11 - 2,08 mac. % (H/Me=1,36). [Toganbiiia BUTpUMKa TPH
THX K€ MapaMeTpax TiapyBaHHsS BIPOJOBXK 24 TOAWH HE BEJC /10 CYTTEBOTO 301IBIICHHS
BOJIHEBOI EMHOCTI.

[TopiBHIOIOYH BOJHEBI EMHOCTI CIUIABIB, JIETOBAHMX BAaHAIEM 1 XPOMOM, Ta CILIABY
(Tig3aZroes)Mn12 (H/Me=1,18), B3sTOr0 3a OCHOBY, OyJIO BCTaHOBJICHO, IO YacTKOBA
3aMlHa MapraHilo, SKMil He B3a€EMOJI€ 3 BOJAHEM, Ha BaHaAlll Ta XpoM, SIKI 3JaTHI
yTBOPIOBATHU CTIAKY XIMIUHY CIIOJIYKY 3 BOJIHEM, 30UIbIIIy€ CTAOLIbHY BOJIHEBY €MHICTh Ha
15%. 30inbmieHHS CTaOUIbHOI BOJHEBOI €MHOCTI IOSCHIOETHCS 3HHKEHHSIM BMICTY
Maprasiio B (asi JIaBeca 3a paxyHOK HOTO 4aCTKOBOI 3aMIHU XpOMOM Ta BaHaieM (TOOTO,
30UIBIIICHHSIM YacTKH TIPUIOYTBOPIOIOYMX KOMIOHEHTIB 3 46,5 no 56 ar. %),
30UTBIIEHHSIM 00’€MY €JE€MEHTapHOi KOMIpPKH, 1, BIAMOBIAHO ILbOMY, pajilycy
TETpaeAPUIHOTO MIKBY3JIS.

[Ipy HacuyeHHI MJaHMX CIUIaBIB BOJHEM BIiJIOYBA€ThCS TMOBHE PYWHYBaHHS
MOHOJIITHUX 3pa3KiB JI0 CTaHy MOPOIIKY (pHC. 2) yepe3 BUCOKY MIBUAKICTh MPOTIKAHHS
MPOLIECY B3a€EMO/II, a TAKOXK HU3bKY TeMIEpaTypy TiIpyBaHHS, a OTXKE, HEAOCTaTHICTb
yacy i pejakcallli Hanpy»eHb.
g 4 S Pucynok 2 — 30BHINIHIN BUTIISA TOPOLITKOBOTO

MPOIYKTY TipyBaHHS.

MeTonoM pEeHTreHIBChbKOTro (ha30BOro
aHaJi3y BCTAHOBJICHO, IO TIPH HACHYEHHI
CIUIaBIB BOJHEM He BiIOyBaeTbCsd 3MIH Y
CTPYKTypi MetayieBoi Matpuili (a3 JlaBeca, a
auiie BiAOyBAa€ThCS 130TPOINHE 30UIBIICHHS
00'emy ix enemeHTapHUX KOMIpok Ha 20%. I3
LA | V OTPUMAaHMX JaHUX MOXHa CTBEPIKYBAaTH, IO
(gl X5 & Lo npu HacHYeHHI  MOCHIIKYBaHHMX  CIUIABiB
BOJIHEM JICKOMTIO3UITII0OBaHHS (a3 (YyTBOpeHHS HOBUX (pa3) HE BiAOyBa€eThCA.

3 naHMX Mac-CHEKTPOMETPHYHHMX JOCIHIHKEHb BCTAHOBJICHO (pHC. 3), 10 YacTKOBa
3aMiHa Maprauifo Ha BaHamid y cruiaBi (Tig3aZroes)MNi2 CYTTEBO HE BIUIMHYJA Ha
XapaKkTep KPUBOI BUAUICHHS BOJHIO MiJ 4ac HarpiBaHHS, MPOTE YaCTKOBA 3aMiHa Y CILJIaBi
(Tio34Zr066)MN11Vp1 Maprasito Ha XpoM IMpH3BENa J0 CYTTEBOTO 3HIKCHHS TEPMIYHOI
crabinpHOCTI oTpuMaHoro riapuay. s crutaBy (Tip34Zr066)MnoosVo12Cro11 mporiec
BUJIIJIEHHS. BOAHIO, PO3MOYABIIMCH 1€ MPH KIMHATHIM TeMmeparypi B yMOBaX BaKyyMy
(To6T0, TIpU movaTkoBOMY THCKY 4*1072 Tla), GiIbII aKTMBHO MPOXOAUTH 3 IOYATKOM
HarpiBy, MakCMMaJlbHa IIBUIKICTh BUJIIIEHHS (PiKcyeThcs mpu Temneparypi 115 £ 5 °C
()IJ'ISI CILJIaBIB (Ti0,34zr0,66)Mn1,1V0,1 Ta (Tio,34Zro,66)Mn1,2 I TeMIIeparypa 300 Ta 260 °C,
BianoBigHo), a mnpu 300 °C BHaerbcs BUIUIMTH YBECh BOJEHb. SK BHIHO Ha
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npencraBieHux KpuBux (puc. 3), mis cruiaBy (Tig34Zroe6)MnNoosVo12Cro11 BiACYTHIH
TPUBAJIMK €Tam 3 HU3bKOK MIBUAKICTIO BHWJAUICHHS BOJHIO, TNpPHUTaMaHHUHN CIJIaBaM
(Tio34Zro66)Mn11Vo1 Ta (Tigz4Zr0es)MNy2, M0 MOB’SI3aHO 3 HPHUCYTHICTIO Y (ha30BOMY
ckinami  cmiaBy  (Tio3aZroes)MnoosVo12Croq1  dasu  JlaBeca tumy C15. IloscHuTH
BIJIMIHHOCTI y TIpolieci JecopOIlii BOJHIO CIIJIaBaMH IIPH JICTYBaHHI XPOMOM MO>KHA THUM,
mo npu mepexoai Bix ¢asu JlaBeca tumy Cl4 nmo C15 wmicus jokamizailii BOJHIO B
KPUCTAJIIYHIN TpaTii HE 3MIHIOIOThCS (TETpaeapuyHl MIDKBY3Js), aje IpU IbOMY
MIHSIETHCSI TEOMETPUYHUM pakTop (3MiHa THMY KpucTamiuyHoi rpatku 3 ['TIY na ['IIK), mo
3MEHIITy€ KUIbKICTh aTOMIB METally Ha eleMeHTapHy Komipky (3 12 mms 'Y mo 6 ms
I'IK rpaTkn), 1 pajiyc MI>KBY3IiB.

35000 Pucynok 3 — 3anexHicTh
' e IHTEHCUBHOCTI BUIJICHHS BOJIHIO BiJ
30000__ 155°C TeMIIEpATypH AJIs1 HABOJHCHUX
;25000 300°C _CHHaBiB:
S 1 - (Tioz4Zroes)Mny2;
520000' - 2- (Tio3aZr066)MnN11Vo 1;
é 15000 3 - (Tio34Zro,66)Mno 96V0,12Cro 11.
E ]
;10000— MaC-CHG.I(TpON.IeTpI/ILIHi ,Z[OCJIiI[)KeHH.H
- 5000. Ipu HarpiBaHHi HAaBOJHEHHX CILIABIB
= | 3adikcyBanuy, OKpIM  BHJIUJIECHHS
01 =™ ee———— BOJIHIO, TaKOX BHJUICHHS BOJSHOI
0 50 100 150 200 250 300 350 400 450 500 mapu. HasiBHICTH BOJSHOI Hapu MOpu
T.°C TEeMIepaTypax MaKCHUMaJIbHOT

IHTEHCUBHOCTI BUJIUICHHSI BOJIHIO CBIJYUTH MPO BIJHOBJICHHS aTOMAapHUM BOJHEM, IIO
BUJIIISIETHCS 13 CIUIABIB, OKCUJIHUX TUTIBOK, 3aBXIM MPUCYTHIX HA MOBEPXHI TUTAHY Ta
CILJIaBIB Ha HOro OCHOBI. TUM caMuM BiJI0YBa€ThCS «CAMOOYMILICHHSI» MOBEPXHI, 110, TO-
nepIie, IPUCKOPIOE KIHETUKY copOItii-mecopOIiii BogHIO (OKCH/IHI IUTIBKH € 0ap’epamMu Jis
mudy3ii  BOAHIO),  MO-ApYyre, CYTTEBO  3MEHINYE  BIPOTIIHICTH  Jierpaaarii
BOJTHEBOCOPOIIIMHUX BJIACTUBOCTEH CIUIaBYy 31 30UIBIICHHSM KiIBKOCTI ITUKIIIB COpPOITii-
necopOIii, TUM camMuM, 30UTBIIYIOYM POOOYY KUIBKICTh ITUKIIIB 0€3 CyTTEBOi BTpaTH y
BOJHEBINA €MHOCTI, 1110 BAXKJIMBO JJIsl MaTepialliB-HAKOTIMYYBa4iB BOJIHIO.

Byno nokaszaHo, 110 nepuuii UK copOIli-1ecopOIlii BOJAHIO aKTUBYE MaTepia, 110
3a0e3mneuye CyTTEBE TOJIIIICHHS WOTO0 BOJHEBOCOPOIIMHUX XapaKTePUCTHK, 30KpeMma,
JOPYTU UK TiIpyBaHHS MPOTIKAE MPU KIMHATHIH Temmeparypi i aOCOTIOTHOMY THCKY
BoaHto 0,21 MIla, To6TO Maif>ke BTpUYl HUXKUOMY, HIXK npu niepmiomy mukii (0,6 MlIla).
OpHouacHo, 1HKYOAlIWHUA TEPIOJ CKOPOUYETHCA 3 KIUIBKOX XBWJIMH MpPU MEPLIOMY
riAPYBaHHI 10 KIJIbKOX CEKYH]I IIPH APYyromMy 0e3 BTpAaTH y BOJHEBINA €MHOCTI.

Take mONINIIEHHS BOAHEBOCOPOIINHUX BIACTHUBOCTEH JOCHIKYBAaHMX CIUIaBIB
MpU JIPyroMy LUK BiAOYBaeThCS BHACIHIIOK TEPEBEJACHHS MaTepialy B aKTHBOBAHHMA
CTaH TepIIUM IUMKIOM copOii-gecopomii Bomnro. lle moB’s3aHO 3 pylHYBaHHSIM
MOHOJITHUX 3pa3KiB JI0 CTaHy IMOPOMIKY 31 30UIbLIEHHSM MHUTOMOI TMOBEPXHI, @ TaKOX
OUMIIEHHSM paHIIIe ICHYIOUMX MOBEPXOHb MaTepially BiJ HasBHUX Oap’€pHUX OKCHUIAHHUX
TUTIBOK, BHACIHIJOK iX B3a€MOJIi 3 aTOMapHUM BOJHEM, IO BHAUISETHCS TMPU TEPIIi
necopOIrii.
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Pospaxynku cobGiBaprocti cruiaBy (Tip34Zroe6)MNogsVo12Cro11, OTpUMaHOTO 3
BUKOPUCTAHHSIM THUTaHy pI3HUX MapoK, MOKa3alid, 110 3aMiHa TUTaHy HOAMUJIHOTO Ha
TUTaHOBY ryOoky mapku TI-110 i3 OulblIMM BMICTOM JOMIIIOK 3a0e3ledyye CyTTEBE
3HIDKEHHSI COO1BapTOCTi, MpU I[bOMY, IO BaXIMUBO, 0€3 BTpaTH Yy XapaKTEPHUCTHUKAX
BOJIHEBOi EMHOCTI Ta KIHETHIIl IIPOIIECIB COPOIIi-1ecopOIlii BOIHIO.

[TpoBeneHi JOCIiKEHHs TTOKa3aju, 10 IepeXia BiJl CIIaBiB MOTPIAHOI CUCTEMHU J10
I’ ITAKOMITOHEHTHOT J03BOJIMB 30UIBIIUTH 3arajibHy KUIbKICTh MOTJIMHYTOTO BOJIHIO Ha
15% 06e3 BTpaTh y KIHETHYHHMX MapameTpax IpoIeciB copOmii-gecopOrlii, aie mpoiec
OTPUMAaHHS I1’ITHKOMIOHEHTHUX CIUIaBIB YCKJIQJHIOETbCS. 3O1TbIICHHA KUIBKOCTI
KOMIIOHEHTIB IIHUXTH, TEMIlepaTypa IUIaBIEHHS SKUX PI3HUTHCA, CTBOPIOE 3HAYHI
TEXHOJIOTI4HI MPOoOJIeMU TPpU OTPUMAHHI OJHOPIAHOTO 3a XIMIYHHUM CKJIQJIOM CILIaBy, a
30epeeHHsT HEOHOPITHOCTI MOKE HETaTWBHO BIIMBATH SK HA BOJHEBY €MHICTh, TaK 1
KIHETHUKY TpoIieciB copOirii-gecopOirii BogHo. Came TOMy, MpU MOJAIBIIOMY MOIIYKY
IUISIXIB TIABUIICHHS BOJHEBOI €MHOCTI OYJI0 BUPIIIEHO CKOHIIGHTPYBATH 3YCHJUIS Ha
MOTPIMHIN cHCTeMI Ta 3acTOCyBaTH IHIIMK (QakTop IUIMBY, a came, CTBOPCHHS
rerepodasHuxX CTPYKTYp.

YerBepTHid po3aiJ NPUCBSIYCHUN  JTOCTIIKCHHIO BOJTHEBOCOPOITIHHUX
BJIACTUBOCTEH reTepoda3HUX CIJIaBIB HA OCHOBI IHTEpMETATITY.

VY nanomy po3aii po3rJIsTHYTO HOBHM KJIAac MEPCIEKTUBHUX MaTepialiB - COPOCHTIB
BOJIHIO, CTPYKTypa SIKUX TO€IHye ABI (a3u 3 TPUBAOIMBUMHU XapaKTEPUCTUKAMHU:
inTepmetamin tuiry AB; (da3a JlaBeca) abo AB, sikuit 31aTHUIH B3aEMOIISITH 3 BOAHEM TIPH
KIMHATHIA TeMmriepatypi 3 Bucokoio mBuakicTio Ta OLIK-TBepamii po3unmH Ha OCHOBI
TUTaHy, IO XapaKTepU3y€eEThCA BHCOKOIO BOJHEBOIO eMHicTIO (H/Me ~ 2). lochimkeHo, sk
MpUCYTHICTh MeBHOI KuibkocTi OLIK-TBepaoro po3uumny (o0’eMHa nond wi€i ¢dazu He
oinbiie 35 %) BruMBaEe Ha 3arajibHy BOJAHEBY €MHICTh CIUIABY Ta KIHETHKY IMPOIIECIB
MOTJIMHAHHSA 1 BHUJUIEHHS BOJHIO y MOPIBHSHHI 3 OJHO(A3HUMHU CIUIaBaMU Ha OCHOBI
inTepmetaniny tuny AB; (dasza JlaBeca). Kpim Toro, Ha mpukiIaai AOCTIHKYBaHHX
rerepoda3sHuX CIUIaBiB, MEPEBIPEHO BU3HAYEHI KPUTEPIi BIAHOCHO BHOOPY JIETYBAJIBHOTO
€JIEMEHTY JUTsl TO3UTUBHOTO BIUTUBY Ha KIJIBKICTh MOTJIMHYTOTO BOJIHIO.

Jnst mocmimkeHHs Oyno oOpaHo aBa rerepodaszHux ckiaaau Ti1apZr43Mnszz Ta
Ti163Zr364Mn47 3 (puc. 4), mo BigpizHsutucs 00’ emMHOI0 aoseto ¢asu Jlaseca tuny C14 Ta
OLK-tBepmoro po3unHy. BmicT mapraHiito oOupaBcsi TaKMM YWHOM, 100 TapaHTyBaTH
00’emuy yactky OLIK-TBepmoro po3unny He Ounbiie 35 %.

a TR T T R TR, 2

Pucynok 4 —
MikpocTpyKTypa
JIUTUX CIJIaBIB:

a - TigpZr243Mnas 7;
0 - Ti1s,3Zr364MnN47 3.

! & o (2 _.'. J '...~, e ¥ s
BukopucroByroun nporpamy ImageJ (mommproetsbest 6e3 JTileH31HHIX 00MEKEHb SIK
cycminibHe HaabaHHs) Oya0 BHM3HA4YeHO, 10 Yy crutaBi TigpZrz43MnNss7 KUTBKICTE (a3u
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JlaBeca ckmamae 65,9 %, a 'y Tiie3Zrss4Mnazs - 73,8 %, a OLIK-TBepmoro po3unny - 34,1
% Ta 26,2 %, BianoBigHO. IlopiBHSAIBHE MOCHIIKEHHS JBOX CIUIaBIB 3 PI3HUMH
00’€MHUMH YacCTKaMH CIIBICHYIOYHMX (a3, 110 BIIPIZHAIOTHCS YMOBaMH TiJpyBaHHS Ta
BOJIHEBOIO €MHICTIO, JaJI0 MOXJIHMBICTh BcTaHOBHTH BILUTUB OLIK-TBepmoro po3umHy Ha
OCHOBHI XapaKTEePUCTUKH.

basyrounch Ha JaHMX PEHTICHIBCBKOTO (a3oBOro aHamildy, s CIUIaBIB
TigZr243Mn337 Ta Tige3Zr364MNg73, Oyno po3paxoBaHo 00'€eM eleMEHTapHOI KOMIPKH
dasn JlaBeca Ta pamiyc TerpaeapudHOro MikBy3iIs (puc. 5). ITlopiBHIOIOUH 00'eM
€JIEMEHTapHOI KOMIPKHU Ta pajilyc MIKBY3JI IaHUX CIUIABIB 3 BIAMOBIIHUMHU MMapaMeTpaMu
crtaBy  Ti154Z1302MNss 4 (IKAHA  B3ATO 32 OCHOBY IS JOCHIDKEHH B po3aim  3)
BCTAHOBJICHO, IO 3HWKEHHS KITBKOCTI MapraHiio y crutaBi Big 54,4 mo 33,7 at.%, i,
BIJIMOBIAHO, y ¢a3i JlaBeca, mpu3BoAUTH 10 30UIbIIEHHS 00’ €My €eMEHTapHOT KOMIPKU
¢da3u JlaBeca Ha 5 — 6 %, Ipu LILOMY pajlyC TETPACAPUUHOTO MIXKBY3JIs 30UIBIIYETHCA Ha
2 %, Takl 3MIHM TO3UTHBHO BIUIMHYJIM Ha BOJHEBY €MHICTh JaHOi ¢da3u (3rigHo 3
pe3yibTaTamMu, ONMMCAaHUMHU B PO3/ILJIi 3) Ta CIUIaBy B LIJIOMY.

O6'eM eNleMeHTapHOI KOMipKM (a3 Papiyc TeTpaeApnyHOro MixBy3/A
Naseca, A3 da3u Naseca, A
183 194 196
200 0,4 0,376 0,384 0,385
100 0,35
0 0,3
1 2 3 1 2 3

Pucynok 5 — OO0'eM ereMeHTapHOI KOMIPKHU Ta pajilyC TETPACAPUUYHOTO MIKBY3JIS
(1)&31/1 JlaBeca JJIsL cruiaBiB: 1 - Ti15,4Zr30,2Mn54,4; 2 - Ti16,32r36,4Mn47,3; 3- Ti422r2413Mn33,7.

JInsi KOPEKTHOro MOPIBHSAHHSA BOAHEBOCOPOI[IMHUX BIIACTUBOCTEN TeTepoda3HUX
CIUIaBIB 13 BJIACTUBOCTSIMU OAHO(a3HUX Ha OCHOBI (a3 JlaBeca (omucaHux B po3ail 3),
mpolec ix B3aeMO/IIi 3 BOJAHEM JIOCIIKYBalu B TUX )K€ YMOBax (KIMHATHa TeMIiepaTrypa
ta TUCK BogHio 0,6 MIla), BUKOPHUCTOBYIOYM MOHOJITHI 3pa3kK¥ y JIMTOMY CTaHi.
BcranoBieHo, 1110 npoiiec akTUBHOTO MOTVIMHAHHS BOJHIO reTepoda3sHUMHU CIJIaBaMU MpU
NEepIIOMY TipyBaHHI MOYMHAETHCS MICIs 1HKYOAIIHHOTO NepioAy, KU CKiIaaae Big 2 10
15 xBuiuH. 3a mepiii 7 XBWIMH MICHS MOYAaTKy aKTUBHOTO MOTJIMHAHHS KOHLIEHTpPALIis
BOJHIO B crutaBax Tis2Zr43MnNss 7 1 Tige3Zr364MnNgz 3 mocsrae H/Me=1,32 ta H/Me=1,25,
BiMOBITHO. BuTprMmka mpuw THX XK€ MapaMerpax TiApyBaHHS BIPOAOBX 15 XBUIIUH
pu3Beia 10 He3HAYHOTO 301IbIISHHS] KOHIIEHTpaIlil morjauHyToro BogaHto a0 H/Me=1,35
ta H/Me=1,26, BianoBiaHo, 10 Buile, HiX IS ogHoda3Horo crutaBy (Tig34Zr0e6)MN1 2
(H/Me=1,18). Omxe, npucyTHICTh y cmjiaBi Ha ocHoOBi (asu JlaBeca mo 35% OILIK-
TBEPAOT0 PO3UMHY HE MOTIPIIYE KIHETUKY MOTJIMHAHHA MiJ Yac MepuIoro UKy coporii
BOAHIO (3QJIMILAIOTHCS HE3MIHHUMHU TEeMIIEpaTrypa, THUCK Ti1IpyBaHHS Ta 1HKyOalidHuN
nepioj), MPOTE 103BOJISIE OTPUMATH 3HAYHO BUILY KUIBKICTh MOTJIMHYTOTO BOJIHIO.
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Takuit pe3ynbraT 00yMOBIEHUN 3HMKEHHIM KIJIBKOCTI MapraHIilio y rerepodasHux
CILJIaBax 13 30UIBIICHHSM 3arajibHOI KIJTBKOCTI T1IpUI0yTBOPIOIOUMX KOMITIOHEHTIB Bi 45,6
aT.% 10 66,3 aT.%, a Tako 30UIbIIEHHSIM 00’ €My eJleMeHTapHoi KoMipku ¢da3u JlaBeca Ha
5-6% 1 HasgBHICTIO y (azoBoMy ckiaai rerepodazuux cruasiB OLIK-TBepmoro po3unny 3
BHUCOKOIO BOJIHEBOIO eMHicTIO H/Me ~ 2.

BianoBigHO 10 TaHUX PEHTTEHIBCHKOTO (ha30BOTO aHaMi3y, MPH BKa3aHUX YMOBaxX
riipyBaHHs (KIMHaTHa TemrepaTypa Ta TUcK BojHio 0,6 MIla) 3a kopoTkuii 4ac OTpUMaHO
rigpun He TUTBKM Ha ocHOBI (a3m JlaBeca, a 1 Ha ocHoBi OIIK-TBepmoro pozuuny.
da30Buii CKJIAJ MPOIYKTIB TiAPYBaHHS CBITYUTH MPO T, MO B rerepodasHux CruiaBax
OLIK-TBepauii poO3YMH Ma€ IIBUAKY KIHETHKY TiJ[pyBaHHA, MOJIOHY 10 KIHETHUKH
IHTEepMeTaliy, 1 3a JOCUTh KOPOTKUHN Yac (JeKiIbKa XBUJIMH) IPU KIMHATHIN TeMIeparypi
BJIA€THCS HACUTUTH HOTO BOJHEM JI0 KOHIIEHTpAIii, mo BigmoBigae oO-riapumy. s
MOPIBHSHHSA, NIPU 1HJMBIAYyalbHOMY TiipyBaHHI TuTaHy abo OLIK-TBepaux po3umHIB Ha
fioro ocHoBi 1yisi (hopMyBaHHS O-TIAPULY MPOIEC B3aEMOJIIL 3 BOJAHEM BUMAarae 3Ha4yHO
Butux temmnepatyp 400-600 °C Ta 1eKiIbKOX TOJIUH.

[Ipn HacuueHHi BogHEeM TeTrepoda3HUX CIUIABIB, SIK 1 paHille JOCIIIKECHUX
onHodazHuX (po3/aia 3), He3aJIeHKHO BiJ CIIBBIIHOIIEHHS 00 ’€MHOI JOJII CHIBICHYHOYHX
¢a3, BiIOyBa€eThCS MOBHE PYWHYBAHHS MOHOJIITHOTO 3pa3Kka JI0 CTaHy MOPOUIKY (puc. 2),
yepe3 BUCOKY IIBHAKICTh MPOTIKAHHS TPOLIECY B3a€EMOJIi Ta HU3BKY TEMIIEpaTypy
riApyBaHHS.

[Ipu mpoBeneHH1 APyroro MUKy copOuii — necopOuii MOTJMHAHHA BOAHIO oOoMa
crutaBaMu Tl42Z0243MnN337 Ta Tiie 3236 4MNy47 3, HE3aIIEKHO BiJ CIIBBIIHOIICHHS 00’ €MHHX
YacTOK CHIBICHYIOUMX (a3, CYTTEBO AaKTHUBYETHCS, IMOYMHAIOYUCH 3 MEPIIMX CEKYHH
KOHTAaKTy 3pa3ka 3 BOJCHBMICTKUM CEPEIOBHIINEM, 1 W€ 3 BHUCOKOK IMIBUIKICTIO MpHU
KIMHaTHIA Temneparypl Ta abcomotHomy Tucky 0,21 MIlla. Take mnominmeHHs
BOJAHEBOCOPOIIMHMUX  BJIACTHUBOCTEM (3HM)KEHHSI THUCKY BOJHIO Ta CKOPOYEHHS
1HKYOaIlifHOTO TEPioy) MOSICHIOETHCS THUMH K MPUYMHAMH, MO 1 IS OJHO(A3HUX
CIUIaBiB: JMCIEPryBaHHSM MOHOJITHOTO MaTepialy 10 CTaHy MOpOIIKY Ta BOJHEBUM
OUMIIEHHSM MMOBEPXHI YTBOPEHHUX MOPOITUHOK B MEPIIOMY ITUKJII1 COpOITii-ecopOIrii.

JIist mepeBipKH, K BU3HAYEHI KPUTEPii BITHOCHO BHOOPY JIETYBAJIBHOTO €JIEMEHTY
MOXYTbh OYTH 3aCTOCOBaHI 710 rerepoda3Hux cruiasi Ti-Zr-Mn, Oyio o6paHo Ba CKiIay,
B SKHX MapraHeib 4acTKOBO 3amiHeHO Ha BaHamii (TijggZrssgMngzsVo1 Ta
Tizp12Zr189MnN420V70), IpH 1IbOMY SIKICHHX 3MiH y ()a30BOMY CKJIaji HE BiIOyI0Cs.

3 maHuX PEHTTEeHIBCHKOTO (Da30BOro aHaiizy OyJI0 BCTAHOBJICHO, IO JJIS CILJIaBY
Tiz21Zr18oMngoV7o 00'eM eneMeHTapHOi Komipku craHoBuTh 194.5 A3 a paniyc
TeTpaeapuuHoro Mixkpysna 0,384 A, toxi sk ans crnaBy TijegZrsagMnassVay - 196,5 A3
ta 0,385 A, BignosigHo. OTxe, neryBaHHs rerepodasHux cmiapiB cuctemu Ti-Zr-Mn
BaHaJle€M, SIKUA Ma€ OUIbIIMM aTOMHHUHI pailyc y MOPIBHSHHI 3 MapraHueM, 30UIblIye
00’em enmeMeHTapHOI KoMipkHu ¢a3u JlaBeca y mOpiBHSAHHI 31 cruiaBaMu T 142Z1243MN337
(196 A% i TiwsZrssMnss (194 A%). Metonom EDAX Ta cKkaHy0uOi €leKTPOHHOI
MIKpOCKOITii OyJI0 BU3HAYEHO, IO BaHAINA PO3MOAUIETHCS MK O00OMa CTPYKTYPHUMHU
CKJIaIOBMMH CILIABIB, 3 JEII0 OLIbIINM BMICTOM Y ¢a3i JIaBeca (Tadi. 1).

[TopiBHIOIOUM 00'€eM €JIEeMEHTApHOI KOMIPKH Ta Pajiyc TETPACAPUIHOTO MIKBY3JIS
I CIutaBiB cucteMu Ti-Zr-Mn-V, Biamidaemo, 1o A CIuiaBy TligsZr3ssMnNassVa
3a3HaueHl MapaMeTpu BUIIE, IO MOSCHIOETHCA OUIBIIMM ATOMHUM PajilyCOM LUPKOHIIO
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(0,160 am), Hix TuTany (0,147 HM), a 11e € MO3UTUBHUM (HAKTOPOM JJIS TIIBUIICHHS B
I[1JIOMYy BOJIHEBO1 EMHOCTI CILJIaBY 3 OUIBIIIMM BMICTOM IIUPKOHIIO.

Ta6muig 1 — Ximiunuii ckiaz das CruiaBiB y JUTOMY CTaH1
Cnas Cknan ¢as, = 0,03 at. %

OLK-TBepauii po3unH IaTepmeTanin

Ti Zr Mn | V Ti Zr Mn \Y
Ti9sZraagMnazsVo1 | 24,84 | 66,07 | 3,07 | 1,41 | 18,12 | 24,37 | 56,72 | 2,33
Tis21Zr1s9MnaoV7o | 46,79 | 35,243 | 4,06 | 6,01 | 11,18 | 31,31 | 51,55 | 7,25

Jlnst nanux criaBiB OyJia 3acTOCOBaHa TepMidHa 00poOka mpu Temmepatypi 900 °C
BIpoaoBK 10-70 roguH Ak ePeKTUBHHI CIOCIO BIUIMBY Ha iX CTPYKTYpPY Ta aKTHBALIIO
B3aeMoJli 3 BoJHEeM. Takuil pexuM BiANaly HE 3MIHIOE TUIYy CHIBICHYIOUUX (pa3, mpote
3MIHIOE CHIBBIIHOIIEHHS MK iX O0’€MHHMM BMICTOM 1 PO3MIPH iX 3€peH, fIKl CYTTEBO
3pOCTalOTh BHACIIJIOK KOATryJIALIi.

Jlnst 000X crjiaBiB y BUXIIHOMY (JIMTOMY) CTaHI IUIONIA IMOBEPXHI 1HAUBITYAIBHUX
KpHCTaiTiB (a3u JlaBeca cTaHOBUTH B Mexkax 450...1500 mxm?2, a OLIK-TBepaoro po3uuny
- 70...150 mxm? Ilicns Bigmamy B 060X CIUIaBax IUIONIIA CTPYKTYPHOI CKIamoBOi (asu
JlaBeca 3pocrae go 1000...3000 mxm?, a OLIK-TBepaoro posuuny - mo 400...1000 mxm?,
O6’emua uvactka ¢a3u JlaBeca go OLIK da3u s criaBiB B JIMTOMY CTaHl CTaHOBUTH
75%:25% nosa Tilg,ng34,8Mn43,3V2,1 ta 80%:20% y cIIaBl Tigzllzrlglganlz,oV?,o,
BiamoBigHo. [licas Bignany 06’ emua nonst OLIK-tBepaoro po3unny 3pocrae Ha 3-3,5 % 3a
paxyHOK 3HM>KEeHHs 101 ¢a3u JlaBeca.

Tak sk yacTKOBa 3aMiHa MapraHIll0 Ha BaHAJIN B TOCTIIKEHINA KUIBKOCTI SIKICHO HE
3MiHWIa (a3oBUM CKJaj CIUIABIB, 1€ JA€ MOKJIMBICTb KOPEKTHOIO MOPIBHSHHA iX
BOJHEBOCOPOIIMHUX BIACTUBOCTEN 3 BIIACTUBOCTSIMH BHUILIEPO3TISHYTUMHU CILJIaBaMHU
cuctremMu TI-Zr-Mn Toro »x ¢a3oBoro ckiamy. HacuueHHS BOJHEM MPOBOJMIM IPH
KIMHATHIA TeMIIepaTypi, aje MpH Jenio Huwkdomy TUcKy BojaHio (0,23 MIla). Hwkuunii
TUCK peakilii B3a€MOJIii, 3BaKal0ud Ha BHUCOKY aKTHBHICTh BOJIHIO, € OUIBII O€3MEYHUM,
0CO0JIMBO, MPU MPAKTHYHOMY BUKOPUCTaHHI Ha TpaHcmopTi. He3Baxaroun Ha 3HMIKEHHS
TUCKY BOJIHIO, 1HKYOAIIHUI TIepioJl MpU MEpIIOMY TiApyBaHHI MOHOJITHUX CIUIaBIB y
JUTOMY CTaHl ckiaB Jjumie 5-10 XBWIMH, a MicHs akKTUBAIlll Marepiany BiAMaloM —
3MEHIIMBCS B JABIYl 10 3-5 XBWIWH, 110 CBITYUTH MPO €PEKTUBHICTH TEPMIUHOT OOPOOKH.
[Ipomec copOmii BomHiO 3aiiMaB Onu3bko 10 XBWIMH, TIpH IIbOMY BOJHEBAa €MHICTH
HE3QJICXKHO BiA cTaHy (nuTui abo BigmaneHwit), s cruaBy TiiggZlsagMnassVag
ctaHoBuTh H/Me=1,45, a nmnsa Tisp1ZrgoMnazoV7o - H/Me=1,32 npu upomy riapuau
yTBOPUJIUCS TIIbKM Ha ocHOBI ¢a3zu JlaBeca tTa OLIK-tBepmoro po3unny. [Ipu HacuuenHi
JAHUX CIUIaBIB BOAHEM, SIK 1 JUIS yCiX MOMNEPENHIX MarepiajiB, BiIOyJIOCSs PYyWHYBAaHHS
MOHOJIITHUX 3pa3KiB J0 CTaHy MOPOIIIKY.

OCKUJIbKM TIpolleC TiApyBaHHA JMJig BCIX PO3MVISIHYTUX BHILE TPyl CIUIaBIB
(omHOda3HMX i reTepodazHX) MPOBOIUBCS MPH KIMHATHIN TeMIIEpaTypi Ta TUCKY BOJIHIO
B Mexax 0,23-0,6 Mlla, BiZKpUTUM JHMIIQIOCA NHUTaHHS, YU € KUIBKICTh BOJIHIO,
MOTJIMHYTOTO TPU JIaHUX TEPMOOAPUYHHX YMOBAX, MAaKCHUMAaJIbHO MOXIUBOIO. Jljis
BIJIMOBI/1 HA 1€ MUTaHHsS OYyJI0 3MIHEHO CXEMY T1IpYBaHHS, MIABUIIYIOYH THCK BOJHIO Ta
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Temriepatypy. Ha mepmniii cragii mporiec HacW4YeHHS CIuiaBiB TiiggZrsagMnsssVa1 Ta
Tiz21Zr189MnN420V70 MpoBOaWIM NMPU KIMHATHIA TeMIEpaTypi mpud THUCKY BoaHio 0,23
MIla, Ha npyriit 6yno 36iab1eH0 THCK 10 2 MIla. [IpoTe, BKka3aHe MmiABUIIIEHHS TUCKY JI0
TIOHOBJICHHSI aKTUBHOTO TIPOIECY MOTJIMHAHHS BOAHIO HE Mpu3Beno. Hactymaum eramom
CTaJI0 HArpiBaHHS OTPUMAHUX TiAPUIIB B atMocdepi BoaHio g0 Temmepatypu 400 °C, 3
OGO BUTPUMKOIO TIPH BKa3aHId TemrmepaTypi BIPOJOBXK OJHIE] TOMWHU, IPH

IIbOMY THCK BOJHIO B KaMepi 30uibiuBces Bij 2 MIla no 3 MIla B miporieci HarpiBaHHA. Y
JAHUX yMOBAaxX BHAJOCS 30UIBIIATA KUIBKICTh TOTJIMHYTOTO  BOJHIO

CIJIaBaMU
Ti19,82r34,8Mn43,3V2,1 Ta Tigzllzrlgngn42,0V7,0 pi (o) H/Me=1,54 Ta H/Me=1,40, BiI[HOBiI[HO.
[TopiBHIOIOYH BOJHEBY €MHICTH AJI BKa3aHUX CIUIaBiB, OTPUMaHy MpPH M SKHX yMOBax
rizpyBanHs (KiMHaTHa Temmneparypa ta Tuck 0,23 Mlla), Ta micas 3MiHH TepMOOAPUIHUX
napaMmeTpiB, BUTHO, 10 3pOCTaHHS KiIJIbKOCTI MOTJIMHYTOT'O BOJAHIO CTAHOBUTH Ha PiBHI 6 -
7 %. I3 oTpuMaHMX JaHUX MOXHA KOHCTaTyBaTH, IO JOCUTh M’SIKI YMOBH T1IpyBaHHS
(xiMHaTHa TemmepaTrypa, TUCK BojHio 0,23 MIla) MaloTh meBHY nepeBary 3 TOUKHU 30py
MPAKTUYHOTO BUKOPHUCTAHHS, OCKUIBKM JIMINE 3a JBaJUATh XBUJIUH 3a0€3MeUyIoTh
JIOCSITHEHHSI KOHIIEHTpallii BOJIHIO B MaTepialil, OJIU3bKOi JJO MAKCUMAJIbHOI.

JlecopOuis BomHIO y BakyyMi (mouaTtkosuii Tuck 4*107 Ila) 3 HacMYEHHMX BOXHEM
craBiB Tiig8Zr348MNa33V21 Ta Tisp1Z6189MN420V70 PO3NOUMHAETHCS BXKE TIPU KIMHATHIN
TEMIEpaTypl, aje MNpU TaKUX MapaMeTpax HpoLecy AecopOuii BIAETbCS BUAUINTU HE
Outbiie 2 % BiJ TOTIUHYTOI KUIBKOCTI Ta3y. [loHOBUTHM mpoliec BHAUICHHS BOJHIO
BJIA€THCS JIMIIE TIpU HarpiBaHHi y Bakyymi (puc. 6), MakcMMaiabHa IHTCHCHUBHICTh
necopOiii gocsiraetbest pu Temmepatypi 280 °C mns cmaBy Tisp1Zr189MnNgzoV70 Ta 300
°C miist Ti198Zr348MnNy33V2 1, a mpu Temnepatypi 400 °C ta 450 °C nporiec 3aBepIIyeThCs.

24000

22000 - 280 °C !{. 300°C Pucynok 6 — Temneparypna
20000 - S '._. 3aJICKHICTH IHTCHCUBHOCTI
§18000{ ?\ '°°.,“/a BUILICHHS BOJIHIO 3
516000 - ! ' '.. HaBOJHEHMX CIUIABIB MPH iX
2514000 ] :. 3 Harp_iBaHHi y BaKyyMi:
512000 F a1 a— Tl98Zr3,8MNa3 V2 1,
Eloooo . .,-'.. 6 '-.. 0 — Ti321Zr189Mn420V70.
= 8000 : ‘ % .
£ 6000 i \ \ Tosicuun  pisumo B
4000 4 TeMmIleparypax MaKCHMaJbHOI
2000 - IHTEHCUBHOCTI  JiecopOIii  Ta
0 : : ,

== 3aBCPUICHHS IFOTO  HPOLECY
400 450 500 I JOCJIJPKYBaHMX CILIABIB

MOXHa PI3HOK KIJBKICTIO B

T — T " — T "
0 50 100 150 200 250 300 350
T, °C

HUX JIOCUTh CTIHKOTrO O-T1APUJIy 3 BUCOKOIO TeMIiepatrypoto aecopOiii (0auszsko 350 °C),
oTpuMmaHoro HacuueHHsIM OLIK-TBep10ro po3urHy BOJHEM.

Jns crnaBiB TijgsZr3agMnassVa1 Ta Tisp1ZrsoMngzoV7o 30epiraeThess BU3HAUCHA
3aKOHOMIPHICTh, IO APYTUH IUKI COpOIlli BiOYyBAETHCS MPH KIMHATHIM TeMIiepaTypi 1
abcomoTHOMY THCKY BosiHIO 0,21 MITa 63 momiTHOTO 1HKYOAIIHHOTO TIEePioy.

PesynpraT gocnmimxkeHs craBiB cuctem Ti-Zr-Mn Tta Ti-Zr-Mn-V  noBenu
MEPCIEKTUBHICTh HAMPSMKY CTBOPEHHS MaTepiajiB - COpPOEHTIB BOJHIO Ha OCHOBI
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rerepoasHuX CIUIaBIiB 31 CTPYKTYPOIO 1HTEpMeTaniay Ta cmiBicHytoyoro 3 Hum OLIK-
TBepJioro po3uuHy. Kpim Toro, s rerepod)asHUX CIUIaBIB ITOBHICTIO ITITBEPKEHO
CIPaBEUIUBICTh KOHIIEMIT BUOOPY JEryBaJIbHOTO €JIEMEHTY, 3allpOINOHOBaHY IS
onHOo(a3HUX CIUIaBiB Ha OCHOBI (ha3u JlaBeca, 1110/10 KOPUCHOTO BILIMBY Ha ITiABUIIECHHS
BOJHEBOI €MHOCTI €JIE€MEHTIB, sIKI aKTUBHO B3a€MOJIIOTH 3 BOJHEM, Ta YaCTKOBOI 3aMIHH
HUMU MapTraHIlio, SIKAA 3 BOJHEM HE B3a€EMO]IIE.

VY BCIX BHUIIEOMUCAHUX OCTIIKEHHAX oOpaHi mjs 3amimieHas enementa (V, Cr)
Maiu OLIBIIUKA ATOMHUN pajilyC Ta 3/1aTHI YTBOPIOBATU CTIHKY XIMIUHY CIIOJIYKY 3 BOJHEM,
HIXK €JIeMEHT KU BOHM 3aMIlllyBaJid. 3 METOIO IOBEACHHS, 1110 caMe 30UIbIIeHHS 00'eMy
eJIeMeHTapHoi KoMipku ¢a3u JlaBeca MpuU3BOAUTH A0 IMOM SIKIICHHS YMOB TiJpyBaHHs 0€3
CYTTEBOTO TIOTIPIICHHS KIHETHKW BHIUICHHS BOJHIO, B CIUIaBax cucTeMH [i-Zr-Mn
MIPOBEJICHO MOBHY 3aMiHY IIUPKOHIIO Ha 3aJ1i30.

OcoOmuBicTio cuctemu Ti-Fe-Mn € Te, mo ans akyMmyJIrOBaHHS BOJIHIO B Hiil
MOXXYTh BUKOPHCTOBYBATHCA JiBa iHTepMeTaniu, Tumy AB Ta tuny AB; (da3a JlaBeca).
Tomy mis mocmimkeHHs: oOpaHo Tpu ckiaamu ciutaBiB (Tis72Fez; 2Mngie, TissFenMngs Ta
TisiFe1sMnsg), cTpykTypa sSKHX cKiafanacs 3 Pi3HUX IHTEPMETAIIIB Ta CIiBICHYIOUOTIO
OLK-TBepioro po3uuHy, MO JO3BOJIAIO BCTAHOBUTH BILUIMB 3MIHHM THUITY IHTEpMETAJILY
Ha BOJITHEBOCOPOIIIHHI BIaCTUBOCTI.

dazoBuit ckiaam cmaaBy Tis72Fe€12Mnge Hesade:xkHo Big crany (nuTuii abo
Bigmanenuid npu temmeparypi 1000 °C) wmictur intepmeranin tumy AB Ti(Fe,Mn) 3
KyOI4HOIO IpaTKOI0 MpocTopoBoi rpynu Pm-3m (cumBon [lipcony CP2, ctpykTypHuUil TUI
CsCl) Ta mapametpamu enementapHoi komipku a=0,3017+0,0009 (am), a Ttakox OIL[K-
TBEPAUW PpO3YMH 3 TapaMmerpam eneMeHTapHoi komipku a=0,3146+0,0009 (aMm).
[TapameTpu KpUCTaIIYHUX IpaToK (a3 B Mexkax MOXMOKM BUMIPIOBAHHS ISl JIMTOTO Ta
BIJIMAJIEHOTO CTaHy cCHiBOaaaiu. B nuTomy craHi kinbkicTh 1HTepMmeTaniay Ti(Fe,Mn)
ckianana 76,03 %, a OLIK-tBepmoro po3unny 23,97 %. Bignan 3MiHIO€ CHIBBIHOIICHHS
kutbkocTi (a3, BMicT intepMmeraniay Ti(Fe,Mn) 3poctae no 78,10 %, a OLIK-TBepmoro
po3unHy 3MeHIyeTbest 10 21,90 %.

[TopiBusinHa mapameTpiB Kpuctamiuaux rpatok OILIK-tBepmoro posuuny s
CILIaBY Ti4ZZr24,3I\/In33,7 (a20,3344i0,0009 HM) Ta U1 CIJIaBY Ti57,2Fe21,2Mn21,6
(@=0,3146+0,0009 M) moBeIO, 110 MOBHA 3aMiHa IMPKOHIO (aToMHUi pamiyc 0,160 HM)
Ha 3a7i30 (aToMmHMit pagiyc 0,126 HM) Beje 10 3MEHIIIEHHS TTapaMeTPiB IPATKH.

Ha BigMiHy BiJ paHile JOCIiIKEHUX TPy cruiaBiB cucteM Ti-Zr-Mn ta Ti-Zr-Mn-
V), cmnaB TiszoFez sMngie, sikuii 3amicth iHTepMertaniny tumy AB; (¢asa JlaBeca)
MICTUTh IHTepMeTanig Tunmy AB, He IEeMOHCTpye TOTJMHAHHS BOJHIO TIPH THX JKE
TepMoOapUYHUX yMOBax (KiMHaTHa Temmepatypa, THCK BoaHio 0,6 MIla). [TornmuunauHs
BOJIHIO, HE3aJICKHO BiJl BUX1IHOTO CTaHy, OYyJi0 3apikcOoBaHO JIMIIE B MPOLIEC] HarpiBaHHS
npu ~ 500+10 °C (puc. 7) 1 BHOPOJOBXK 1300apHO-130TEPMIYHOT BUTPUMKHU TIPH
temneparypax 510-540 °C npu 3a3Ha4E€HOMY THUCKY.

[Ipu mocsrHeHHI crilaBOM KoHIeHTpailii Boaaio ~ H/Me=0,24 y nutoMy ctaHi Ta ~
H/Me=0,1 y BignajgeHoMY, MpoIeC MOTIMHAHHS 3yMUHSAETHCS, OJTHAK MOTJIMHAHHS BOHIO
BITHOBITIOETHCA Tipu oxoJokenHi Hux4de 200 °C. Ilpu kiMHaTHIN TeMmmepaTypi Ta TUCKY
BoaH0 0,6 MIla BoagHeBa eMHICTh 178 ciiaBy ctaHoBUTh H/Me=1,24 y nutomy craHi Ta
H/Me=1,07 y BianaseHoMy. 3HWXEHHsS 3arajbHOi KIUIBKOCTI MOTJMHYTOTO BOJHIO
CIUIaBOM Y BIAMaJiEHOMY CTaHl MOB’s3aHe 31 3MeHHIeHHsIM KinbkocTi OLIK-TBepmoro
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po3unHy. Jlns mgaHoOTO CIUIaBy y JMTOMY Ta BIINMaJ€HOMY CTaHaX 30epiraerbcs
BCTAHOBIICHA 3aKOHOMIpHICTh, IO HACHYCHHS BOJHEM IMPHU3BOAWTH [0 PYyWHYBaHHS
MOHOJIITHOTO 3pa3ka J0 CTaHy MOpPOIIKY, IMPH IIbOMY YTBOPIOIOTHCS TiIBKU TiIPHINA Ha
OCHOBI BUX1JIHUX (a3.

Pucynox 7 — 3miHa THCKY BOJIHIO B
0,614 500 °C y .3 y. I[
1 peakTopi B 3aJIEAKHOCTI Bij
0,612 -

] TEeMIIepaTypH MPH MEepUIOMY
0,610 riIpyBaHHI cIiaBy T is7.2F€212MNyy 6.
0,608 v g

< o,
§0606_ R 3 orasay Ha TeMIeparypy
’ o e
. 1 /0. MOYaTKy AaKTUBHOTO TOTJIMHAHHS
A< 0,604 o .
0.602 1 /.// g BOJHIO CIIJIaBOM T|57,2Fe21,2Mn21,6

] o (HEe3aJIe’)KHO BiJ BUXIJTHOTO CTaHY)
0,600 1 /./ P MOXHa CTBEpIKYBaTH, IO IPOLEC
0,598+ ¢* .~ TiIpyBaHHS ~ PO3MOYMHAETHCA  HA

] °
0,596 — , , kpucranax OLK-TBepmoro po3unny,
0 100 200 300 400 300 600 ockinpku OLIK-TBEpIl pO3UMHU Ha
T.°C OCHOBI TUTaHy aKTUBHO

B3a€EMO/IIIOTH 3 BOJHEM caMme B iHTepBaili Temiepatyp 400-600 °C.

Hns cruiaBy TiszoFes; 2Mng g (He3amexHo BiJ BUXIJHOTO CTaHy), Ha BIJAMIHY Bij
rerepodasuux criaBiB Ti-Zr-Mn ta Ti-Zr-Mn-V, Bnmaetscs Buaiuta g0 60 % Big
3arajibHOi KIJIBKOCT1 MOTJIMHYTOTO BOAHIO 0€3 3acTOCYBaHHSI HArpiBy 3a paxyHOK
BaKyyMyBaHHsS peakTopa. JlJif JaHOTO CIUIaBy TaKOX CIIpaBeJiiBa 3aKOHOMIPHICTH
MPUCKOPEHOT0 HACHYEHHS BOJHEM B JAPYroMy LMKl copOuii, KMl BiAOyBaeTbCs NpH
KIMHATHIA Temmeparypi Ta alcoioTHOMy TucKy BoaHio 0,21 MIla 6e3 momiTHOro
1HKyOaIlifHOTO TIepioAy.

TakuM YMHOM, TIOBHA 3aMiHa IIMPKOHIIO Ha 3ali30, sfKa BeAC 10 3aMiHU
iHTepmetaniny tuny AB; (¢pa3za JlaBeca) Ha Tunm AB, mpusBena 10 MOTIPIICHHS
BOJHEBOCOPOIIINHUX BIACTUBOCTEH, IO MPOSABISETHCS B HEMOXKIMBOCTI MPOBEICHHS
NEPIIOrO TiPYyBaHHS MPU M’ SIKUX TepMoOapuyHUX ymoBax. KpiM TOro, jeryBaHHA
3aJ1130M TPU3BOAMTH JI0 3MEHIIECHHS TapameTpy kKpucrtaiiunoi rpatku OILIK-TBepmoro
pO34MHY, 1, BIAMOBIAHO, JO 3MEHIIEHHSA pajaiycy MDKBY3nmiB. lle miaTBepmkye
3aMpoONOHOBAaHY B PO3JAUI 3 i€, 10 MPU BUOOP1 €IEMEHTY ISl JIETyBaHHS, MOTPIOHO
KEepyBaTHUCS KOr0 aTOMHUM PaJlyCcoOM Ta 3/IaTHICTIO YTBOPIOBATHU 3 BOJIHEM CTIMKY XIMIUHY
CTIOJTYKY.

J{ns moBeneHHs, 10 came 30UIbIIeHHS 00'eMy eleMeHTapHo1 KoMipku (a3u JlaBeca
OPU3BOAUTH JI0 TOM SIKIIEHHS YMOB TipYBaHHS 0€3 CYTTEBOrO MOTIPIICHHS KIHETHKHU
BUJUICHHS BOJIHIO, BUKOPHCTAHO cIiaBu |lIssFexoMngs Ta TisiFeisMnss, y dasoBomy
CKJIaJIi SIKMX MPUCYTHI iHTepMeTanian tuny AB; (da3a JlaBeca tumy C14) ta Tumy AB, a
takoxx OLIK-TBepanii po3unH.

[TopiBHSIHHS 00’ €MIB €JIEMEHTAPHOT KOMIPKH Ta PalyciB TETPACIPUIHUX MI>KBY3IIIB
(puc. 8) dasu JlaBeca mis criaBy Tis2Zr243MnN337 Ta crutaBiB TisaFexoMngs 1 TisiFeisMnss,
a Takox OiHapHOT crosiykd TiIMn, (BiAMOBigHI JaHi B3ATI 3 JiTepaTypH), MiITBEPIUIO
3po0JeHMit paHille BUCHOBOK, 1110 TIOBHA 3aMiHa €JIEMEHTY 3 OUIbIINM aTOMHHUM PajlycoM
Ha CJIEMEHT 3 MeHIMM pajiycom (TtooTo, mupkoniro (0,160 HM) Ha 3amzo (0,126 HM))
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OY1KYBaHO MPU3BOJUTH 10 3MEHIIICHHS BIAMOBITHUX MMapaMeTPiB KPUCTATIUHOT IPATKHU, 10
HEeraTHBHO BIUIMHE HA BOJIHEBY €EMHICTb JaHOI (pa3u Ta CILIaBy B I[LIOMY.

06'em enemeHTapHOT KOMipKK dasu Papiyc TeTpaegpuyHOro mixkBysnsa
Naseca, A3 dasm Naseca, A

194,2 0,385
167,3 0366 0,365 0,363

200 168 164
0 0,3
1 2 3 4 1 2 3 4

Pucynoxk 8 — O0'emu eneMeHTapHOT KOMIPKH Ta PaJiyCH TETPacAPUIHOTO MIKBY3JI haszu
JlaBeca niis cruiasiB: 1 - Ti4ZZr24,3Mn33,7; 2 - Ti51FelgMn36; 3- Ti54Fe20Mn26; 4 - Tian.

Ockinbku (ha3u, CHiBICHYIOUl B CILJIaBax, BIIPI3HAIOTHCS 3a BOJHEBOIO €MHICTIO Ta
KIHETHKOIO TMPOIIECiB copOiii-necopOiiii, iX B3a€MHa KUIBKICTh CYTTEBO BIUIMBA€ Ha
BIJITIOBITHI XapaKTePUCTUKUA KOXKHOTO cruiaBy B misiomy. CrutaB TissFexMngs ckiagaBes 3
70,7 % (3a o6’emom) intepmetaniay Ti(Fe,Mn), sikuii OyB ocHOBHOWO (azoro, 9,2%
iaTepmeraniny Ti(Fe,Mn), (dhaza JlaBeca) Ta 20,1% OLIK-TBepaoro pozuuny. s cruiaBy
TisiFeisMngs HaBmaku, 00’emHa gois iHTepMmetamiay Ti(Fe,Mn) ckimana mume 6,1 %,
OCHOBHOIO (pa3oro Oyina ¢aza JlaBeca (68,8 %) npu 25,1 % OLIK-dazu. [Tnoma oxpemux
CTPYKTYPHHX CKJIaJI0BUX IHTEpMETalimy cTanoBUTh 450...1200 Mxm2.

OOujBa criaBu HE MOTJIMHAIOTH BOJICHb MPU KIMHATHINA TeMrmeparypi Ta TUCKy 0,6
MIlla HaBITh HOpU TpPUBAIMX BUTPUMKaX A0 48 roamH. MoKHa NPUITYCTUTH, WO
BIJICYTHICTh IOTJIMHAHHS BOJHIO MPHU KIMHATHIM TemmepaTypi mas ciiaBy T issFexoMngs,
IIpY TepIIOMY T1pYBaHHI OB’ si3aHa 3 Moo KUIbKIicTIO (pa3u JlaBeca (10 10 %) y ckmani
crnaBy. IIpore, y crmaBi TisiFeisMnss, ne ¢asa JlaBeca € ocHOBOIO, 1 TIOIIA TTOBEPXHI
KPHUCTAJIITIB KOPEITIOE 3 BIAMOBIAHMMH JaHUMH /I reTepoa3sHuX CIUIaBiB cucteMu Ti-Zr-
Mn-V (450...1500 mMxM?), aKTUBallis MOBEPXHi 3pa3ka HPH M SIKHX yMOBAaX TaKOXK HE
BiI0yJlach, 1 MOTJIMHAHHS BOJHIO Oyio 3adiKCOBAaHO JIMINE MPU HArpiBaHHI. 3HUKEHHS
KaTaiTu4yHoi 31aTHocTi a3u JlaBeca B cuctemi Ti-Fe-Mn, y nopiBHsiHHI 3 (pa3oro JlaBeca
B cucremax Ti-Zr-Mn ta Ti-Zr-Mn-V, nosicHioeTbcsl, o-nepiie, 3MEHIIEHHIM 00'eMy i
eJIeMEHTapHOI KOMIpKH Ha 15%, 1 BIAMOBIAHO, pajlyCy T€TpaeaIpuIHOrO MIkBY3Jsa Ha 5%
(puc. 8), a mo-apyre, 6ap’epHUM BIUTMBOM MOBEPXHEBUX OKCHIHUX MUIBOK TiO; Ta Fe,O3
(3TiHO 3 TITEPaTypPHUMU JTAHUMH).

[Iporiec moraMHAHHS BOJHIO JAHWUMH CIUTABAMHU aKTUBYETHCS JIMIIIC TIPH HarpiBaHHI
(Temneparypa Mo4yaTKy IHTEHCUBHOTO MOTJIMHAHHS BOJHIO MPU NEPIIOMY T1IPYBAHHI JJIs
criaBy TisqsFexMngs cranoButs ~ 450 °C, a mia crumaBy TisiFei;sMngs ~ 340 °C). Taki
TEeMIIepaTypHI YMOBH CBiT4aTh MPO KIIOUOBY poib KpuctaniB OLIK-tBepmoro po3unny B
npoiieci copOuiii. Konnentpariis nmornmunytoro BogHio gocsrae ~ H/Me=0,18 s crimaBy
TisaFexoMngs 1 ~ H/Me=0,36 nmnst TisiFeisMnsg. BigHoBIIeHHS Tpoiiecy MOTJIHHAHHS
BOJIHIO CIUIaBaMHU CIIOCTEPIraeThCs MPH HACTYMHOMY oXoJyiojkeHH1 Huxkue 150 °C, mo
MOB’S13aHO 3 BKJIFOYEHHSM 1HTEpMETATiIB B el mpornec. [Ipu kiMHaTHIN TemmepaTypi Ta
tucky BoaHio 0,6 MIla BogneBa emHicTh ctanoBUTh H/Me=1,07 misa criaBy TissFeMngs
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ta H/Me=1,0 nns Tis;FeisMngs. Taka KiTbKICTh MTOTJIMHYTOTO BOJIHIO JUIS TOCITIHKYBaHUX
CILIaBIB € CYTTEBO HIDKYOIO, HIK 11 criaBy Ti42Zr243Mnss7 (H/Me=1,36). Ile nmoB’s3aHo
31 3HWKEHHSIM TpU JIETYBaHHI 3aJli30M 3arajibHOi KUIBKOCTI KOMIIOHEHTIB, 3/IaTHUX
B3aEMOJISATA 3 BoJHeM, Bifg 66,3 ar.% nmo 51 ar.%, a Tako 31 3MEHIICHHSIM 00’ €My
ejeMeHTapHoi KoMipku (a3u JlaBeca Ha 15%.

BuzHaueHi 3aKOHOMIPHOCTI JUIsl BCIX PO3TJISSHYTHX BHINE TPYH CIJIaBiB CTOCOBHO
TOTO, IO T1JIpyBaHHS MPU3BOJUTH 10 PYHHYBaHHS MOHOJIITHOTO 3pa3Ka, a TaKoX, IO MPH
B3a€EMO/IIi YTBOPIOIOTHCS TIAPUAM TUTHKM HA OCHOBI BUXITHUX (a3, 30epiraroTbes 1 Jis
JTaHUX CILUIABIB.

[Tportec mecopOrtii BoaHO st cruiaBiB TissFe0Mngs Ta TisiFe13sMnss, mae cxoxuit
XapakTep 13 BIAMOBITHUM MPOIECOM A CIutaBy TiszoF€212MNoi6, HE3BaXKatoun Ha
PI3HUIIIO Y CTPYKTYpi Ta pazoBomy ckiaai. Kpim Toro, npyruit muki copOiiii BOIHIO, K 1
JUTS BCIX paHillie pO3TJsSIHYTUX TPYII CIIaBIB, BiI0yBa€eThCA MPU KIMHATHIN TeMIeparypi Ta
abcomoTHOMY TUCKY BOJIHIO 0,21 MITa 6e3 momMiTHOTO 1HKYOAI[ifHOTO TIEPioy .

B manomy po3aisii Ha nmpukiaai rerepodasHux cruiaBiB cuctemu Ti-Zr-Mn-V Oyio
MIITBEP/PKEHO 1/1€10, 3aMpOIIOHOBaHY sl oqHOGa3HUX CIUIaBiB Ha OCHOBI ¢a3u JlaBeca
(po3min 3), M0 YacTKOBa 3aMiHa KOMIIOHEHTa CIUIaBY, KMl HE B3a€EMOJIE€ 3 BOJHEM
(Maprasiiro), Ha €JeMEHT, 110 3/JaT€H YTBOPIOBATH CTIMKY XIMIYHY CIOJIYKY 3 BOJHEM Ta
Mae OUTBIINKA aTOMHUM pajilyc (BaHAii) € KOPUCHUM JIJIsi 30LTBIIICHHS 3arajJbHOT BOJHEBOL
emHocTi. Ha mnpukmami rerepodasHux cmiaBiB cuctemMu Ti-Fe-Mn Oymno moBeneHo
3BOPOTHY TEHJICHLIIO, 13 3aMIHOIO T1IPHI0YTBOPIOIOYOrO KOMIIOHEHTY (LMPKOHIIO) Ha
€JIEMEHT, II0 HE B3a€EMOJIE 3 BOJHEM Ta Ma€ MEHUIMI aTOMHUU pajiyc (3aii30).
3MeHIIeHHsT 00’e€My €JeMEHTapHOi KOMIPKH 1, BIANOBIAHO pajlyCy TETpaeIpUYHOIO
MDKBY3JI, @ TaKOX CHIBBIAHOWIEHHS MK TIAPUIOYTBOPIOIOUMM Ta HEYTBOPIOIOYHUM
KOMIIOHEHTOM, 3HW)XY€ 3arajlbHy BOJHEBY €MHICTb Ta MOTIPIIY€E BOJHEBOCOPOLIHI
BJIACTUBOCTI CIUIaBIB, pPOOJIAYM HEMOXJIMBUM iX HACUYEHHS BOJHEM IpU KIMHATHIN
TemriepaTtypi Ta Tucky 0,6 Mlla.

Y m’saTomy po3aisi po3rissHyTO 1HIIHMK KjIac MEPCIEKTUBHUX MaTepiajiB COpPOCHTIB
BOJHIO, TeTepodasHux ciiaBiB Ha ocHoBi OLIK-tBepmoro posuuny. JlochimkeHo, sK
BBEJICHHSI Y CIUIaB €JIEMEHTY 3 TeMIIEPaTypoOlO MJIABJICHHS, BHUIIOIO 32 OCHOBHI €JIEMEHTU
CIUIaBY, BIUIMBA€E HA TeMIiepaTypu (pa3oBuX MepeTBOPEHb, a BIAMOBIAHO, 1 HA TEXHOJIOTIYHI
YMOBH OTPUMAaHHS CILJIaBiB.

Ha mpukmami pocmimkyBaHux cruiaBiB Ha ocHOBI OLIK-TBepmoro po3umny s
y3araJIbHCHHS 3alPOTIOHOBAHUX KPUTEPiiB BHOOPY JIETYBAIBHUX CIIEMEHTIB PO3TIISTHYTO
pi3Hi BapianTh JeryBaHHs. [loka3zaHo, 110 B OKpeMHX BHUIIaJKaX BBEJICHHS Yy CILUIaB
€JIEMEHTY, 3/1aTHOTO B3a€EMO/IISITH 3 BOJHEM, Ta 3 aTOMHHUM PajlyCoOM, 3HAYHO OLJIBIIUM 32
BIJIMTOBITHUI TIapaMeTp OCHOBHHUX KOMITOHEHTIB CILJIaBy, MOJKE, HABITAKH, HETATHBHO
BIUIMHYTH SIK Ha BOJHEBY €MHICTH CILJIaBy, TaK 1 Ha KIHETUYHI MapameTpu MpoOILeciB
copOmii-necopOIiii BOJHIO, Ta BHU3HAUYEHO JOJATKOBUNM KpUTEPiM, 110 BU3HAYAE IIi
XapaKTEPUCTHUKHU.

3a ocHOBY Oysi0 B3ATO CIUTaB Tl475Zr30MNg2s, CTPYKTYpa SIKOTO CKIQJa€ThCs 3
OLK-tBepmoro posumny, inTtepmetamiay tumy AB; (dasa JlaBeca), Ta HeBemukoi
KUIBKOCT1 ® - (a3u, B kUil OyJ0 BBEICHO BaHAJINA y PI3HUX KUIBKOCTSX, 13 3aMIMIEHHSIM
BaHaJlEM PI3HUX KOMIOHEHTIB cIuiaBy. [lo-mepiie, 3 METOI0 MEepEeBIPKU 3apPONOHOBAHUX
KpUTEpiiB BHOOPY JIeTyBaJbHUX €JIEMEHTIB, OyJI0O 3aMIHEHO OKpPEMO MapraHellb Ha
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BaHAJIN, 10 Ma€ OUTHIIMK ATOMHHM pPajiyC 1 aKTUBHO B3a€MOJIE 3 BOJHEM, a TAKOX,
OKpeMO —THUTaH ab0 IMUPKOHINA (1[0 MarOTh OUIBIIMN aTOMHUH paniyc) Ha BaHajii. [Ipu
IIbOMY BaHaJil BBOAWIM Y KUIbKOCTI 2 Ta 5 ar.% (tabn. 2 cruiasu 1-6). Ilo-apyre, npu
BBezicHHI 7 Ta 10 ar.%. BaHaAiI0 BiH 3aMilllyBaB OJ[pa3y yCi KOMIIOHCHTH CILIaBy (Tadi. 2
crutaBu 7-8). Bubip xonieHrtparii Banaaito 7 ta 10 at.% MOTHBOBaHMIA HOrO PO3IOALIOM
MIXK CHIBICHYIOUMMHU (ha30BUMHU CKJIQJ0OBUMH, OCKUIbKM BaxiuBo otpumatru B OLIK-
TBEPJIOMY PO3YMHI KOHIICHTPAIIlI0 BaHa/I1l0 Ha piBHI BiJ 2 10 5 aT.%. BBenenHs OuIbmIoq
KUIBKOCT1 BaHaMil0 y ciuiaBu 7 Ta 8§ OyJio 3p0o0JIeHO, 00 KOMIICHCYBATH MPOTHIICIKHI
TEHJCHIII 10 3MEHIIECHHS pajiyCy TeTpaeApUYHUX MDKBY3TIB (MpU 3aMiHI TUTaHy Ta
IIUPKOHII0 BaHATIEM), Ta HOTO 301IBIICHHS (IPU 3aMiHI MapTaHITIO BAaHATIIEM).

Tabmus 2 — HominanbHui CKIaa JOCTIPKYBAaHUX CIIJIaBiB
Ckiaj crijiaBiB
Crnas ar. % Mmac. %

Ti Zr Mn Ti Zr Mn \Y
47,5 30 20,5 36,45 | 43,86 | 18,05 1,64
47,5 28 22,5 36,88 | 41,42 | 20,05 1,65
45,5 30 22,5 34,84 | 43,76 | 19,77 1,63
47,5 30 17,5 36,52 | 43,95 | 1544 | 4,09
47,5 25 22,5 37,62 | 37,72 | 2045 | 4,21
42,5 30 22,5 32,49 | 43,70 | 19,74 | 4,07

44,18 | 27,90 | 20,93 34,30 | 41,27 | 18,65 | 5,78
42,75 | 27,00 | 20,25 33,38 | 40,17 | 18,14 | 8,31

BiNjajalainviv i<

OINOOOTBAWIN -

MeTonoM peHTreHiBChKOTro (ha30BOro aHajily BCTAHOBJIECHO, IO CIJIaBU B SIKUX
OyJ10 MPOBEJEHO YACTKOBY 3aMiHY ITMPKOHII0 a00 TUTaHY Ha BaHAJIH, K 1 BUX1THUN CIIJIaB
Tis75Zr30Mn22 5 y TuTOMy cTaHi, € Tpua3HUMH, BCI 1HIIN CIUIABU € TBO(Pa3HUMH.

ba3zyrounch Ha JaHUX PEHTI€HIBCHKOIrO (Da30BOro aHamizy AJisd JaHUX CIUIaBiB OYyJio
po3paxoBaHo 00'eM enemMeHTapHOT KoMipku ¢asu JlaBeca (mo cknagae 197 - 200 A®) ta
paniyc TerpaeapuuHoro MixkBy3is (0,385-0,387 A). IlopiHIoOuUM OTpUMaHi JaHi 3
BIJMIOBITHUMH ISl BUXITHOTO CIIaBY Tl475Zr30MnNgs (00'eM enemeHTapHOi KOMipku 202
A3, a paniyc mixsy3ns 0,388 A) BcraHOBIEHO, 110 JeTyBaHHS BaHAIIEM, HE3AIEKHO BiJ
TOrO, B fAKIA KUIBKOCTI BiH BBOJHMBCS Ta SKI €JIEMEHTH 3aMilllyBaB, MPHU3BEIO 10
3MEHIIIEHHS BIJIMOBIIHUX NapameTpiB. st cruiaBiB, B IKMX BaHAA1M 3aMiHIOBaB OLIblIl 3a
po3MipaMu aTOMHU TUTaHy a00 IUPKOHIIO, 3HUKEHHS 3a3HAYCHUX IMapaMeTpiB BiAOyI0Ch
OUiKyBaHO. Y CIIJIaBax, B SKMX BaHa/AIM 3aMilliaB oOjpa3y BCli KOMIIOHEHTH, HE BIAJIOCS
KOMIICHCYBAaTH BIJMOBIJHE 3MEHIICHHS IMapaMeTpiB MpU 3aMiHI TUTaHy Ta IUPKOHIIO
MPOTWICKHUM e(EeKTOM NP 3aMiHI MapTaHITIO BaHATIEM.

[Tnoma 1HAMBIAYaNbHUX 3€PEH CHIBICHYIOUUX (ha3 B CILIaBax, JISTOBAaHUX BAHAJIEM,
cKkIamae 2+8 MKM?, IO OIM3bKO IO MOKA3HMKA BHXIJHOTO CILIABY Tiz75Zr30Mnyys, ane
JIETYBaHHS BaHAJIEM 3MIHIOE CIHIBBIJHOIICHHS 00 €MHOI J0J1 (a3, sKe Jisg BUXITHOIO
craBy cknanae Vy/Vp 0,487/0,513. [lns cruiaBiB, B SIKMX BaHaMil 3aMiHIOBAaB THUTaH Ta
IUPKOHIN, CHiBBIAHOIIEHHS 00’€MHOT a071 ¢da3 He 3MIHWUIIOCH, MPHU 3aMiHI MapraHITIo
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3pocina o6’emHa mons OLIK-tBepmoro po3umny Ha 3-4%, Tomi SIK B IHINMX CILJIaBax,
HaBIIaKH, 3MEHILNJIACh.

s Toro, mo6 miATBEPAUTH MO3UTHUBHUM BILUIMB MOIMEPEIHBbOI TEPMIYHOI 0OpOOKH
Ha BOJIHEBOCOPOIIIMHI BJIACTUBOCTI, JMOCHIIKyBaHl criaBu Ha ocHoBl OLK-TBepmoro
pPO34MHY, SIK 1 TeTepodasHi CIJIaBU Ha OCHOBI 1IHTepMeTaniay (po3ain 4), Oynu BianaieHi.
Bcranosneno, mo mioma 3eped chiBicHyrounx ¢a3 micas 30 roadH Bignainy MpH
temmnepatypi 900 °C 3pocia 3 2+8 MKM? 114 cIUIaBiB B tMTOMYy cTaHi (puc. 9 a) no 80+320
MKM? TicJist TepMiuHOi 06po0Oku (puc. 9 6) (IpeacTaBicHa MIKPOCTPYKTYpA € THIOBOKO IS
naHoi Tpynu cmiiaBiB). Takox [ BCIX CIUIaBIB B MpoIleci BiAnamdy BigOyBcs
Mepepo3Nno/IiJI KOMIIOHEHTIB, B pe3yJibTaTi 4yoro 06’emMHa gois ¢aszu JlaBeca 3poctae Ha
3+4 %, a OLIK-TBepmoro po3urHy 3HHKYETHCS Ha BIJMIOBIIHY BEJIMUHHY.

g -

Pucynok 9 — MikpocTpyKTypa cIiaBy
Tis75Zr28Mn22 5V, y Tutomy (@) Ta BiaHaJeHOMY
(0) cTanax.

OxpiM 3MiHU (ha30BOTO CKJIQAy CIUIaBY
Tig75Zr30Mnyy 5 Ta CHiBBIZHOIIEHHS 00’ €MHHUX
gacToK a3 Mpu JIETYBaHHI BaHAIIEM, TAKOX
Oy70 BH3HAYCHO BAXUIMBI I TPAKTHYHOTO
BUKOPUCTAHHS TeMITepaTypu dazoBux

nmepexoiB. BcTaHOBIEHO, MO0 HE3AIEKHO Bif
KIJIBKOCTI BaHajilo B Mexax Big 2 m1o 10 at.%,
JUISL  BCIX JIOCHIDKEHUX CIUIaBIB JIETYBaHHS
MPU3BOJUTh JIO TMIJBHUINCHHS TEMIEpaTypu
mwiaBneHHs Ha 10-55 °C y mnopiBHSHHI 3
BUXITHUM CIUIaBOM Tlg75Zr30Mngzs (1050 °C).
[le mosicHIOE€ThCSI 3MEHIIIEHHSIM B CKJIA/Il CTIJIaBIB
BMICTY BiZHOCHO JjerkoruiaBkoro (1246 °C)
Maprasiro. BpaxoBylouun BHCOKY 3JaTHICTh
L ES Maprafiio /10 BUMApOBYBAaHHS TPH TEPEIUIaBi,
Crue M ' uyacTKOBAa 3aMiHA MapraHIIO HA EJIEMEHT i3
BUILOI0 TEMIIEPATypOIO IUIaBIEHHs (ONM3bKY 1O TEeMIepaTypd IUIABJICHHS 1HIIMX
KOMIIOHEHTIB) CHOpUsIE CHPOIICHHIO TEXHOJOTIYHMX YMOB OTpPHUMAaHHS  CILUIaBY,
MOKPAIIEHHIO OAHOPIAHOCTI CTPYKTypH Ta TMOJETHICHOMY MJOCATHEHHIO 3a/IaHOTO
XIMIYHOTO CKJIady 3JIUBKY.
Ha nocnmimpkyBanux crutaBax (Ta0i. 2) mokasaHo, 110 JISTYBaHHS BaHAIi€M MPU3BEIIO0
70 3MEHIIeHHsS 00’eMy eneMeHTapHOoi komipku (asu JlaBeca, 1, sSIK HACHIIOK, pajiycy
TEeTpacAPUYHUX MIKBY3JIB, OCKUIBKM Maie y BCIX CIUIaBaX BiH 3aMiHSIB KOMITOHEHT
OuIbIIOro po3Mipy (THTaH, IUPKOHIN). Buxoasum 3 1poro, Mo)kHa KOHCTaTyBaTH, IO
3aMpONOHOBAaHI y PO3AUI 3 KpUTEpii CTOCOBHO TOTO, IO MPU BUOOPI JIETYBAIHHOTO
€JIEMEHTY HEOOXIJHO KepyBaTHCs HOro aTOMHUM pajilycoM Ta 3JaTHICTIO YTBOPIOBATH
CTIAKY XIMIYHY CIIOJIYKY 3 BOJIHEM, TaKOXX MOXKYyTh OYTH 3aCTOCOBaHI 1 IS CILIaBiB Ha
ocHoBl OIIK-TBepi0ro po3unHy.
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JIJ1si KOPEeKTHOTO TOPIBHSHHS BOJHEBOCOPOIIMHMX BJIACTUBOCTEH TOCIIKYBAHHUX
cruiaBiB Ha ocHoBl OLIK-TBeporo po3umHy 3 pO3TIASHYTHMH BUIIE OJHO(PA3HUMH Ha
ocHOBI (a3u JlaBeca Ta rerepodasHuMu cruiaBamMu cuctem Ti-Zr-Mn Tta Ti-Zr-Mn-V,
npolec TiApyBaHHA MPOBOAMBCS MpU KiMHATHIM Temmeparypi Ta Ttucky 0,6 MIla.
ButpumMka npu BKazaHHMX MapaMmeTpax BIPOJOBXK 24 roAWH HE MpHU3BeNa J0 aKTHUBHOTO
NOTJIMHAHHS BOAHIO, JaHUI MpOIEC TOYWHABCS JIUILE TIPH MiABUIICHH] TEMIIEPaTypH.

BcraHoBieHo, 110 JieTyBaHHS BaHAJIEM JUIsl YCIX CIUIaBIB CHPHSE 3HMKEHHIO
TEeMIIepaTypyu TOYaTKy IHTEHCUBHOTO moriuHaHHSA 10 335-490 °C, B To# wac, AK s
BUXIJHOTO cIUiaBy Tis75Zr30MnNgs BoHa ctaHoBuTh 540 °C. BogHeBa €MHICTH CIUIaBIiB
ctaHoButh Ha piBHI H/Me=1,67-1,81. Otpumana Bka3zaHa TeMIlepaTypa IOYaTKy
aKTUBHOTO TiJ[pyBaHHSA CBIIYUTH, IO MpPOLEC PO3MOYMHAEThCA Ha Kpuctamax OIK-
TBEPAOTO PO3UUHY.

[TopiBHIOIOYM KUTBKICTH MOMIMHYTOT'O BOJHIO JJIS CILIABY T l475Zr30MN22s B3ITOTO
3a ocHoBy (H/Me ~ 1,64), Tta MoaudiKOBaHMX BaHAIIEM KOMIIO3MIIIH, MOXHA
CTBEp/KYBaTH, IO HE3BAXAIOYM HA 3HWKEHHS 00’€My eJeMEHTapHOi KOMIpKH, 1
BIJIMTOBITHO I[LOMY, PalyCy TETpacApUYHOTO MIKBY3JIA, Oy/Ab-sIKE JIETYBAHHS BaHAJ1€EM
PU3BOJUTH JI0 IMiABUIICHHS 3arajibHOi BOJHEBOI €MHOCTI. [le MOXKHA MOSICHUTH TUM, 1110
BiZIOYBAIOTbCS 3MIHM Yy XIMIYHOMY CKJIai CHiBiCHyro4uux (a3 (tabm. 3) (3HMKCHHS
KUIBKOCTI MapraHiffo, SKUH HE B3a€EMOJI€ 3 BOJHEM), a TaKOX 3MIHIOEThCSA 1
CHIBBIJHOIIEHHS MDK CHIBICHYIOUMMH (azamu. [Ipuyomy, BaXKJIUBUM € Te, 10 CYTTEBE
30UTbLIEHHS KUIBKOCTI HOTIMHYTOTO BOJHIO (5-10 %) BinOyBaeThcs y TUX BUNIAAKAX, KOJIU
TIAPUIOYTBOPIOIOUMI BaHaAll 3aMiHIOE MapraHenb B 000x (azax. OTpuMmaHi JaH1
MIATBEPAKYIOTh 3alIPONIOHOBAaHI KPUTEpli BUOOPY JIETYBaJIbHUX €JIEMEHTIB: MpU BHOOPI
€JIEMEHTY MOTPIOHO KepPyBaTUCS PO3MIPOM HMOro aTOMHOTO pajiiyca, a Tak0X 3AaTHICTIO
YTBOPIOBATHU CTIMKY XIMIYHY CIIOJYKY 3 BOJHIO.

Tabmui 3 — XiMIuyHUN CKJIaJ CHIBICHYIOYHX (a3

Cmias ckian das, = 0,03 at. %
OLK-tBepauii po3urH [aTepmeranin
Ti Zr | Mn | V Ti Zr Mn \%
Ti47,5Zr30Mn22,5 64,2 29,2 6,6 - 32,0 18,0 50,0 -

Tis75Zr28Mn225V> 708 | 223 | 50| 19 | 198 | 348 | 433 | 21

Ti42,52r30Mn22,5V5 65,1 26,9 5,1 2,9 28,3 23,7 42,9 5,1

Ti47,5Zr30Mn17,5V5 56,7 36,7 2,8 3,8 32,1 18,9 42,0 7,0
Ti44,182r27,gMn20,93V7 68,05 27,59 2,91 2,85 21,79 28,19 37,83 10,89
Tis75Z2r27Mng 25V | 67,93 | 27,08 | 3,78 | 4,62 | 21,43 | 26,93 | 34,20 | 14,56

BiAacyTHICTh aKTMBHOTO MOTJIMHAHHS BOJHIO crlaBamu Ha ocHoOBI OLIK-TBepmoro
po3unHy (Tabi. 2) mnpu KIMHATHIM Temmeparypi Oyja TOsSCHEHa HEA0CTaTHLOIO
aKTHUBAI[IEI0 TOBEPXHI KPUCTAJIB IHTEpMETaniqy, 00 AK OyJ0o BCTaHOBJIEHO, MPOLEC
copO1ii BOAHIO PO3MOYMHAETHCA MPHU KIMHATHIM TeMIiepaTypi caMe Ha Kpucraiax (asu
JlaBeca. Ockinbku rerepodasHi cruiaBu Ha ocHOBI (pa3u JlaBeca, siki aKTUBHO TOTJIMHAKOTH
BOJICHb MPHU KIMHATHIW TemmepaTypi (po3ain 4), Manu po3Mip KpUCTAIB IHTEPMETATITY
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450...1500 mMxm?, a crmasu Ha ocHoBi OLK-TBepmoro po3unny (Tadi. 2) MarOTh CYTTEBO
MEHIIy IUIOIIy MOBEPXHi iHJMBiTyalbHUX KpHMCTaNliB iHTepMeTamigy (2+8 mkm?), 6yio
3p00JICHO TIPUMYIIEHHS, 110 JUIsl aKTUBAIlil MPOIIECY MOTIMHAHHS BOJHIO MPU KIMHATHIN
TEeMITepaTypi MpH MEPIIOMY TiAPYBaHHI KPUTHYHUM € CaMe PO3MIpH 3€PEH 1HTepMETaTi Ty,
SIK1 KOHTAKTYIOTh 3 BOJTHEBOIO aTMOC(Eporo.
['imoTe3y Mm010 KPUTHUYHOTO BIUIMBY PO3MIPY KPHUCTANITIB I1HTEpMETaliay Ha
aKTUBALlII0 TOTJIMHAHHS BOAHIO TpPHU MEPIIOMY TiApyBaHHI MIATBEPIKEHO TPUBAIUM
BIITAJIOM JIUTUX CIUIAaBiB, MO 30UIBIIMIO po3Mipu (a30BUX CKIamoBuX. Jlms Bcix
Mo U(IKOBaHUX BaHaJieM ciiaBiB Ha ocHoBI OIIK-TBepmoro po3umny (Tabm. 2) micis
BiJIMIaJy, Ha BIAMIHY BIJ JIUTOIO CTaHy, MPOIEC AaKTUBHOIO TMOTJIMHAHHSA BOJHIO
B1IOyBaBCsl MpU KIMHATHIA TeMmmepaTypi Ta JOCUTh HM3bKoMy THCKY BojHio 0,6 MIla.
Otpumani pe3yiabTaTH T03BOJSIOTh CTBEPAXKYBATH, 1110 AKTUBALIIS MPOIECY MOTIUHAHHS
npy KIMHATHIA TeMIlepaTypl KOHTPOJIOETHCS caMe PO3MIPOM KPHUCTANIIB 1HTEPMETANiTy,
SAKUW BU3HAYAETHCSA PEKUMOM Bianany. KulbKicTh MOTIMHYTOTO BOJHIO JUISI BiJIMAJICHUX
CIUIABIB € JEI0 HIKYOI0, HDK JId AuTuX Ha 1-4 % IlosicHUTH 3HM)KEHHS KUIBKOCTI
MOMIMHYTOTO BOAHIO BIJAMaJ€HUMH cIlaBaMu Ha ocHoBl OIIK-TBepmoro po3uuHy y
MOPIBHSIHHI 3 JIMTUMH, MOXXHA 30UIBIIEHHAM KUIBKOCTI IHTEPMETANIAy MICJsl TEPMIYHOT
00poOku Ha 4 % 3a paxyHok 3MmeHIIeHHs KiabkocTi OLIK-TBepaoro po3umHy (BoaHEBa
emHICcTh (a3u JlaBeca cranoButh H/Me ~ 1, Toai sik OLIK-TBepaoro po3zuuny H/Me ~ 2), a
TaKO0 THUM, 1110 TIPOIIeC BiI0YBABCS MPU CYTTEBO PI3HUX TEMIIEpATypax.
Mac-cnekTpoMeTpuyH1 JOCIIIKEHHSI MPOIYKTIB TIAPYBAHHS CIUIABIB, JIETOBAHHMX
BaHAJIEM, Ha NOPUKIAAl CKIany Tl475Zr30MN175Vs He3aleKHO BiJ BHXIAHOIO CTaHy
(JIuTHi, BIAMAJICHUI), TOKA3aJI1, 1110 BUIJICHHS BOJHIO IIPU MTOYATKOBOMY THUCKY B KaMepi
4*10° I1a po3nounHacTLECS OpH Temreparypi ~ 55 £ 5 °C (puc. 10), a ue na 25 °C Huxue,

HDK JUTs CTuiaBy Tla75Zr30MNg2 5, B3ATOTO 32 OCHOBY.
Sk BuAHO 3 HaBeneHOi 3ayexHocTi (puc. 10) 30imbiieHHs 06’emuoi mom OIK-

TBEPJIOT0 PO3YMHY Y cIuIaBi Oubie HixK 50% MPU3BOAUTH 0 TOSBH ABOX MIKIB JIecOpOIIii
BOJHIO, & TaKOXX PO3IIMPIOETHCS TEMIIEpATypHUN 1HTEpBaJl JecopOIlli BCHOTO BOJHIO Y
NOpIiBHSHHI 3 reTepoda3sHuMu criiaBaMu Ha OcHOBI (pas3u JlaBeca (puc. 6).

30000 - 265 %“‘ Pucynok 10 — TemmieparypHa
I 3aJIeKHICTh IHTEHCUBHOCTI
5250001 I' i 390 °C BUIJICHHS BOJHIO 3 I'iPOBAHOTO
=t I .'-,.‘. / CILIaBY Ti47,5Zr30Mn1715V5 1810) @700
;20000 | ,' w'\\ HarpiBaHHI y BaKyyMi.
o ] '
EISOOO_ I [aTerpyBanHs IUIOIII MOBEPXHI
% 10000 J I’ 1111 KOJKHUM 13 ITIKIB [TI0Ka3ajo0, 110 B
g i inrepBani temneparyp 200-300 °C
5000 ; % IIPH BKA3aHOMY ITOYaTKOBOMY THCKY
| ; Y 31 CILIaBY Ti47,5Zr30Mn1715V5
o-——ug/.s -— BUnUIIETHCS ~ 50 % Biag MOTIMHYTOL
3000400 500 600 gigpkocti Bommro. Ilepmmii mik 3

0 100 20
T, °C )
MaKCUMyMOM Ipu TemnepaTtypi 265

°C MOXXHa IHTEpHpETyBaTU SK OJHOYACHE BHIIJICHHS BOJHIO 3 TIAPUAY HA OCHOBI
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iHTEepMeTamiay Ta € - rigpuay Ha ocHOBI OLIK - TBepmoro posumHy, 1o Beae 10 HOTO
NEPETBOPEHHA B O — T1IpUJ 3 MEHIIMMHU KOHLIEHTpalisiMu BojHIO. [lik mpu Temmneparypi
390 °C BignoBimae necopOIii BogHio 3 O - Tigpuay. Ilpormec aecopOiii BoaHIO
3aBepiryeThes pu temrepatypi 500 °C anig auToro crany, sl BiJNAJICHOTO BiAMOBIAHA
Temieparypa € aemo MeHmow ~ 470 °C, a mig cmiaaBy Tlg75Zr30Mnggs, B3sITOrO 3a
OCHOBY, BoHa cTtaHOBUTH 550 °C. [{ns iHImUX po3riisiHyTUX ciiaBiB Ha ocHOBI OLIK-da3zu
111 3aKOHOMIPHOCTI 30€pIraroThCs.

Ockinpku THTaH Ta OLIK-TBepai po3unHM HaA MOTO OCHOBI MPHU 1HAWUBIIYyAIbHOMY
riipyBanai motpeOyoTh HarpiBy ao Temmeparyp 400-600 °C 1 BUTpUMKH BIPOIOBK
JACKUTBKOX TOIWH, a B rerepodasHux cruaBax cuctem T1-Zr-Mn ta Ti-Zr-Mn-V,
coiBicHyroun 3 iHTepmeranigoM, OLIK-da3za 3maTHa moriauHAaTH BOJAEHB MPH KIMHATHIN
TEeMITepaTypi 3 BUCOKOIO IMIBUAKICTIO, OYJIO TOCTIPKEHO MEXaHI3M IMOJIETIICHOT B3a€MOII1
OLK-TBep10ro po3urHy 3 BOJHEM IIPU BKa3aHUX YMOBAX.

JIist  BCTaHOBJIGHHS 3a3HAYEHOr0 MeXaHi3My OyJio YacTKOBO MPOTiApOBAaHO
rerepodasuuii craB cucremu T1-Zr-Mn-V, mo ckinagaBces 3 ¢asu JlaBeca ta OLIK-
TBEpJIOTO PO3YMHY, TNpH KIMHATHIA Temneparypi Ta Tucky BoaHio 0,6 Mlla, Ta
MPOaHaJI30BaHO 3MIHH HOTO MIKpOCTPYKTYpH (puc. 11).

SEMHV:200kV  WD:1504mm | il VEGA3 TESCAN
View field: 9.53 mm Det: SE 2mm
SEM MAG: 58 x  Date(m/dly): 02/05/20 G.V. Kurdyumov IMP

SEM HV: 20.0 kV WD: 14.99 mm [t VEGAS3 TESCAN
View field: 111 ym Det: BSE 20 ym
SEM MAG: 5.01 kx  Date(m/dly): 02/05/20 G.V. Kurdyumov IMP

SEM HV: 20.0 kV WD: 15,00 mm | VEGA3 TESCAN|
View field: 111 pm Det: BSE 20 pm
SEM MAG: 5.01 kx _Date(m/dly): 02/05/20 G.V. Kurdyumov IMP

0 B
Pucynoxk 11 — MikpocTpyKkTypa CIiIaBy MiCis YaCTKOBOTO TiIPYBaHHS: a — 30BHIIIHIN
BUTJISIA 3pa3ka; 0,B — 30Ha GPOHTY aKTUBHOTO TiJPYBaHHS.

[Ticns uwactkoBoro rimpyBanHs (puc. 11 a) B 30Hi 1, me BigOynacs akTHUBHA
B3a€EMO/IISI CIUIABY 3 BOJHEM, YTBOPUJIACSA KpHXKa 3pyHMHOBaHa MOBEPXHS 3 XapaKTEPHUM
penbedoM 1 TIMOOKUMHU TpiluHaMHu. Lls MOBEpXHsI YTBOPIOETHCS BHACIIIOK (POPMYBaHHS
TIAPUIIB, K1 XapaKTePU3YIOThCS CYTTEBO O1IBIIIMM MUTOMUM 00’ €MOM, HIXK BUX1HI (pa3u.
3onHa 2 (puc. 11 a) 3anummiacs HEYIIKOHKEHOIO, 1€ CBIIYUTH MPO TE, MO0 CYTTEBOI
B3a€MO/Iii 3 BOJHEM B JIaH1i 30H1 HE B110YBaJIOCh.

3 anamizy MikpocTpykrypu (puc. 11 0) BCTaHOBJICHO, IO HAa MOYATKOBUX CTaJIisX
B3a€MO/I1 3 BOJHEM TPIIIMHU B MaTepiajii pOpMyIOThCS MEPEeBaKHO MO 1HTEpMETai Ty Ta
Ha TPAHUIAX PO3MOALTY MDK ¢azoBumu ckiagoBumu (daza JlaBeca ta OLIK-TBepamii
po3uuH). Lle cBiauuTh Mpo mepuioueproni 00’ €MH1 3MiHH, AK1 BiIOYBalOThCS y KpUCTaIax
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¢da3u JlaBeca, 1, BINMOBIAHO ILOMY, MPO ii KJIIOYOBY POJIb HAa IMOYATKOBUX CTadisX
riipyBaHHsa. YTBOpPEHHS TPIIIMH, B CBOIO YEpry, HE TUIbKHU 30UIbIIy€ 3arajibHy IJIOILY
MOBEPXHi B3aEMO/IIT 3 BOJHEM, ajie, 10 € O1IbII BaXKJIMBUM, (JOpMY€E HOBI IMOBEPXHI, YHCTI
BiJl OKCHJIHUX IIapiB, IO 3HAYHO IMiJBHUIIYE IIBHIKICTh MOTJIWHAHHSA HA HACTYITHOMY
eTari.

PentreniBcbkuii (a3oBUi aHami3 KOXHOI 13 HaBeneHuMX Ha puc. 11 a, 30H
iATBEpAUB 1X pi3HMiA (a3oBuii ckian (puc. 12), i, BIANOBIAHO, PI3HUN CTYIIHb PO3BUTKY
MIPOIIECIB B3aEMO/IIi 3 BOJHEM B JIaHWX 30HaX. B 30H1 1, B sKiii BimOyBanacs B3a€MOIIA 3
BOJHEM, yTBOpuBCsS O-Timpun Ha ocHoBlI OIIK-tBepmoro posumny, ToAi SK B 30HI 2
rigpuaHa o-(dasa 1e BiICyTHS.

2400

0 0-2—dasa Cl4
A — OLIK-TBepauit po3unn

O — d-rigpun 2000
1200 + .

0-A—daza Cl4
A — OLK-TBepauit po3unr
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a
Pucynok 12 — Jludpakrorpamu 4acTKOBO TiAPOBAHOTO CIJIaBy: a — 30Ha 1; 6 — 30Ha 2.

YTBOpeHHs penbedHOi moBepxHi (puc. 11 6,8) npu MOJAIBIIOMY PO3BUTKY MPOIECY
TiApyBaHHS BiIOYBAEThCS 3aBASKHA MOCTYIIOBOMY HakonmudeHHIO BojHIO B OLIK-TBepmomy
pPO34MHI, YTBOPEHHIO O-TIPUIY 1 MOro BiJilIapyBaHHIO Yepe3 00’ eMHI eeKkTh BHACIIIOK
HaBoJHEHHS. [linTBepKEHHSIM TaKoi MOCIIIIOBHOCTI B3a€MO/Iii 3 BOJIHEM € pUCYHOK 11 B,
3 SIKOTO BUJHO, IO MPHU MPOXO/KEHHI (PPOHTY MPOIECy TiAPYBaHHS B 30HI | 3 TTOBEpXHI
Marepiaidy B mepury 4epry BiamapoByroThes auiiHku OLIK-TBepnoro po3umHy (TemHa
daza), B Toil yac, sk okpemi kpuctanmu ¢a3u JlaBeca (cBiTia (asza) ie 30epiraroThbes.
Buxonsuu 3 11boro, 3p00€HO BUCHOBOK, 1110 aTOMapHUN BOJEHB, SIKUIl MPOHUKAE B 00'eM
KpUCTaTy IHTEpPMETAJIy, HE HAKOMUYYETHCA B HhOMY, a TUyHye yepe3 Hporo g0 OLIK-
TBepAoro po3unHy. lle mop’a3ano 3 tum, mo OLK-TBepauii po3uMH, y MOPIBHSAHHI 3
IHTEPMETAJIIJIOM, MICTUTh OUIBIIY KIIBKICTh €JIEMEHTIB 3 BHCOKOIO CIOPITHEHICTIO 0
BOJHIO (TUTaH, IUPKOHIN Ta BaHAIil), TOMy Ma€ 3HAYHO BUIIY 3/IaTHICTh HAKOTIMYYBaTH
BojeHb. [Ipu mpomy, Ha mouaTKOBOMY eTami B3aemoii, ¢a3a JlaBeca ciyrye nmeBHUM
KaTaui3aToOpoM peakIlli TrifpyBaHHs, Oyaydu AOHOpoM aroMapHoro BoaHio st OLIK-
TBepAOTO po3uuHy. [IpuHIMIOBA cxeMa TIAPUOYTBOPEHHS s MOAIOHMX ABOGA3HHUX
MarepiaiiB, moOyaoBaHa Ha MpuKIaal rerepodasHoro criaBy cucremu Ti-Zr-Mn-V,
npescTaBiIeHa Ha PUCYHKY 13.

3 IaHuX pe3ysibTaTiB BCTAHOBJICEHO MexaHi3M B3aemojii 3 BogHeM OILIK-TBepmoro
PO34YMHY Ha OCHOBI TUTAHY Yy NMPUCYTHOCTI IHTEPMETANI Ty, IPU KIMHATHIN TeMIlepaTypi Ta
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3 IMBHUAKOK KIHETUKOI, TOMIOHOI 0 KIHETHKHA CcOpOIii BOJHIO 1HTEPMETAJIIOM.
OCHOBOIO JAaHOTO MEXaHI3My €, MO-TepIile, BIACYTHICTh MOTPEOU CTBOPIOBATH OCOOJIMBI
ymoBu Ha mnoBepxHi OLIK-TBepmoro po3uuHy misg MOJETmIEHOl JUcOIalii MOJEKYI
BOJIHIO, OCKIJIBKH JUCOIlIallis Bi10yBaeThCsl Ha MOBEpXH1 iIHTepMeTaniay. [lo-apyre, mutuii
criaB (B MOHOJITHOMY CTaHI) XapaKTEPHU3YEThCSI MaKCUMAJIbHOKO HIUIBHICTIO KOHTAKTY
MDK (azamu, 110 Tmojermye audys3iro aTOMIB BOJHIO uepe3 MikdasHl TOBEpPXHI.
BaxnmBuM (akTopoM € Takok pyHHYBaHHS IOBEPXHI IHTEPMETAIIHMX KPUCTAJIB 3
YTBOPEHHSM TPILIUH, 10 CHpHUsi€e 301IbIICHHIO IJIONII MOBEPXHI MOTJIMHAHHA Ta OLIbII
IIBUJAKOMY TPOHUKHEHHIO BOJHIO B IHTEpMeTalig Ta, depe3 Hboro, B OLK-tBepmuit

PO3YHH.

Pucynok 13 — Cxema
IPOLECY T'APUAOYTBOPEHHS.

[lle ogHMM NEPCIEKTUBHUM

MarepiajioM 3JaTHUM
aKyMyJIlOBaTH  BOJICHb €
MarHiu. MarHii, Mae

nepeBary B IOpPIBHSHHI 3
iHTepMeranmigamu Ta OIIK-
TBEpAUMH pO3YMHAMHU  Ha
OCHOBI TUTaHYy 3aBISIKA CYyTTEBO BUIIIN KUIBKOCTI MorjauHyToro BoaHio (7,65 mac.%), B
TOW >K€ 4Yac BIH 3/IaT€H MOTJIMHATH BOJCHBb JIMIIE NMPU BUCOKUX THckax (4-6 MIla) Ta
temriepatypax 350-450 °C, 3 Bkpail moBUIbHOIO MBUAKICTIO. [IpoTe, oTpumatu Tigpua
Mar”it0o MOXJIMBO TPH OUIBII M'SKUX TMapamMeTpax TiApyBaHHs 3aBISKH BUKOPHUCTaHHIO
MaTepiaiiB, Kl € KaTali3aTopaMH I[bOTO MPOIECY. 3 METOI MPUCKOPEHHS KIHETHUKU
TiApyBaHHS MarfHito OyJ0 BUPIMICHO 3aJlyYUTH BHU3HAYEHUN MEXaHI3M IMOJIETIIECHOT
B3aemozii 3 BogHeM OLIK-TBep10r0 po3unHy B IPUCYTHOCTI IHTEPMETAIIITY.

Marsiit Ta TUTaH B3a€EMHO HE PO3YUHSIOTHCS, TOMY MaTepiaiu Ha IX OCHOBI MOXYTb
ICHyBaTH JIMIIE Yy BWIJISAI KOMIIO3UTIB, a HE CIUIaBiB. JIJiT CTBOPEHHS KOMIIO3UTY-
aKyMYyJIATOPY BOJHIO, IO CKJIQJAa€ThCS 3 TUTAHOBOTO CIUIABY Ta MarHit0, MOHOJITHUN
3MUTOK ciiaBy Ha ocHOBI OLIK-TBepaoro po3uuny 3i crniBicHyro4oto ¢azoro JlaBeca Oyio
MOMIIIIEHO B MOPOIIOK MarHio (mpu cmiBBigHOMmIEHHI 5:1 3a Macorw) 0e3 3acTOCyBaHHS
MIOTIEPETHROTO PO3MENIOBaHHS a00 mepeminryBanHs. [Iporiec B3aeMoii 3 BOJHEM TaKOTO
KOMIO3UTY (3UBOK Ti475Zr30MnN175Vs + mopoiok Mg), mpu KiIMHATHIN TemmepaTypi Ta
tucky BojHio 0,6 MIla, posmodaBcst depe3 3 roaunu (iHKyOalliiHUN Tepiod) i TpUBaB
BIIPOJIOBXK 3 roauH. B pe3ynbTaTi, Oyi0 oTpuMaHoO TiApuay TiIbKKA Ha ocHOBI ¢asu JlaBeca
ta OLK-TBepmoro pos3umHy, aje Mpu LbOMY OYIKyBaHO BiJOynOCs pyHHYBaHHS
MOHOJIITHOTO CIUUIaBy B TOPOIIOK 1 CaMOBUIbHE TEPEMIINTyBaHHS YAaCTHMHOK YTBOPEHHX
TIAPUIIB 3 TIOPOIIIKOM MarHiro. YTBOPEHHS Takoi CyMillll TMPU3BOAUTH 10 301JIbIIEHHS
KOHTaKTHOI MOBEPXHI MK MOPOIIMHKAMU MAarHit0 Ta OTPUMAHUX TIIPHUIIB, IO JO3BOJISIE
VHUKHYTH  3aCTOCYBaHHS  JOBTOTPUBAJIOr0  MOIMEPEAHBOTO  PO3MEIIOBAaHHS  abo
nepeMIllyBaHHS TTOPOIIKIB.
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Ha apyromy erarmi Tuck BOAHIO B Kamepi Oyno 3HmkeHo Bix 0,6 o 0,0002 MIla i
HPOBEJICHO HArpiB oTpuMaHoi cymimni go Temmeparypu 420 °C (puc. 14). Aromaphwuii
BOJICHb, KM BUXOIUTh Ha IOBEPXHIO TUTAHOBHUX YACTUHOK, B MICHAX iX IIUIBHOTO
KOHTAaKTy 3 MarHi€BUMU Ma€ MOXJIMBICTb HaIpsAMy MEPEXOAUTH B KPUCTAIIUHY I'PATKy
MarHilo, YHUKalOud TaKUM YMHOM YTBOPEHHS MOJIEKYJSIPHOTO CTaHy, 110 HE MOTpedye
[OJAJbIIO] MOBTOPHOI AMCOLIalii MOJEKYJI, CIPUAIOUN BIJHOCHO IIBUJKOMY HAaCHYEHHIO
MarHiro. 3a JaHUMU PEHTI€HIBCBKOTO ()a30BOro aHaiizy, OTPUMaHUN B TaKUX YMOBAax
MPOAYKT TiIpyBaHHA CKJIaJaBcs 3 M'ATH (a3, a came, 3 YOTUPHOX TLAPUAIB, BKIIOYAIOUU
YTBOPEHUH TpUJ MarHito, Ta 3aJIMIIKIB MarHito, SKUii HEe B3a€EMO/ISIB 3 BOJHEM.

0,020
0,018- o—m._,J Pucynox 14 — 3anexHiCTh TUCKY
0,016 1 ./ BOJIHIO BiJI TEMIIEPATypHU MIPH
0,014- / HarpiBaHH1 KOMIIO3UTY.

« 0,012- ¢ 3

E 0010 ./ OT)KG? 3aNPOTIOHOBAHMH  METONI

2 0005 ] / AKTHBY€ I‘I,Z[I’)}IBaHH}I Mar”iro  MpH

T BiTHOCHO M’ SIKHX  TEPMOOApUIHHUX

0,006 /' YMOBaX, III€ OJIHI€I0 HOTO MepeBaroo €
0,004 1 e YHUKHEHHS HOTIEPEHBOTO
0,002 e JIOBFOTPUBAJIOTO TIEPEMIIITyBaHHS a00
0,000 +—&2—>——,

PO3MEIIOBaHHS CKJIaIOBUX KOMIIO3UTY,
0 CYTTEBO CHPOIIYE TEXHOJOTIIO
OTPUMAaHHS TaKUX MaTeplajiB.

BpaxoByrooun, 0 BBEIECHHA y CIUIaB XpPOMY, 3aBISKH KHOro OUIBIIOMY, HIX ¥y
Maprasiro, aTOMHOMY pajlycy Ta 34aTHOCTI YTBOPIOBATH CTIHKY XIMIYHY CIOJIYKY 3
BOJHEM, IIIJIBUIIYE BOJHEBY €MHICTh 1 MOHM)KYE TEPMIUHY CTAOUIBHICTh OTPUMAHMX
riapu/iB Ha OcHOBI (pa3u JlaBeca, MPUCKOPIOIOYN KIHETUKY BUIICHHS BOJIHIO 13 HUX (IUB.
po3ain 3), Oyo BH3HAHO 3a AOLIIbHE HAa MPHMKIAAl CIUIaBY Tl475Zr30MNg s mepeBipuTh
BIUTUB HAa BOJHEBOCOPOINIHI XapaKTEpPUCTUKH OJHOYACHOTO JIETYBaHHS JIBOMa
eJIeMEeHTaMu (XpOMOM Ta BaHAJIEM).

Bananiif Ta XpoM MarlOTh MEHIIUNA aTOMHHI pajiyc, HDK y TUTaHy Ta HUPKOHIIO,
npote, OLIBIIMKM, HIXK y Maprasi. ToMy mpu 3aMillleHHI OJJHOYACHO YCiX KOMITOHEHTIB
CIUTaBY KUIBKICTh XpOMY Ta BaHaJ1l0 oOupanacs TakuM 4YiuHOM (Tadu. 4 crutas 1 ta 2), n1o0
MaKCHUMaJIbHO KOMIIEHCYBAaTH MPOTUJICKHI TCHACHINT 10 3MEHIIIEHHS 1 301IbIIIEHHS 00’ €My
eJeMeHTapHoi KOMipKU. Takox Oyno nepeBipeHo, sIK BIUIMHE MMOBHA 3aMiHA MapraHiio Ha
XxpoM (Tab:. 4 crnaB 3), OCKUIBKM TaKa 3aMiHa MOBUHHA MPU3BECTHU JI0 3pOCTaHHS 00’ eMy
eJleMeHTapHoi KoMmipku 000x a3 (intepmeramiay tuny AB,, Tak 1 OLK-tBepmoro
pO3YWHY) Ta 30UIBIIMTH BMICT TiAPUJAOYTBOPIOIOUOTO0 KOMIIOHEHTY, IO MO3UTHBHO
BIUTMBAE HA 3araJIbHY KiJbKICTh TIOTJIMHYTOTO BOIHIO.

Yeci cnau (tadma. 4) mictim OLIK-TBepauii po34yuH, IPOTE, BIAPISHIIUCS THIIOM
¢as3u JlaBeca: tuny Cl4 (rexcaroHajibHa rpatka) s CIUIaBy T isseZr288MnNo6VoCro Ta
tuny C15 (rpanernieHTpoBaHa KyOidHa rpaTka, mpocToposa rpyna FA3m, ctpykTypHwuii THIT
MgCl,Iz) T CIUIABIB Ti47,5ZI’3oCI’22,5 Ta Ti45,GZr28,gMn2V2Cr21,6. I[JI}I CIjiaBy Ti47,5Zr30Mn22,5
B35TOTO 32 OCHOBY, CHiBBiAHOIIEHHS (a3 A/P ctanoButs 0,487/0,513, Toai K AJis CIIaBiB
Ti45,GZr28,gMn21,6V2Cr2 Ta Ti45,GZr28,8Mn2V2Cr21,6 BMICT (13331/1 JlaBeca O\.) 36iJ’II>H_Iy€TLCH

T T T T T T
0 100 200 300 400
T, °C
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(0,531/0,469 Tta 0,510/0,490, BimmoBigHo). s crmaBy Tiazs5Zr30Cra2s, HaBIAKH,
30uTbIIyeThest 00’emHa yactka OLIK-TBepaoro po3uuny (cmiBBiIHOIICHHS (a3 CKiIaaae
0,461/0,539).

Ta6muis 4 — HominansHUM CKiIad TOCTIHKYBAaHUX CIIJIaB1B
CkJiaz crjiaBiB
at. % Mac.%
Ti Zr | Mn | V | Cr Ti Zr Mn Vv Cr
1 456 (28,8216 2 2 13520(4535(19,13| 1,64 | 1,68
2 456 | 28,8 2 2 | 216 [3553(42,75| 1,79 | 1,66 | 18,28
3 475 | 30 - - | 22,5 [ 35,80 44,28 - - 18,93

Cruias

BcTaHoBieHO, 0 00°eM eneMeHTapHoi koMipku ¢dasu Jlaseca (202 A%) B crnasi
Tia75Zr30Mnyz5, B3ITOrO 32 OCHOBY, IPH OJIHOYACHOMY BBEJICHHI BaHAJII0 Ta Xpomy (B
crutaBi  Tligs6Z6288MN216V2Cr2), v da3oBoMy ckiami sKOro He BigOyJiocs 3MiH TIpH
neryBanHi, gemo 3MmeHmyethea (o 198 A%). Ilpore, He 3Baxaroun Ha BTpaTy B 00’eMi
eneMeHTapHoi koMipku ¢a3u JlaBeca Tunmy C14 nis 1poro CruiaBy, MOKHa OYIKYBAaTH Ha
30UTBLIEHHS 3arajJlbHOI KUIBKOCTI MOTJIMHYTOIO HUM BOJHIO, 3aBISKH CYTTEBO 3HHMIKEHIM
KUTBKOCTI Maprasiffo y intepmeraiiai (ckiaan dhasm JlaBeca TissgsZlzs 72MN3s.41V267Cr332),
y TOpPIBHSAHHI 31 CIUIABOM, B3ATHM 3a OCHOBY Ti475Zr30MnNys (ckiman ¢asu JlaBeca
Ti3zzr18|\/|n50).

3 METOI0 BCTAaHOBUTH, UM BIUIMBAE 3MiHa Tumy ¢asu JlaBeca (nepexin Big tuny C14
1o C15) na nporec B3aeMoii 3 BOJHEM IIPH MEPIIOMY TipyBaHHI MOHOJITHUX 3pPa3KiB y
JUTOMY CTaHi, JaHi crutaBu (Tabi. 4) momimaid B atMocdepy BOJIHIO MPHU KIMHATHIH
temriepaTtypi Ta Tucky 0,6 MIla. Briponosxk BUTpUMKH 24 TOIWHU B IIUX YMOBaX IMPOIIEC
AKTUBHOTO TIOTJIMHAHHS BOJHIO JIOCI/DKYBAaHMMH CIUTaBaMU HE PO3IOYABCS, 1€
MIATBEPKYE 3pOOJICHHI paHillle BUCHOBOK, IO AKTHUBALlld MNPOLECY TIAPYBAaHHA MpH
KIMHATHIM TeMrepaTypl MOXJIMBA JIUILE TPU JOCUTh BEIUKOMY PO3MIp1 KPUCTANITIB (a3u
JlaBeca, sAKuii B [maHOMYy BHUITaAKy OyB HemocTaTHIM (Tuioma 2-+8 MKMZ) TUIA
JOCITIKYBaHUX CruiaBiB (Ta0u. 4). IIporiec akTUBHOTO MOTJIMHAHHS BOJHIO, HE3aJICHKHO
BiJl €JIEMEHTHOTO Ta ()a30BOT0 CKIAAY JOCIHIKYBAaHUX CIUJIaBIB, MPH MEPIIOMY TiApyBaHHI
posnoyaBcs mpu Temmeparypi 465 £ 5 °C, mpu 1boMy BAAJIOCS JOCSITTH KIJIBKOCTI
norymHyToro BojaHio Ha piBHi  (H/Me ~ 1,7) (g BuXigHOro cruiaBy Tla75Zr30Mng;s
BianoBigHa Temmeparypa 540 °C, omneBa emHicTh H/Me ~ 1,64). 3 temneparypu
MOYaTKy aKTUBHOTO TipyBaHHsI JOCIHIPKyBaHUX cIuiaBiB (465 = 5 °C) ta ciuparoyuch Ha
paHillle MPOBEICHI MOCHIIKEHHS MOXXHa CTBEpJKYBaTH, IO Ipoiec copOlii BOIHIO
pO3MOYMHAETHCS Ha MoBepxHi kKpuctaniB OLIK-TBepaoro po3unHy. 3011bIIEHHS 3aradbHO1
KUTBKOCTI IMOTJIMHYTOTO BOAHIO CIIJIaBaMH 3 JIOJaBaHHSM XPOMY 1 BaHAJii0, Y MIOPIBHSHHI 3
BUXIJTHUM CIUIABOM T1475Zr30MnN225, MOKHA TOSCHUTH 3HMKCHHSIM BMICTY MapraHIlio y
¢azi JlaBeca, a TakoXk 301UIBIIEHHSIM YaCTKH T1JIPUA0YTBOPIOIOYUX KOMIIOHEHTIB.

MeTonoM peHTTeHIBChKOTO (Pa3oBOro aHaimizy BCTAaHOBJICHO, IO HE3AJICKHO BIJ
tuny ¢asu JlaBeca (C14 a6o C15) B mocmimkyBaHux ciiaBax (Ta0:1. 4), mpy HACHYEHHI iX
BOJHEM YTBOPIOIOTHCS TIAPUAM TUIBKM Ha OCHOBI CHiBiCHyrouux (a3, KpiM TOro,
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TiApYBaHHS TPU3BOAUTH JI0 AUCTIEPTYBAHHS MOHOJITHOTO 3pa3Ka J0 CTaHy MOPOIIKY, SIK 1
BCIX IHIIHUX PO3IVITHYTUX CIUIABIB.

JIns BCTaHOBJIGHHSI BIIMIHHOCTEH y KIHETHII MpOILeCiB jecopOIlii BogHI0 1t (a3
JlaBeca Tuny C14 ta C15, BignoBiAgHI CIJIaBU HarpiBayiu TUIbKU A0 Temneparypu 200 °C,
OCKUJIbKH TIPH TaKiil TeMIiepaTypi B MpoIieci 1ecopOIlii BOIHIO TpUMae y4acTsh julie ¢asza
JlaBeca (puc. 15).

0,010 .
Pucynox 15 — 3miHa THCKY BOJHIO
/‘;‘ y 3aMKHYTOMY 00’€Mi pu
0.008 3 //‘ JIeTiIpyBaHHI1 CIJIaBiB:
\ A 1 - Tiss 6Zr288Mn21 6V2Cr2;
i 0:006 /A 5 o 2 - Tiss 62128 8MN2V2Croy 6
= A B 3 — Tia7,52r30Cra25.
£70,004 /-/
. .
/ .’ VY cmaBax T|47,5ZI'30CI'22,5 Ta
0,002 ) 1\;./0" Tiss6Zr288MnN2VoCro 6, 110
/_//‘ «—* Mmictath ¢aszy JlaBeca tuny CI15,
—® .
e e porec BUIUICHHS BOJIHIO
0,000 L —ef—ers—""o— : : . .
0 20 40 60 80 100 120 140 160 180 200 PO3UOUMHAETHCH 3 IOYATKOM
T, °C HarpiBy, TOAl SK JJId CIUIaBY

Tiss6Zr288MN216V2Cre, B sikomy (aza JlaBeca mae crpykrypamid tan Cl4, mumre 3
temneparypu 60 °C (puc. 15), npu npoMy i KiJbKICTh BOJIHIO SIKHM BHIUINBCS CYTTEBO
BiJIpi3HsA€ThCSA. KiTBKICTh 1ecCOpOOBAHOTO BOJHIO JJISA CIUTIABY T i475Zr30Crl225, B CTPYKTYpi
AKOTo MpucyTHA ¢aza JlaBeca Tumy C15, Maii>ke BTprYl EPEBUILYE KIIbKICTh BUALIEHOTO
BOJHIO JUISL CIUIaBy Tl456Z0288MnN216VoCry 3 daszoro Jlaeca tumy Cl4. Otpumanuii
pe3yNbTaT €KCIEPUMEHTAIBLHO MIATBEP/KYE HIDKUY TEPMIUHY CTaOlIBHICTH TIAPUIY HA
ocHoBi (¢a3u JlaBeca Tuny C15, Hix ripuay Ha ocHOBI ¢a3u JlaBeca C14.

JInis mOoCiKyBaHUX CIUTaBiB, (Tabi. 4), mepiuil MUK copOIis-aecopOIlisi aKTUBYE
MOJIBIITY B3a€EMOJIII0 3 BOJHEM, SIKa IPY HACTYITHUX IMKJIaX BIIOYBA€ThCS MPH KIMHATHIN
TeMIIepaTypl Ta 6€3 MOMITHOTO 1HKYOAIIifHOTO Mepioy.

BcranoBnena 3aKOHOMIpPHICTH  IOAO  3OUIBIICHHS TOTEHIIHWHOI  KUIBKOCTI
copOOBaHOTO BOJHIO CIUIaBaMH TIpU JIOJaBaHHI METAJIEBHX €JIIEMEHTIB, SKI MaloTh
OLIBIIMKA AaTOMHUWA pajilyc 1 3/1aTHI YTBOPIOBATH CTIMKY XIMIYHY CIOJYKY 3 BOJHEM, Mae
BUKJIIOUCHHS, 1110 OyJI0 ToKa3aHo Ha npukiazi geryBanus P3M (roasmiem). Lleit enemeHT
Mae Ounpmmii aromuuit paaiyc (0,179 um), HIX Oyab-SIKHA KOMIOHEHT CIUIaBy CHCTEMHU
Ti-Zr-Mn-V, a TakoXx 31aTHHI yTBOPIOBaTH CTiHKYy XIMI4HY CIOJNYKYy 3 BogHem HOHs,
npoTe, ICHye 1HIMMI (aKTop BIUIMBY Ha BOJHEBOCOPOILINHI XapaKTEPUCTHUKU, a CaMe —
oOMexeHa po3unHHICTh P3M (TOBMI0) B CIIaBi 3 BUAUICHHSIM HOBHX (a3.

["onbMieM B KibKocTi 2 Ta 5 at.% (Tabim. 5) meryBaiu paHiiie AOCHTIKEHI CIUIaBU
Tis75Zr30Mn175Vs Ta Tiga18Zr279MnN2003V7, CTpyKTYpa sikux ckiamaerbes 3 OLIK-TBepaoro
po3unHy Ta (asu JlaBeca tumy Cl4, mopiBHIOOYM 3MIHY iX BOJHEBOCOPOIIHHUX
XapaKTEPUCTHUK.

JleryBaHHsI TOJIBMIEM MPOBOAWIOCH JBOMA CIIOCOOAMU: TOJIBMIN 3aMINIyBaB TUIbKA

Maprasenp s 301IbIICHHS 3arajbHO1 KUIBKOCTI T1APU0YTBOPIOIOUOTO KOMIIOHEHTY B
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CIUIaBl, a JUIsi MaKCHMAaJbHOrO 30UIbIIEHHS 00'€My KpHUCTali4HOI IpaTK, BiIOYyBajloCs
3aMIIIEHHS TOJIBMIEM OJIpa3y BC1X KOMIIOHEHTIB.

Ta6muis 5 — HominaneHu ckiag TOCTIHKYBaHUX CIIJIaBIB
Cxunaf cIuiaBiB
CriaB at. % Mmac. %

Ti Zr Mn V | Ho Ti Zr Mn \Y/ Ho
47,5 30 15,5 5 35,28 | 42,45 | 13,20 | 3,95 | 5,12
47,5 30 12,5 5 33,56 | 40,38 | 10,13 | 3,76 | 12,17
43,29 | 27,34 | 20,51 | 6,86 3252 | 39,14 | 17,68 | 5,48 | 5,18
41,97 | 26,50 | 19,88 | 6,65 30,07 | 36,18 | 16,34 | 5,07 | 12,34

AWN|F
OIN O N

MeTonoM peHTreHIBChbKOTo (ha30BOro aHajizy BH3HAUEHO, IO Y CKJIadl BCIX
JOCITIKYBAaHUX CIUIaBiB (TabJ. 5), HE3aJeKHO Bij iX XIMIYHOT KOMITO3HIIIT, 3aJIUIIHINC
npucytHiMu ¢aza JlaBeca tuny C14 ta OLIK-TBepauii po3umH, OKpiM BKa3zaHUX, Oyi0
BUSBJICHO OKcu/ roibMito Ho2O3 Ta citiau yuctoro roisMito (puc. 16). Buxoasuu 3 ganux
PEHTIeHIBCHKOT0 (pa30BOr0 aHai3dy, po3paxoBaHO 00'eM eleMeHTapHoi komipku (199,1-
197,7 A3%) Ta paniyc Terpaenpuynoro mixaysias (0,387-0,386 A). INTopiBHIOI0OUM OTpUMaHi
NaHi 3 BiJMOBITHUMY pe3yabTaTaMHU JUis cIUIaBiB Oe3 roasmito (06'em 198,4 A3, a paniyc
MixkBy3na 0,386 A) Bu3Ha4eHO, 10 JIeryBaHHS IOJBMIEM HE HPHM3BEJIO [0 CYTTEBUX 3MiH
KPUCTAJIIYHOI I'PATKU, OCKUIBKH FOJIbMIN MPAKTUYHO HE PO3UMHHUBCS y (PA30BUX CKIAJOBHX
BUXI1/IHUX CILUIABIB, a, 3 €JHABIIKCH 3 KHCHEM, YTBOPUB HOBY (a3y.

BukopucroByroun mporpamy Imagel BusnaueHo, mo y cruraBax 1 ta 2 (tabmn. 5)
KUIBKICTh OKCHY TOJIBMIIO € Ha piBHI 7,74-10,68%, da3u JlaBeca 45,45-41,90%, a OLIK-
TBEpI0r0 po3unny 46,81-47,42%. Y cmiaBax 3 ta 4 KiIbKICTh OKCHAY T'OJIbMIFO CTAHOBUTD
7,85-10,83%, da3u JlaBeca 73,24-70,50%, a kimbkicte OLIK-TBepmoro po3unny - 18,91-
18,67%.

4500

4000 - 0 0 — (asa JlaBeca Pucynok 16 — Jludpakrorpama
] 1 0 — OLIK-TBepauit po3unH JINTOTO CILIABY
3500 + A—-Ho O H
E’( ] 027 T|47,5ngoMn15,5V5H02.
— 3000 - 0
) _ 0 Buxomsun 3 TOro, IIO
5 0 crutaBu cucremu Ti-Zr-Mn-V-Ho
' 2000 1 MaloTh OLTBIITHIA po3Mip
S 1500 kpuctanitiB $a3u Jlaeca (80-300
7 1500 1 : o
o a MKM?) y IIOpIiBHSHHI 3i CILUIaBaMu
Z 1000 - 00 % o| Ti-Zr-Mn-V (2-8 mxm?), MoxHa
] 0 0 .
500 2% N 0 om0 OYiKYBaTH, 110 JIeTyBaHHS
' LR 00 A roJIbMi€eM 3a0€3MeUnTh B3aEMOJIII0
LA N B B B EL I I I I B L R

25 I SIO 35 40 45 50 55 60 65 70 75 80 8 90 95 3 BOJHEM IIpu KiMHaTHiﬁ

26, rpan. TEeMIepaTypi Ta TUCKY BogHIO 0,6
MIla. [Ipote, He3BaXkarOUX Ha JOCUTh BEJIUKY IUIOLLY MOBEPXHI KPUCTAJIB IHTEPMETAIITY,
aKTUBHOTO IOTJIMHAHHS BOJHIO IPU KIMHATHIN TemnepaTypi Ta TucKy 0,6 MIla BnpomoBx
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24 romun He Oyno 3adikcoBaHo. lle MOsACHIOETHCS HAABHICTIO HA MOBEPXHI 3€peH
IHTepMETAaJIily, OKPIM MPUPOAHOI OKCHUIHOI IUIIBKH, TAKOXK KPHUCTAIIB OKCHAY TOJIBMIIO
Ho0,03, 110 cyTT€BO 3HMKYE 1X KaTaTITHUHY 3/IaTHICTh, a TaKOX YTBOPIOE JTOAATKOBUMN
Oap’epHHMIl AP OKCHIY, SKUW 3aBaka€ MPOHUKHEHHIO BOJHIO BIiuO. AKTUBHE
HOTJIMHAHHS BOJHIO JOCIIKYBaHUMHU cilaBamu (Ta0j. 5) Oyio 3adikcoBaHe JIHIINE MPU
HarpiBaHHl a0 Temneparypu 560+10 °C. BcraHoBieHo, 110 TeMiepaTypa IOYaTKy
IHTCHCUBHOT'O TIOTJIMHAHHS BOJHIO TMPU MEPIIOMY TiAPyBaHHI I CIUIaBiB 3 BMICTOM
roaeMiro 2 at.% craHoBuTh ~ 470+10 °C, a 3 BMicToM 5 aT.% ~ 530+10 °C, Toxai AK s
CIUTaBiB B3STHX 3a OCHOBY [la75Zr30MnN175Vs Ta Tia18Zr279Mngoo3V7 Tiel miporec
pO3MOYMHABCS TMpH HWXk4iM Temmepatypi ~ 450 °C. BwusHaueHo, 10 KUIbKICTh
MOTJIMHYTOTO BOJHIO JUIS CIUIaBiB Tla75Zr30MnN155VsHo, Ta Tiaz 5Z2r30MnizsVsHos, B sikux
3aMIHIOBABCS BUKIIOUHO MapraHellb Ha ToibMil, cranoBuTth H/Me ~ 1,71 (ans BuxigHOTO
H/Me ~ 1,81), a nnsa nox iHmux H/Me ~ 1,60, Toai sx s BuxigHoro crary H/Me ~
1,70. TlepepaxyBaBiiy OTpUMaHy KUIbKICTh MOTJIMHYTOTO BOJHIO, HA 3arajibHy KUIBKICTh
¢a3u JlaBeca Ta OLIK-TBepaoro po3unHy y CIuiaBi, MOKHa CTBEPXKYBATH, 110 iX BOJHEBA
€MHICTb 3JIMIINIIACS Maike HE3MIHHOIO.

[TosicHUTH MiJIBUILIEHHS TEMIEPATypH MOYATKYy aKTUBHOTO TOTJIMHAHHS BOJHIO, Ta
3MEHIICHHS] 3arajibHOi KUIBKOCTI MOTJIMHYTOTO BOJIHIO JIOCHIJKYBAaHUMHU CIUJIaBaMU
cucremu Ti-Zr-Mn-V-Ho, y nopiBHsSIHHI 3 BUXITHUMH 0€3 TOJIbMiI0, MOXKHA TIPUCYTHICTIO
B CTPYKTYPpI CILIaBY OKCHJY TOJIbMit0 B KUIbKOCTI 7,74-10,83%, sikuif caM He B3aeMOJIE 3
BOJIHEM, aJIe TP ITbOMY BHOCHUTBH CYTTEBUH BKJI]l y Macy CIUIaBYy.

3 OTpUMaHHX JaHUX 3pOOJICHO BKIIMBE YTOUHCHHS ISl PAHIIIE 3alPOIIOHOBAHUX
KpUTEpiiB BUOOPY JEryBaJIbHUX elieMeHTIB. [Ipu BHOOp1 eneMeHTy, OKpiM MOro aTOMHOTO
paalyca Ta 3JaTHOCTI YTBOPIOBATH CTIMKY XIMIYHY CHOJYKY 3 BOJHEM, OCOOJIMBO
BOXJIMBAM (PAaKTOPOM € BHCOKA B3aEMHA PO3YMHHICTH AHOTO €JIEMEHTY 3 OCHOBHUMH
KOMITOHEHTaMH CITIaBy, IO HE TIOBUHHO MPU3BOIUTH 10 YTBOPESHHS HOBHX (ha3.

3AT'AJIBHI BUCHOBKHA

Ha OCHOBI KOMIUIEKCHUX EKCIEPUMEHTAIBHUX JIOCTIPKEHb BH3HAYEHO OCHOBHI
KpuTepii Ta po3poOsieHO (i3MKO-TEXHOJIOTIYHI 3acagyd CTBOPEHHS HOBHUX MaTepiajiB-
aKyMyJIATOPIB BOJHIO 3 TOKPAIICHUMH BOJHEBOCOPOIIMHUMH XapaKTepPUCTUKAMHU Ha
OCHOBI CILJIaBIB TUTaHy, IO € HEOOXITHOI TEPEeIyMOBOIO MOJAIBIIONO YCIIIIHOTO
3aJIOBOJICHHS TPAKTUYHUX TIOTpeO BOJHEBOI eHepreTMKH. OCHOBHMMH HAyKOBHMH
pe3yibTaTaMu poOOTH € HACTYITHI.

1. Ha mpuknani 0araTOKOMIIOHEHTHHX CIuTaBiB cucteM TI-Zr-Mn-V, Ti-Zr-Mn-V-
Cr ta Ti-Fe-Mn Oyno chopMynboBaHO cTpaTerito BUOOPY JCTYBaJIbHUX E€JIEMEHTIB IS
30UTbLIEHHS 3araJibHOI KIJIBKOCTI MOMJIMHYTOTO BOJHIO Ta MOKPAUICHHS XapaKTEPUCTHK
copOrii-necopOirii, sika MoJsIra€ y BUKOPUCTaHHI JIETYBAJbHUX €JIEMEHTIB 3 OUIBIINM
aTOMHUM paJiycOM Ta 3/IaTHICTIO CTBOPIOBATH CTIWKY XIMIYHY CHOJYKY 3 BOJHEM
(Bim’eMHEe 3HAYEHHS 3MIHM BUIBHOI e€Heprii mpu (QOopMyBaHHI XIMIYHOI CIIOTYKH).
[TokazaHo, M0 YacTKOBa 3aMiHa KOMITOHEHTIB CIUIaBY, SIKI HE B3a€EMOIIIOTH 3 BOJHEM
(MapraHenp), Ha €JIEMEHT (BaHaII Ta XpOM) 3/aTHUW YTBOPIOBATH CTIHKY XIMIUHY
CIIOJIYyKy 3 BOJHEM, Ta 3 OUIBIIMM aTOMHUM pajaiycoM, IO 30UIbIIIyE PO3MIp
TETPAaeAPUYHOTO MDKBY3JIS Ta 3arajibHy KUIBKICTH TiAPHIOYTBOPIOIOYOTO EJIEMEHTY B
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CIUIaBi, 3a0e3Meuye JOCSITHEHHS BHILOI BOAHEBOI EMHOCTI Ta MOKPAIIEHI XapaKTePUCTUKH
copOrii-aecopOitii BOIHIO.

2. Ha mnpuknami omgHoda3Hux cruiaBiB 31 CTpykTyporo ¢asu JlaBeca Ta
rerepoda3Hux, 1o ckianarThes 3 ¢asu JlaBeca Ta OLIK-TBepa0oro po3unny cucremu Ti-
Zr-Mn-V-Cr, 0Oyno eKkCHepuMEHTaJIbHO JIOBEACHO, IO 3aMilleHHs JIeTyBaJbHUX
€JIEMEHTIB, SIKe MPU3BOJUTH J0 3MIHM Yy (ha30BOMY CKJIaii, a caMe, A0 4acTKOBOTO abo
noBHOTO niepexoay Bix (azu Jlaseca ctpykrypHoro tuny C14 (I'LLLY rpatka) mo tumy C15
(F'IK) 13 3MEHIIEHOIO0 KIUIBKICTIO aTOMIB Ha €JIEMEHTapHYy KOMIPKY Ta 3MEHIICHUM
paalycoM TeTpaeapUYHUX MIDKBY3JIB, 3a0e3Medye BaKIUBE 3 MPAKTUYHOI TOYKU 30Dy
3HIDKCHHSI TEPMIYHOT CTaOUTHHOCTI OTPUMAHOTO TiApUIy Ha OCHOBI (ha3u JlaBeca.

3. Jlma 30idpIICHHS BOJHEBOI €MHOCTI  CIUIaBy KPUTUYHO  BaKIIUBOIO
XapaKTEPUCTUKOI0 TIPH BHOOP1 JIETYBAIHHOTO €IEMEHTY € WOro JOCTAaTHS B3a€MHA
PO3YMHHICT, 3 OCHOBHHMH KOMIIOHCHTAMH CIUIaBY, III0 Ma€ OCOOJMWBE 3HAYCHHS MPH
BUKOPUCTaHHI PIIKO3EMEJIbHUX €JIeMEHTIB. [lpu HEBIAMOBITHOCTI JaHOMY KpHUTEPIIO,
BiJI0YBAIOTHCA 3MIHU Yy CTPYKTYP1 Ta (pa30BOMY CKJIa/li BUX1THOTO CIUIABY, 1110 TPU3BOIUTH
70 3MEHIICHHS 3arajibHOi KIUJIBKOCTI TOTJIMHYTOrO BOAHIO. JlaHa 3aKOHOMIpHICTH
MiTBEp/’KEHa BBEACHHSIM y TerepodaszHi crutaBu Ha ocHoBl OLIK-tBepmoro po3umny
cuctemu TI-Zr-Mn-V ronemiro, sSKAi, HE3Ba)KalOud Ha OLIBIINNA aTOMHHMH paiiyc, HiX
Oy/Ib KU 1HIIUNA KOMIIOHEHT CIUIaBY, Ta 3/JIaTHICTh YTBOPIOBATH CTIHKY XIMIUYHY CHOJIYKY
3 BogHeM (HoHs3), mpu3BoAUTh 10 3HMKEHHS 3arajbHOI KIJIBKOCTI MOTJIMHYTOTO BOJIHIO
BHACIIJIOK (D)OPMYBAHHS OKCUAHUX BHUJILIEHb.

4. EKCIepUMEHTAJIBHO JOBEJEHO, 10 HAMOUIBII MEPCIEKTUBHUMHU 3 TOUKH 30Dy
BHCOKO1 BOJHEBO1 emHOCTI (M0 H/Me ~ 1,81), mBHIKOI KIHETUKH COpOIii-gecopoii
BOJAHIO Ta M SIKMX Te€pMOOapU4YHHMX yMOB TinpyBaHHs (TucK BoaHio 0,23-0,6 MIIa Tta
KIMHaTHa TeMmIiiepaTypa) € rerepodas3Hi criaBu, 1o ckiagarotecs 3 OLK-tBepmoro
po3unHy Ta ¢as3u JlaBeca. BctaHOBIEHO MexaHI3M iX B3a€MO/IIi 3 BOAHEM MPH KIMHATHIN
TEeMIIepaTypl Ta BU3HAYEHO POJIb KOKHOI (Da30BOi CKJIaJ0BOI B MPOIIEC] TIAPYBAHHS, TUM
caMUM TMOsCHeHa MoXJauBicTh HacuueHHs OIL[K-tBepmoro po3umHy mnpu KiMHATHIN
temriepatypi. [loBepxusi kpuctaniB (a3u JlaBeca € cBOeEpiAHUM KaTali3aTOPOM IMPOIIECY
riApyBaHHs, OyIy4d MICIIMUA HIBUIKOI JUCOINAIll MOJIEKYJ Ta 3a0e3Meuyloud IIBUIKE
IPOHUKHEHHSI aTOMAapHOTO BOJIHIO BIiMO Marepiaidy, MaKCUMallbHa IIUIbHICTh KOHTAKTY
MK CIBICHYIOUYUMH (hazaMu TOJIETIIye AuQy3i0 BOAHIO Yepe3 MiK(]a3HI MOBEpXHI B
OLK-TBepauii po34nH, KpUCTAIIUHA IPATKA SKOTO XapaKTEPU3YETHCS BUCOKOIO BOJAHEBOIO
€MHICTIO.

5. Bcranomieno, mo TepmiuHa oOpoOka (Bigman mnpu Temmeparypi 900 °C
BrpoaoBk 10-70 roauH) rerepoda3sHux CruiaBiB 31 cTpykTypor ¢aszu JlaBeca ta OLK-
TBEPAOTO0 PO3UMHY, SIKa 301IbIIye po3Mipu (Da30BUX CKJIaJAOBHX 0Oe€3 3MiHM (ha30BOTO
CKJIaZly, TO3UTHUBHO BIJIMBA€ HAa BOJHEBOCOPOIIIfHI BJIACTUBOCTI, CKOPOUYIOUM 4Yac
HACUYEHHsI MaTepiaay BOJHEM a0o0 3HIKYIOUM TeMIepaTypy TiApyBaHHS O KIMHATHOI.
Otpumanuii pe3yabTaT JO3BOJISIE CTBEP/KYBaTH, IO Yy rerepodasHiii CTPYKTypi
KPUTHYHUM (HaKTOpOM JIs aKTHBAIll IMPOIECIB B3a€EMOJIl 3 BOJHEM MNpH KiIMHATHIN
TeMIIepaTypl € po3mip kpucrtamiitiB (a3u JlaBeca. MexaHi3Mm gaHOi akTHBAIlii MOJSATAE B
HEBIIMOBITHOCTI 00’€éMHUX €(EeKTIB MpH TiAPYBaHHI CIIBICHYIOUMX (Pa30BUX CKIAOBUX,
SKa TIACHIIOETHCS TPU 30TBIIIEHH] PO3MIPIB KPUCTATITIB, IO BEAE O PO3TPICKYBAHHS
Marepiany 3 YTBOPEHHSIM HOBUX FOBEHIJTLHUX MTOBEPXOHD.
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6. ExcrepuMeHTaIbHO JOBENEHO, LIO0 MPOBEIEHHS NEPIIOro IMHKIY COopoOLis-
necopOIrisi BOJIHIO CIJIaBaMU, HE3aJIe)KHO Bij iX BUXIAHOI CTPYKTYpH, (ha30BOTO CKJIaIy Ta
JOCIIKYBAaHOI CHCTEMM JIETYBaHHS € €()EeKTUBHHUM CIIOCOOOM aKTHBAIlll MOJAIbIINX
IIUKJTIB copOIii-necopOIlii BOAHIO, SKI peali3yroTbCs MPU KIMHATHIM Temmeparypi i
HeBucokoMy THCKY (0,21 MIla), mpu oMy KiIbKICTh HOTJIMHYTOTO BOJIHIO MaTepialaMu
3QJIMIIAETHCS HE3MIHHOIO MPU 3HAYHOMY CKOPOYEHHI Yacy JOCSITHEHHS ii MaKCUMalbHO
MO>KJIMBOTO 3HAYeHHS. MexaH13M Takoi akTHUBAIlil MOJIsSIrae B AUCIIEPTyBaHHI MOHOJITHOTO
3IMBKY JO CTaHy IIOPOIIKY B TIPOIECi MepHioro IUKIY copomii-gecoporii, o
CYIIPOBO/IKYETHCSI 30UIBIICHHSIM aKTHBHOI IUIOIII TMOBEPXHI IS JUCOLiaiii MOJIEKYI
BOJIHIO, T4 OYHIIECHHSAM paHillle ICHYIOUUX MOBEPXOHb MaTepially BiJl HasSBHUX Oap’€pHUX
OKCHJIHUX TUTIBOK aTOMAapHUM BOJHEM, IO HPHUCKOPIOE KIHETHKY copOLii-aecopoirii
BOJIHIO TaKOIO METAJIEBOIO CHCTEMOIO.

7. OTpuMaHO TPAKTUYHO BAXKIUBUK pPE3yJbTaT IMIOJ0 MOXIMBOCTI 3HHMKECHHS
co01BapTOCTI CIUIaBY-aKyMYJISITOPY BOJHIO, 0€3 MOTIPIIeHHS HOTro BOJHEBOCOPOIIMHMX
XapaKTEPUCTUK Ta 3HIDKEHHS KUIBKOCTI TMOTJIMHYTOTO BOJHIO, IUISXOM 3aMIHU
BUCOKOYMCTUX BHUXIJIHUX MaTepiayiB Ha €JIEMEHTH TEXHIYHOI YHUCTOTH 13 301IbIIEHUM
BMICTOM JIOMIIIOK, MpU YMOBI BIAMOBIAHOCTI (a3oBoro ckiagxy. Po3poGrieHo
TEXHOJIOTIYHY CXEMY OTpPUMaHHS MACHBHUX 3JUBKIB METOJIOM IHIYKIIMHOI IJIABKU B
turisix 3 Al,Os, sika Moke OyTH 3acTOCOBaHA B MPOMHMCIOBOCTI. JlaHa cxema 3a0e3mneuye
BIJICYTHICTh CYTT€BOi B3a€EMOJIIi MK MarepiajJoM THUIJIIO Ta PO3IIaBOM, 30epirarouu
JOMYCTUMHUNA BMICT JOMIIIOK allfOMiHIIO B CIUIaB1, 3aBASKH YOMY JOCSTAEThCA HEOOX1HA
HOTOo CTpYKTYpa, pa3oBuii CKIIaJ Ta BOJIHEBOCOPOLIIHI BIACTHUBOCTI.
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AHOTALIS

JexTapenko B.A. 3axkoHomipHocTi Ta MexaHi3Mu B3aeMoOAil BOAHIO 3
0araTOKOMIIOHEHTHUMH CILJIABAMHU THUTaHy Ha ocHOBI ¢a3 JlaBeca ta OLIK-TBepaoro
po3uuny. — KBanmidikaiiifHa HaykoBa mpalis Ha MpaBax pyKOIHUCY.

Hucepraiisi Ha 3700yTTS HAyKOBOIO CTYyMNEHS JOKTOpa TEXHIYHUX HayK 3a
cnemianpHicTiIO 05.16.01 — MeTano3HaBCTBO Ta TepMmiuHa 00poOKa MertamiB. — [HCTUTYT
metanodizuku im. I'.B. KypatomoBa HAH VYkpainu, Kuis, 2021.

[TpoBenenuit KOMIUIEKC AOCIIHKEHb J103BOJIMB BU3BHAYUTH OCHOBHI KPUTEPii BUOOPY
JEryBaJIbHUX  €JIEMEHTIB /i1 30UIbIIEHHS  KUIBKOCTI  MOMJIMHYTOTO  BOJIHIO
0araTOKOMIIOHEHTHUMU CIUJIaBaMU TUTaHy Ta MOKPAIEHHS KIHETUKH MPOIIECIB cOpOIlii-
necopOuii, a came, 3JaTHICTh YTBOPIOBATH CTIMKY XIMIYHY CIOJYKY 3 BOJHEM (BiJ €MHE
3HAYEHHS 3MIHU BUIbHOI €Heprii npu (OpMyBaHHI XIMIYHOI CHOJYKH), OLTBIIMI aTOMHUN
pajiyc y MOpPIBHSHHI 3 KOMIIOHEHTOM CIUIABY, SIKUM BIH 3aMIIIIa€, a TAKOX BUCOKA B3a€MHA
PO3YMHHICTH 3 OCHOBHUMH KOMITOHEHTAaMU CILJIaBYy.

BcranoBrmeHO BaXMMBUN 3 MPAKTUYHOI TOYKH 30py (akT, MO MPUCYTHICTH Yy
dazoBomy ckiiaai ciiaBy nopsia 3 ¢azoro JlaBeca tumy C14 ('Y rpartka), ¢asu JlaBeca
tunty C15 (I'IK rpaTtka), He MOTipiIyloyu KIHETUKU TOTJIMHAHHS BOJHIO, PU3BOJIUTD 0
MOKpAIICHHS KIHETUKH BUALICHHS BOJHIO.

[TokazaHo, 110 CTBOPEHHS TeTepodazHux CTPYKTYP, 5Ki, KpiM (a3u JlaBeca, MiCTAThH
1m0 35 % OLK-TBepaoro po3uuMHy, € KOPUCHHUM JUIS IIJABHUINCHHS BOIHEBOI €MHOCTI
CIUIaBiB, HE TMOTIPIIYIOYU TPHU I[bOMY KIHETHKY TMOTJIMHAHHS BOJHIO TPHU MEPIIOMY
TiApyBaHHI, JOCATal0YM 3HadeHb BoAHEBOi emHOocTi H/Me ~ 1,45. BcranomieHa
MO>KJIMBICTh 301IBIIIEHHS] BOJIHEBOI €MHOCTI YTBOPEHUX TiApHiB Ha OCHOBI (pa3u JlaBeca
ta OLK-TBepmoro po3unHy 3aBASKA JOAATKOBOMY 3allOBHEHHIO TETPACAPUIHHUX
MIXKBY3J11B KPUCTAJIIYHOI I'PATKU NP 3MiHI TEPMO-O0ApUUHUX YMOB T1IpyBaHHS.

ExcniepuMeHTanbHO JOBEICHO, 1[0 BUKOPUCTAHHS B SIKOCTI TIEPBUHHOTO JDKEperia He
MOJIEKYJIIDHOTO, a AaTOMAapHOTO BOJHIO, PO3YMHEHOT0 B KPUCTAIIYHINA TpaTii
CHIBICHYIOUOI IHTEpMETANIAHOI a3y, MPU3BOAUTH IO MOXKIMBOCTI HacuuyBatn OLIK-
TBEPAUIl PO3UMH HAa OCHOBI THTAHY NpPH KIMHATHIM TeMmrmeparypi Ta TUCKY BoaHio 0,23
MIla, mo mnpu i"auBinyaneHoMy rifgpyBanHi OLK-da3za mnorpebye HarpiBy a0
temriepatypu 400-600 °C ta TpuBanoi BuTpuMKu. Ha modarkoBoMy eTari MOTJIMHAHHS
BOJHIO KIIFOUOBY poyib rpae (aza JlaBeca, HECKOMIIEHCOBaHI MIATOMHI 3B’SI3KM Ha
MOBEPXHI SKO1 MOJIETIIYIOTh JMCOINAII0 MOJEKYJT BOJHIO (XeMOCOPOIliI0), CIPHUSIOUN
MIPOHUKHEHHIO aTOMApHOTO BOJHIO B KPUCTaJi4HYy TpaTKy, B mojaibimiomy ¢asza JlaBeca
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ciyrye noHopom Boauto aisi OLIK-TBepnoro po3umnHy, B sSIKOMY HAaKOMUYYETHCSI OCHOBHA
HOT0 KIJTBKICTb.

BcTanoBieno, 1mo B rerepodasHiii CTpyKTypl KpUTUUYHUM (PAKTOPOM IS aKTUBAIIil
MOTJIMHAHHS BOJHIO NMPU KIMHATHIN TeMmIieparypl € po3mip KpucTaiiTiB ¢aszu Jlapeca.
HegianosiHicTh 00’ €MHMX €(PEKTIB CIIBICHYIOUHX (Da3 MIPH B3aEMO/II1 3 BOJIHEM BUKIIMKAE
YTBOPEHHSI TPILIMH, IO aKTHUBYE IMPOIEC TIAPYBaHHS IIPU KIMHATHIA TeMmeparypl.
[TokazaHo, 1110 YKpyIHEHHS (a30BUX CKJIAJOBUX B reTepoda3HuX CTPYKTYpax 1 OUUIIEHHS
MOBEpXHI BiA Oap’€pHUX OKCHUAHMX TIUNBOK TMPH BaKyyMHIH TepMidHii 00poOI
JOCTDKYBaHUX MartepianiB € e()EeKTUBHUM IIISXOM MPUCKOPEHHS KIHETHKHU MPOLECy
MOTJIMHAHHS BOJHIO.

Jlis BCIX MOCHIIKYBaHHUX MaTepialliB HE3aJIekKHO BiJ iX BUXiTHOTO (a30BOro Ta
XIMIYHOTO CKJIa/ly, KOPUCHOIO € TIOTIEPEIHS aKTUBAIIISl LIMKJIOM COpOIIisi-1ecopOIIisi BOIHIO.
[lepmmii uka B3aeMoii 3 BOJAHEM JUCIEPrye MaCUBHUUN MaTepiaj, 301IblIytoun Ha 2-3
MOPSAJIKK MTUTOMY TMOBEPXHIO 3 OJJHOYACHUM BIJTHOBJICHHSIM Oap’€pHUX OKCHUIHUX TUTIBOK
Ha ICHYIOYHMX JI0 IIbOTO MOBEPXHSIX MaTepialy B pe3yJbTaTl iX B3a€MOJIi 3 aTOMapHUM
BOJHEM, IO MPHU HACTYMHHUX IHMKJIaX COpOIli-necopOIili CyTT€BO MPUCKOPIOE KIHETHUKY
TiApYBaHHS, TUM CaMHUM CKOPOUYYIOYM Yac, HEOOXIAHWM JJid OCATHEHHS MaKCHUMalbHO
MO>KJIMBOI KOHIIEHTpAIlii MOTJIMHYTOr'O BOJHIO B MaTepiali.

Brepiie nokazaHno, 1110 MoBHa 3aMiHa BUCOKOYHCTOTO TUTaHY (MOIUIHUIN TUTaH) K
OCHOBH CILIaBY Ha BIJIHOCHO JICIIEBY TUTAHOBY I'yoky (mapka TI'-110) 3 cyTTeBO OUIBIIUM
BMICTOM JIOMIIIIOK BTUICHHS (KUCEHB, a30T), HE MOTIPIIYE BOJHEBOCOPOIIiMiHI BIAaCTUBOCTI
cruaBy. Lle 103BOJsiE CYTTEBO 3HU3UTH COOIBAPTICTh OTPUMAHOIO TIAPUAY, IO POOUTH
HOro KOHKYPEHTO3JaTHUM 13 MaTepiaJaMu-coOpOeHTaMH BOJHIO Ha OCHOBI IHIIHX
XIMIYHHUX €JIEMEHTIB.

KurouoBi cjioBa: cCrijiaBu-akyMyJisITOpU BOJIHIO, (ha30BUM CKJIaJ, MIKPOCTPYKTypa, (aza
JlaBeca, rerepodasHi cmiaBu, KOMMO3UT, iHTepMmetama, OIIK-tBepauit po3uuH,
TETpaeApUYHI MDKBY3JIA, TipyBaHHS, JETiAPyBaHHA, 1HKYOAIliifHUI TepioJl, BOJHEBa
€MHICTb.

ABSTRACT

Dekhtyarenko V.A. Regularities and mechanisms of interaction of hydrogen
with multicomponent titanium alloys based on Laves phases and bcc solid solution. -
Qualification scientific work as a manuscript.

The dissertation for the Engineering Science Doctor degree according to the
specialty 05.16.01 — metal science and heat treatment of metals. — G.V. Kurdyumov
Institute for Metal Physics, National Academy of Science of Ukraine, Kyiv, 2021.

The complex of researches allowed to determine the main criteria for choosing an
alloying element to increase the amount of absorbed hydrogen and improve the kinetics of
sorption-desorption processes, the ability to form a stable chemical compound with
hydrogen (negative value of free energy change during chemical compound formation),
greater atomic radius than the component of the alloy that it replaces, as well as high
mutual solubility with the main components of the alloy.

It was found important from a practical point of view that the presence in the phase
composition of the alloy along with the Laves phase type C14 (HCP lattice), Laves phase
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type C15 (FCC lattice), without compromising the absorption kinetics of hydrogen, leads
to improved hydrogen Kinetics.

It was shown that the creation of multiphase structures, which, in addition to the
Laves phase, contain up to 35% BCC-solid solution, is useful for increasing the hydrogen
capacity of alloys, without compromising the kinetics of hydrogen absorption during the
first hydrogenation, reaching values of hydrogen capacity H/Me ~ 1.45. The possibility of
increasing the hydrogen capacity of the formed hydrides based on the Laves phase and
BCC-solid solution was established due to the additional filling of the tetrahedral
internodes of the crystal lattice when the thermobaric hydrogenation conditions change.

It was experimentally proved that the use as a primary source of not molecular but
atomic hydrogen dissolved in the crystal lattice of the coexisting intermetallic phase, leads
to the possibility of saturating the BCC-solid solution based on titanium at room
temperature and hydrogen pressure of 0.23 MPa, while hydrogenation of BCC phase alone
usually requires heating to a temperature of 400-600 °C and holding for several hours. It
has been shown that the magnification of phase components in multiphase structures and
the purification of the surface from barrier oxide layers by vacuum heat treatment of the
studied materials is an effective way to accelerate the kinetics of the hydrogen absorption
process.

It was found that in the multiphase structure for the process of activation of
hydrogen uptake at room temperature, the critical factor is the size of the crystallites of the
Laves phase. The mismatch of the volume effects of the coexisting phases when
interacting with hydrogen causes the formation of cracks, which activates the
hydrogenation process at room temperature. It has been shown that the amalgamation of
phase components in multiphase structures and the purification of the surface from barrier
oxide layers by vacuum heat treatment of the studied materials is an effective way to
accelerate the kinetics of the hydrogen absorption process.

For all test materials, regardless of their initial phase and chemical composition, it is
useful to pre-activate them by the cycle of sorption-desorption of hydrogen. The first cycle
of interaction with hydrogen disperses the massive material, increasing by 2-3 orders of
magnitude the specific surface with the simultaneous restoration of barrier oxide films on
existing surfaces of the material as a result of their interaction with atomic hydrogen
released, which in subsequent cycles of sorption-desorption significantly accelerates
hydrogenation Kinetics, thereby reducing the time required to achieve the maximum
possible concentration of absorbed hydrogen in the material.

It was shown for the first time that the complete replacement of high-purity titanium
(titanium iodide) as the basis of the alloy with a relatively cheap titanium sponge (TG-110
brand) with a significantly higher content of impurities (oxygen, nitrogen) does not impair
the water absorption properties of the alloy. This significantly reduces the cost of the
obtained hydride, which makes it competitive with hydrogen sorbent materials based on
other chemical elements.

Key words: hydrogen storage alloys, phase composition, microstructure, Laves phase,
multiphase alloys, composite, intermetallic compound, BCC solid solution, tetrahedral
internodes, hydrogenation, dehydrogenation, incubation period, hydrogen capacity.
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AHHOTAIUA

JexTtsapenko B.A. 3aKOHOMEPHOCTH M MEeXaHU3MbI B3aMMO/IeliCTBUSI BOJAOPOAa
¢ MHOTOKOMIIOHCHTHBIMH CILIAaBaMH THTaHAa Ha ocHoBe ¢a3 Jlaeca m OLK-
TBEPAOro pacTBopa. - KpanudukanmoHHbI HAyYHBIN TPY]] Ha MpaBaxX PYKOIKCH.

Juccepranusi Ha COMCKAaHHME YYEHOM CTENEHU JIOKTOpa TEXHUYECKUX HAyK I10
cennasibHOCTH 05.16.01 - MeTa/uioBeneHbe M TepMudeckas oOpabOTKa METalioB. -
WNucturyT metamodusuku um. I'.B. KypatomoBa HAH Ykpaunsi, Kues, 2021.

[IpoBeAEHHBIA KOMIUIEKC MCCIECIOBAaHUKA TMO3BOJIMJI  ONPEAECIUTh OCHOBHBIC
KpUTEpUH BHIOOPA JIETUPYIOLIUX 3JIEMEHTOB JJI YBEJIWYEHUS KOJIMYECTBA MOTJIOMICHHOTO
BOJIOPOJIa MHOTOKOMIIOHEHTHBIMH CIIJITABAMHU TUTAaHA U YJIYYILICHUS KUHETUKHU MPOILIECCOB
copOumu-aecopOny, a UMEHHO, CIIOCOOHOCTh OOPa30BBIBATH YCTOMYMBOE XUMHUYECKOE
COEMHEHUE C BOJIOPOJIOM (OTpHUIIATEIbHOE 3HAUCHHE U3MEHEHUS CBOOOTHOM SHEPTUU TIPU
GbOopMUPOBAHUU XUMUYECKOTO COCIUHEHMUS), OONBIIUN aTOMHBIM paguycC MO CPaBHEHUIO C
KOMIIOHEHTOM CIUIaBa, KOTOPBII OH 3aMEIIAeT, a TAaKXE€ BbICOKAs B3aUMHAas
PacTBOPUMOCTh C OCHOBHBIMH KOMIIOHEHTAMH CILJIaBa.

VYcTaHOBIEHO BaKHBIA C MPAKTUYECKOW TOUKHU 3peHUs (PaKkT, 4TO MPHUCYTCTBHUE B
¢dazoBoM cocTaBe cruiaBa psgom ¢ ¢azoit Jlaeca Tuna C14 (I'T1Y pemerka), dassl JlaBeca
tuna C15 ('K pemerka), He yxXyAllass KHHETUKU MOTJIOIIEHUS BOJAOPOAA, MPUBOJIUT K
YIIYYIIEHUIO KHHETUKH BBIIEJICHHS BOAOPOAA.

[TokazaHo, uTo co3nanue rerepoda3HbIX CTPYKTYp, KOTOpbie, kKpome ¢a3bl JlaBeca,
cogepxkatr a0 35% OLK-tBepaoro pactBopa, SIBISETCS IOJIE3HBIM IS MOBBIIICHHS
BOJIOPOJIHOM €MKOCTH CIUIaBOB, HE yXY/IIasi IPU 3TOM KUHETUKY MOTJIONIEHUS BOJIOPO/Ia
Py MEPBOM THUJPUPOBAHMM, AOCTUTras 3Ha4YE€HUN BoaopojaHoil emkxoctn H/Me ~ 1,45,
VYcTaHoBIeHAa BO3MOXKHOCTh YBEIUYEHUSI BOJIOPOTHOM €MKOCTH 0Opa30BaHHBIX THIPHUIOB
Ha ocHoBe (a3bl JlaBeca u OILIK-TBepmoro pactBopa Osarogapsi JAOTOJHUTEILHOMY
3aMOJIHEHUIO TETPAdAPUUECKUX MEXKI0Y3IUN KPUCTALTNYECKON PEIIETKH NP U3MEHEHUHN
TEPMO-0apUUECKUX YCIOBHM THAPUPOBAHUS.

OKCIEpUMEHTAIBHO JOKa3aHO, YTO HCIIOJIb30BaHUE B KAyeCTBE IEPBHUYHOIO
UCTOYHUKH HE MOJEKYJISIPHOTO, a aTOMapHOro BOAOpPOAAa, PAacTBOPEHHOTO B
KPUCTAJUIMYECKON PEIIETKE, COCYIIECTBYIOMIEH WHTEPMETALTUAHON (Da3bl, MPUBOAUT K
BO3MOKHOCTH Hackimate OLIK-TBepablii pacTBOp Ha OCHOBE THUTaHA NPU KOMHATHOMN
TeMmrneparype M JaBiaeHun Bojopona 0,23 Mlla, Torma kak Npu HHAUBUAYATHHOM
ruapupoBanuu OL[K-da3za tpedbyer narpeBa no temneparypsl 400-600 °C u amuTenbHOM
BbIJIepkKKU. Ha HauagpHOM ATame MOTJIOIIEHUS BOJIOPOJia KIIFOYEBYIO PoJib Urpaer ¢asza
JlaBeca, HECKOMIIGHCHUPOBAHHBIE MEXATOMHBIE CBSI3M Ha IIOBEPXHOCTH KOTOPOH
o0JieryaroT  JAUCCOIMAIlMI0  MOJIEKYJ  BOJIOpoJia  (XeMocopOIuio),  CHOCOOCTBYS
MPOHUKHOBEHUIO aTOMApHOTO BOJOPOJA B KPUCTAJUIMYECKYIO PEIICTKY, B JaJIbHEHIIIEM
¢daza JlaBeca cmyxut goHopom Bogoponaa mia OLK-tBepmoro pactBopa, B KOTOpOM
HaKaIIMBaeTCsl OCHOBHOE €r0 KOJUYECTBO.

VYcranoBneHo, 4to B TreTepodasHoil CTPYKType KpUTHYECKUM (HaKTOPOM ISt
aKTUBAllMM TMOTJIOIICHUS BOJOpPOJA IpPU KOMHATHOM TeMIlepaType SIBISETCS pa3Mep
kpuctaumutoB (asbl Jlaeca. HecoorBeTcTBue 00beMHBIX 3(PHEKTOB COCYIIECTBYIOIIMX
¢a3 nmpu B3aUMOCHCTBUU C BOJOPOJIOM BBI3BIBACT O0OpPa30BaHUE TPEIINH, YTO aKTHBUPYET
MpOIECC THUAPUPOBAHUS MPU KOMHATHOW Temmeparype. llokazaHo, 4TO yKpymnHEHUE
(a30BBIX COCTABISIIONINX B TeTepOo(da3sHbIX CTPYKTypax W OYHMCTKH IOBEPXHOCTH OT
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OapbepHBIX OKCHUIHBIX IUIEHOK MPHU BaKyyMHOM TepMHUYECKOW 00paboTKe HCCIIeqyeMbIX
MaTepuaios sBisieTcs 3QPEKTUBHBIM IIyTEM YCKOPEHHSI KWHETUKHU MTPOLIECCa MOTIOLICHUS
BOJIOpOJA.

Jlia Bcex uccienyeMblX MaTepuaoB HE3aBUCUMO OT MX HMCXOJHOrO (pa3oBOro M
XUMHUYECKOTO COCTaBa, IIOJIe3HA MpeABapUTENbHASI aKTUBALUs LMKJIOM COpOILus-
necopbuus Bopopoaa. llepBblii LMK B3aUMOAEHCTBHS € BOJOPOJOM JUCHEPTUPYET
MacCUBHBIA MaTepuaj, yBEJIWYMBas Ha 2-3 TOpsAAKa YJEIbHYIO IOBEPXHOCTb C
OJTHOBPEMEHHBIM BOCCTAaHOBIIEHHEM OaphepHBIX OKCHAHBIX IUICHOK Ha MOBEPXHOCTAX
MaTepuaga CYHIECTBYIOIIMX JO0 3TOr0 B Pe3yibTaTe UX B3aUMOACHCTBUSI C aTOMapHBIM
BOJIOPOJIOM, YTO IPH MOCIEAYIOMINX [TUKIaX COPOIUU-IECOPOIIUHU CYIIECTBEHHO YCKOPSET
KUHETUKY THAPUPOBAHUS, TEM CaMBIM COKpaIlas BpeMs, HEOOXOAUMOE IJis TOCTHXKEHUS
MaKCHMaJbHO BO3MOXKHOM KOHIICHTPAIIMH MOTJIONIEHHOTO BOAOPO/Ia B MaTepHUaie.

BnepBbie moka3aHo, 4TO MOJIHASI 3aMEHA BHICOKOUUCTOrO TUTaHa (MOAUIHBIN TUTAH)
KaK OCHOBBI CIUIaBa Ha OTHOCHUTEIBHO JEUIEBYIO THUTaHOBYIO T'yOky (mapka TI'-110) c
CYLIECTBEHHO OOJBIIUM COJAEpPKAHUEM IpUMecEed BHEIpPEeHHs (KHUCIOpOJ, a30T), He
yXYALIAeT BOJOPOACOPOLIMOHHBIE CBOMCTBA CIUIaBa. OTO TO3BOJSET CYUIECTBEHHO
CHU3UTh C€0ECTOMMOCTh MOJYYEHHOIO THAPUAA, YTO JEJAET €r0 KOHKYPEHTOCIIOCOOHBIM C
MaTepuaiaMu-copOeHTaMH BOJOPO/Ia HA OCHOBE IPYTMX XUMHUYECKUX 3JIEMEHTOB.

KaroueBble  cioBa:  CIUIaBBI-aKKyMYJIITOpPbl  BOJOpoJa,  (a3oBbIE  COCTaB,
MUKPOCTPYKTYypa, ¢aza JlaBeca, rerepodasHbie CIJIaBbl, KOMIIO3UT, HUHTEPMETAJUIN/I,
OLK-TBepapIit pactBop, TETPAIAPUUECKUE MEXKI0Y3JIHA, TUIPUPOBAHYS,

JETUIPUPOBAHMS], HTHKYOAlIMOHHBIN Nepro, BOJOPOAHAS EMKOCTb.
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[Tign. no apyky 04.02.2021 p. ®opmat 60x90/16. I'apu. Tun. Taiimc.
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O6:.-Bua. apk. 1,9. Tupax 100 npum. 3am. Ne 39.
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