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KorepeuTHi HaHOYaCTUHKMY, AKUX YCHAJKOBAHO MapPTEHCUTHUMHU KpHCTAJIa-
MU, 3MiHIOIOTH IapaMeTPH MapTEeHCUTHOTO IIepeTBopeHHsa. B poborTi 3’acoBaHO
HEMOHOTOHHY 3MiHY TeMIIepaTypHOTO TicTepe3ncy MapTeHCUTHOTO [3;<>Y'-
TIepeTBOPeHHA 3i 30i/MbITeHHAM Yacy 3a (piKcoBaHOI TeMIlepaTypu CTapiHHA.
BuBueHo BOJIMB pPeKUMIB crapiHHA cromiB cucteMu Cu—Al-Mn Ha HagOpyX-
HIO TOBeAiHKY ayCTeHITHOI Ta MapTeHcuUTHOI (das. MaxcumabHA BeJIWUYMHA
HaAOpPYKHBOI gedopmarlii, sKy BUABJIEHO B ayCTeHiITHOMY CTaHi, BimmoBimae
MiHiMaJIbHIN IMIUPUHI TeMIIepaTypHOTrO TicTepesucy MapTeHCUTHOTO IepPeTBOo-
peuHsa B cronax cucteMu Cu—Al-Mn. HaaBHicTs HaHOUACTUHOK a3y BUII-
JIEHHA 30iJIbIITye HAPYKEeHH AJIs YTBOPEHHA MapTeHCUTy B cTomax Cu—Mn-—
Al y mosi MmexaHiYHUX HATIPY KEHb.

The coherent nanoparticles inherited by martensite crystals change parame-
ters of martensitic transformation. This paper considers a non-monotonic
behaviour of temperature hysteresis of martensitic B, <>y’ transformation at
the increase of ageing time at the fixed temperature. The effect of Cu—Al-Mn
alloys ageing regimes on superelastic behaviour of austenitic and martensitic
phases are studied as well. The maximum value of superelastic strain in aus-
tenite state corresponds to a minimum width of martensitic-transformation
temperature hysteresis for Cu—Al-Mn alloys. The presence of precipitation-
phase nanoparticles increases a strain for the martensite formation in Cu-
Mn—-Al alloys under mechanical-stress field.

KorepeuTHbIe HAHOYACTHUIILI, KOTOPbIe YHACJIENOBAHBI MAPTEHCUTHBIMU KPU-
cTajljlaMi, MU3MEHAIOT IapaMeTpbl MapTeHCUTHOTO IpeBpaleHus. B pabore
BBISIBJIEHO HEMOHOTOHHOE M3MEHEHHNE TEMIepPATypPHOTO T'HMCTepe3nca MapTeH-
CUTHOTO [3; <> y-IIPEBPAINeHUsA C YBeJINUYEHNEeM BPeMeHU Ipu (PpUKCHPOBAHHOMN
TeMIlepaType crapeHusd. V3yueHO BIUSHUE PEKUMOB CTApPEHUS CILJIABOB CH-
crembl Cu—Al-Mn Ha cBepXyIIpyroe moBeJeHne ayCTEHUTHON U MAPTEHCUTHOMN
das. MakcuMasbHaA BeJIUUYMHA CBEPXYIpPyroi gedopmamuu, KoTopas oOHAa-

383



384 A. M. TITEHKO

Py’KeHa B ayCTEHUTHOM COCTOSHHUM, COOTBETCTBYET MUHUMAJILHON IIUPUHE
TeMIIepaTyPHOTO THCTepes3rnca MapTEeHCUTHOTO IIpeBpallleHusd B CILJIaBaX CH-
crembl Cu—Al-Mn. Hanuuwme maHouacTuil (ashbl BBIEJEHUS YBeJIUUYUBaET
HanpsKeHVe 1A o0pasoBaHmusa MapTeHcuTa B citaBax Cu—Mn—Al B mose me-
XaHNYECKUX HAIPSIKEeHUH.

Karouosi croBa: aycTeHiT, MapTeHCHUT, HAAIPYKHICTh, ricTepesnc, HaHOYAC-
TUHKU.

(Ompumano 9 epydons 2013 p.)

1. BCTYII

Cromnu 3 epexToM mam’saTi GopMU BUKJINKAIOTH 3HAUHY 3aIliKaBJIEHICTD
AK IepCHeKTUBHI MaTepiann GyHKI[IOHAJIbHOTO IpusHaueHHsa. CTonu 3
TEePMOIPYKHUM MAapTEeHCHUTOM 3a IIEBHHX YMOB IeMOHCTPYIOTHL Ha/l-
npy:xkHi BaactuBocti [1, 2]. Haiib6inbi AcKkpaBo 1ie BUABIAETHCA B CTO-
max Ha MigHii ocHosi. B 6ararsox cromax ma ocaosi Cu (Cu—Al, Cu—Al-
Ni, Cu—Al-Mn, Cu—Zn—Sn) npu MapTeHCUTHUX II€PEX0AaX BUSIBJIECHO
ABUIIE HAAIPYKHOCTi, TOOTO BJACTHUBICTL MaTepiady HAKOOUUYYBaTH
3HAYHi 3BOPOTHI mAedopmalrii 3a paXyHOK YTBOPEHHS Ta POCTY MapTeH-
CUTHUX KPUCTAJIIB y ITOJIi MeXaHIiYHUX HaOpy:KeHb [1, 2].

Bucorkoremneparypsa [;-dbasa 6imapHuUx i mOTpiHMX MigHO-aJIIOMI-
HieBuUX cTOIiB, BnopsaakoBaHa 3a Tunom D0;, mae OIIK-ctpyKTypy. Ma-
pTeHcuTHI hasu, 1110 PeasrisyoThCA B CTOIAX 3 PI3HUM BMiCTOM, ABJISIOTH
co0010 IIiIBHOIIAKOBAHI CTPYKTYPH, IKi BiApisHAIOTHCA MOPATKOM VK-
JafaHHA IMijgbHOmarkoBaHux miomuH: B,(3R) abo y(2H). Kpucraniuna
CTPYKTYypa, III0 YTBOPIOETHCA HpHu AedopMailii po3Tarom B 00JacTi TeM-
nepatyp crabinbHOCTi fB;-(hasy, Bu3HAUAETHCA TeMIIePaTypolo, IPU AKiH
BUKOHY€ETBCS AedopMallisa, a TaKOK OpieHTyBaHHAM Bici poarary [3].
Crapiroui cronum Cu—Mn—Al, 110 BUPi3HAIOTECA OPUr'iHAIBHAMY MATHIT-
HUMU XapaKTePUCTUKAaMHU, 3a3HAIOTh TAKOK MApPTEHCHUTHOI'O IIEPeTBO-
perna (MII). Ilnaxom TepMiuHOro 00pO0IeHHS MOKHA (DOPMYBATH CHC-
TeMl HAaHO(pepPOMATHITHUX BKJIIOUEHb, PO3MillleHNX YV He)epoMarHiTHili
matpuiii. B mporieci crapinas cromy Cu—Mn—Al B matpuiii (Cu—Mn);Al
YTBOPIOIOTBCA JOCTATHBO MaJii KOTepeHTHI HaHOUYACTUHKU (asu
Cu,MnAl, posmip AKX iCTOTHO MeEHIIIe PO3Mipy KPUTHUYHOI'O 3aPOSKA
mapreHcury [4]. Hedopmartia rparauini opu MII, ak Bimzomo, € B OCHOB-
HOMY Zed)opMaIllieio 3CyBY, 1[0 IPU3BOAUTD 10 Aedopmariii sacyBy mare-
piany HaHOYACTHMHOK, PO3MIIIIEHNX ¥ MeKaX MapTeHCUTHUX KPHUCTAJIB.
HeoOxiguuMu ymoBaMu A 3a0e3leUeHHA HAAIPYKHBLOI gedopmarrii
(HIO) e HeBenuKka BesmunHa 00’ emuux AV, , ,,/V, 3min (A — aycrenit, M
— mapreHcur) mpu MII, HagBHiCTL 3CyBHOTO KOMIIOHEHTA Aedopmalrii Ta
BHUCOKA MeJKa IIJIMHHOCTI ¢ MaTpuuHOi ¢asu [5]. Bucoka ¢ cupuse 36e-
PeKeHHI0 KOTePEeHTHOCTI IIpu pyci Mmixkdasuux me:x A—M.
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Cepen MigHO-aJIIOMiHi€BUX CTOIIiB HAMOiNbITy eHepriio medeKTiB ma-
kyBaHHA (21 epr/cm®) i Haf6iTbIIe HAIPY:KeHHA BigKomy T,= 155—158
MIla, ake mie B cuctremi (001)[100],, matoTs cTomu, jeropaui Mn [6]. B
CBOIO Uepry, MOPiBHAHO BUCOKA eHepria Aed)eKTiB mMaKyBaHHS 00Mexye
MiKMapTeHCUTHUN MexaHisM gedopmarii. Xapaxtep aedopMyBaHHS
I MOHOKPMCTAJIIB iCTOTHO BifpisHAEThCA Bif mosikpucraiis. Iaa me-
PEeTBOPEHHS B MOHOKPHCTAJNIaX JOCTATHBO OJHOTO KpHCTAJIOrpadiuHoro
BapiaHTy MapTEeHCUTY, TOJi AK y HMOJiKpHUCTaJdax B PisHUX 06J1aCTAX KO-
JKHOTO OKPEeMOTO 3epHa MaloTh BUHMKATU KPUCTAJIU MeKiabKox (y 3ara-
JBbHOMY BUHAIKY II’AThOX ) Pi3HUX OPi€HTYBaHb uepes o0OMeKeHHs aedo-
pMairii 3 60Ky cycigHix 3epeH. KoHIleHTpaIlia HAIIpy KeHb O1JId Mexx 3e-
PeH IIPU3BOAUTH 10 BUHNKHEHHS HEeBiJHOBJIIOBAHOI medopmarrii i mepe-
IIKO»Ka€ MOBHIN peaJsridarii epeKTy HaAIPYKHOCTI, a caMa HaAIPYKHA
MOBeliHKa XapaKTepusyeThcA HaIpPyroi ¢ i geopmartiero * HII.

Bennumna Haxuay KpUBUX Hampyra o' —aedopmairis ¥ B ob6JacTi me-
peTBopeHHsA OB’ A3aHa 3 BeJIUUYNHOIO HAIIPYTHU, AKa HeoOXimgHa masa 3a-
pom:KkeHHsa MapTeHcury. «IlnaTto» 3 HyJIbOBUM Koe(ilfieHTOM 3MilTHEH-
HS BUHHKAIOTh Ha KPUBUX G—¢ JJIA MOHOKPHUCTAIIUYHIX 3Pas3KiB, B AKUX
YTBOPIOETHCS MaJjie YKCJIO IIJIACTUH MapTeHCcUuTy [6].

Mertoto 1iei po60TH € JOCTIMKeHHA BIIMBY HAHOUACTUHOK, AKi yTBO-
PIOIOTBCA TPU PiBHUX PeKUMAaX CTapiHHA ayCcTeHiTy, Ha HAAIIPYIKHIO
moBeAiHKY cToimiB cuctemMu Cu—Al-Mn 3aje;XHO BiJ IOJOKEeHHA TeMIIe-
paTypu iHAYKYBaHHA MapTeHCUTY BimHocHO Temnepatyp MII, Bemmrun-
HU TeMIlepaTypHoro ricrepesucy MII, posmipy 3epeH aycTeHiTY y BuO-
panux cromax. Hna inentudikaimii maprencury nedopmariii BuKopuc-
TOBYBaJM OJHOYACHY PEECTPAIlil0 3MiHM MeXaHiuYHUX XapaKTepUCTUK i
€JIeKTPOOIopPYy a00 MarHiTHOI CIPUNHATINBOCTI.

2. METOOUKA OKCIIEPUMEHOTY

s mocraimxenusa 0ymo obpamo cronu Cu—Al-Mn HacTyoHUX CKJIAIiB:
1) Cu-13,1A1-4,5Mn (Bar.%); 2) Cu—12,4A1-5,03 Mn (Bar.% ), axux
0yJio BUILJIABJIEHO B iHAYKI[iHiHi# meui B aTrMocgepi aprony. Ilicaa romo-
reHigyBasibHOTO Bigmany npu 1123 K Ha nporasi 10 rogus 3pasku rap-
TyBaJu y BOJi, Imicaa yoro crapuiu npu 498 K supoxos:x 1-7 rox. Xa-
paxTepuctuuHi Temneparypu MII y cTonax Bu3Hauajiucs 3a TeMiepa-
TYPHUMU 3ajie;KHOCTAMU AiticHol uacturu y'(T) auHaMiuHOI CKJIa70BOI
MAarHiTHOI CHOPUHHATIMBOCTI i €JIEeKTPOOIOPY UYOTHPOTOUKOBOI METO-
oo 3 TouHicTio +3 K. PekuMu sanmpomoHoBaHoi TepMoOOpOOKY Ta Xa-
paxTepuctuuHi Temmneparypu MII HaBemeno B Taba. 1. 3a momoMorowo
IUJIaTOMETPil BUSHAUAJM BeJTUUYMHU 00’ eMHUX e(eKTiB IIepeTBOPEHbD, a
Takosk sHaueHHA JIKTP (siHifiHOTO KoedimieHTa TEIJIOBOTO PO3IIUPEH-
Hs) BUCOKO- W HU3bKOTeMHepaTypHux (as. Mexawiuni BiacTmBOCTI
CTOIIB MOCTiMKyBasu IPU BUIPOOYBAHHAX Ha PO3TAT 3i IMIBUIAKICTIO
nedopmarii €/t 4-10™* ¢ (¢t — wac gedopmariii B cek.). 3pasKy MaJIu IU-
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TABJINIIA 1. XapaxkTepuctuuni remneparypu MII cronis Cu—Al-Mn.

Tepmoo6pobra cromy | M, K | M, K| A, K | A, K [Ty=(M,+A)/2| AT, K

Cron 1, rapr. 1123 K 176 165 197 213 194,5 37
498 K, 1 rox. 197 193 222 232 214,5 35
498 K, 2 rox. 203 193 222 233 218 30
498 K, 3 roz. 222 210 223 234 228 12
498 K, 5 roz. 227 213 225 245 236 18

Crom 2,498 K, 2rox. 265 243 250 288 276,5 23
498 K, 3 rox. 273 246 281 291 282 18
498 K, 5 rox. 276 241 283 303 286,5 27
498 K, 6 rox. 276 255 283 301 288,5 25
498 K, 7 roz. 276 255 283 303 289,5 27

Ipumimka: M, M, A,, A; — xapaxrepuctuuHi Temneparypu MII; AT =A,— M, — ric-
Tepesuc MII, e A; — Temmeparypa 3aBepIIeHHA 3BOPOTHOTO Y’ —> B;-epeTBopeHHA, M
— TeMIlepaTypa IIoUYaTKy IPAMOro 3; — Y -IIepeTBOPeHHS.

JiHapUYHY (hopMy IOBKMHOI podouoi uactuau 10 MM i giamerpom 0,6
mM. OpHOUYacHO i3 3ammcoM 3ajesKHOCTeN o—& B mporleci gedopmarii
croniB Cu—Al-Mn peecTpyBasu 3MiHy 3aJeXHOCTEH %' (€) 200 P/ Pmax(€)-

3. EKCIIEPUMEHTAJIbHI PE3YJILTATH TA IX OBTOBOPEHHSA

Y Bumaaky gpociaimkyBaHux ctomiB Cu—Al-Mn, cmocrepiraerbea min-
BUILIEHHA M, — TeMHOepaTypu IIOYaTKy HIPAMOTO [3; <> Y -IIepeTBOPEeHHA
mpu 361JIBITIeHH] Yacy BiAmaay, i ofHOYaCHO 3MiHIOEThCS ricTepesuc MIIT
AT. IligBunienusa M, mpu 30iJIbIIIeHH] yacy cTapiHHS B JaHOMY BUIIAIKY
MMOACHIOETbCA 30iJHEHHAM [3;-MaTpPUI[i MAaHTaHOM, fAKe IJA CTOIy 2 €
0inbIr 3HAUYHUM Yepes Oinbiuit BmicT Mn [7]. Ilo mipi 36inbIieHHA Yacy
crapiaasa Big 1 rox. mo 3 rox. ricrepesuc MII smeHIIyeThCs i HabyBae
CBOTO MiHiMyMYy, III0 € XapakTepHUM Ijs 000x cromi [8]. ITpu 36i1b-
1eHHi yacy crapinHd (6inbIie 4 roJ.) ricTepesuc 3pocTae, Io MoB’ I3aHO
i3 30iJBIIEeHHAM PO3Mipy HaHOYACTUHOK, IO, B CBOIO Uepry, CTBOPIOE
YMOBHU IJI YTBOPEHHSA NUCJIOKAIINHUX IIEeTeJhb HA MEKOBili IMOBEpxXHi
MiK MapTeHCUTHOIO MAaTPUIEIO i HAHOUACTUHKAMM Ta BTPATU KOTEePEHT-
HOCTI.

s 3’AcyBaHHA XapaKTepy mepediry ¢hasoBux MepeTBOPEHb ¥ CTOIIaX
Cu—Al-Mn posrigHeMO TepMOAMHAMIUHI acmeKTHU. Y TBOPEHHS HOBOI
a3y MapTeHCUTHOTO KPHUCTaJNy, BinmoBiguo no yasjaeHsb I'. B. Kypmto-
MOBa, B TBEPJAOMY CTaHi CYHPOBOKYETHCA He TiJIbKU 3HUKEHHAM
00’eMHOI eHeprii, ane i MOABOIO TOBEPXHEBOI i eHeprii mpyskHOI mHedop-
Marii. 3a BiICyTHOCTI 30BHIIITHIX HANIPY:KeHb BUPAa3 AJIA PYIIiHOI cCUIn
MII y saranbHOMY BUIIaJKy XapaKTepusyeThbcsa 3MiHOIO ['eslbMTIoJIbITO-
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BOI1 BiJIBHOI eHeprii:
AF, . =AFqs+ AF .+ AF,, (1)

e AF, — npy:XHA eHeprisa CIOTBOPEHb KPUCTAJIYHOI I'DaTHUIL, AKa BU-
3HAYAETLCS PisHHUIEI0 00’€MiB aycTeHiTY i MapTeHcuTy; AF, — moBepXx-
HeBa eHeprid po3aiabuol Mexi mapTeHcury i aycrenirty. IIpy:xusa enep-
riga F, ckiagaeTbcd 3 1BOX noAaHKiB F,=F, + F,, ne F,, — OpyKHA eHep-
rid BjIacHe MapTeHCUTHOrO KpucTaJja B ayCTeHiTHi# marpuii, a F;, —
€Hepris NPyKHbOI B3BAEMO/il TaHOT0 MapTEeHCUTHOIO KPHUCTAaJIa 3 iHIIIH-
mu. I3 Bupasy (1) BumamBae, 110 IIePeTBOPEHHS BifOyBAEThCSA 3a YMOBU
AF; < 0 i cTumytioe mepebir mepeTBOpeHHs, a foganku AW, > 0, AF,> 0
MePeInKoIKaTh mepebiry MII. s croais cucrem Cu—Zn, Cu—Al pis-
HUIA 00’eMiB MapTeHCUTy i aycreHiTy cranoButh Bix 0,25 10 0,4%, a
HAIIpyTH, IO CTUCKAIOThL MAapTEeHCUT, MAalOTh 3HaueHHA o,= 250-400
MIlIa mpu moxy.ti mpy:kHOCTi Ha piBHiI E ~ 100 I'TTa [5].

B migHO-amoMiHieBMX cTOmax cTaH TepMOAMHAMIUHOI piBHOBaru Bij-
noBizae Mminimymy I'e1bMTOJIBIIOBOI BiIbHOI eHeEPrii 3 BUKOHAHHAM Bif-
TOBiTHOI YMOBU:

AF, . =—-VAf+Sc + AF,, (2)

me V — o6’em Kpucrajga, IKUHA YTBOPIOEThCA; Af — PisHUILST ITUTOMUX
BIIBLHUX eHepriil aycTeHiTHOI i MapTeHCcUTHOI dasu; S — IJIOoIIAa IIOBEP-
XHi HOBOCTBOPIOBAHOTO KPHUCTAaJa; G — MiK(asdHa eHeprisa OMMHUIIL 110-
BepXHi.

SKIMo Haa cucTeMOI0 BUKOHYETHCS POOOTA 30BHIIIIHIMY CUJIaMU, TO B
craHi TepMogumHaMiuHOI piBHOBarm MiHiMisyeThca Ii66ciB moTeHmia
G =F-A, ne A — pobora 30BHiNIHiX cuja. [[a1g BUIagKy ogHOBiCHOTO po-
3Tary A = cQAl (c — Hampyra, @ — IJI0IlA IoIePeuHoTo nepepisy, Al —
MMOMOBIKEeHH 3paska). Illaaxom migcTaHOBKY, IOMHOMKUBIIY i PO3IiIN-
BIIM Ha [, 0JIep:KyeMO KiHIeBuii BUpas: A =ocQl/l=cVe, me V — 00’eM, ¢
— BigHOCHe mOmOB:KeHHA 3paska). TakuMm umHOM, 3MiHa Ii66COBOTO
TEPMOJAMHAMIUHOTO MOTeHIiagy npu (PasoBOMYy Ilepexoji B II0JIi 30BHi-
IITHBOT'O OJHOBiCHOTO HaBaHTaKeHHA HaOyBae Buriany: AG=AF oVe.
Aximo 3anucatu AF = AG|G: o = AG,, ocTaTouHO g imgyKoBamoro MII:

AG, ... =AF —cVe. (3)

IIlix BunmBOM IpPUKJIAJLEHUX IO MaTepiany 3paskKa Hapy:KeHb BUHU-
KaioTh Ti BapiaHTHU OPi€HTYBaHb, AJIA AKUX PoOOTa 30BHIIIHIX HAIPY-
JKeHb CTAHOBUTH MaKCUMaJibHe 3HAUeHHS, a NPUKJaJeHi HaIpyru
CIPUAIOTh MaKCUMAaJbHUM IePeMillleHHAM CIPUATINBO OPi€HTOBAHUX
kpucraJiais. IIpo coinbauMit xapakTep nuactuuHol gedopmarii i MII csi-
IuuTh yyTauBicts MII npu npukgagaHHi 30BHIIIHIX HANPY:KeHb, IPU
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ILOMY PO3TATHEHHS cTumyJioe MII, 1Mo migTBepa:KyeThbea (hpopMyJI0i0
(3), a cTUCHEHHA — IIEePeITKOAMKAaE MOro IPOTiKaHHIO.

Ha pucynky 1 300pakeH0 KPUBY TeMIIEPATYPHOI 3aJI€KHOCTI eJIeKT-
poomopy cronty 1 mpu crapiHHi 3 roa. 3 mimimanasrHEuUM ricTepesucom MII,
Ie nmudpamMu mos3HaueHo obgacTi gedopMyBaHHSA, B AKMX BHU3HAUAJIACS
MeXxaHiuHa ImoBeAiHKAa cTomiB. [ BUuBUeHHA OyJio 0Opamo HACTYIHI Te-

T, °C
LA B R B R BN B R RN R B
-200 -150 -100 -50 0 50 100 150 200
Puc. 1. KpuBa TemnepaTypHOi 3MiHK eJIeKTpoomopy crtomy 1 mpu crapimui 3
roz. (pEUMCbKUMHU I paMu II03HAUEHO 00J1acTi fe)opMyBatHd).

-1
AlJl, % - °C
0,00006
0,06 0,00005
0,00 0,00004 4
3Al/l = AV/V
0,00003
-0,06
0,00002 -
—0,12
0,00001
0,18
T O o]
'l'l'I'I,'C 0700000'l'l'l'7l,,'c
-150 -100 50 0 50 100 -150 —-100 50 0 50 100

a

Puc. 2. Munartorpama B 00JacTi TeMIepaTyp HepPeTBOPEHHS CTONY 2 HPHU CTa-
piuHi 3 roz. (a); TeMIepaTypHi 3aJIe;KHOCTi TepMiuHOTO KoedilieHTy JiHiTHOTO
posmuperHda TRJIIP o, Ta o,,, (6).
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mneparypHi intepsamu: M;< T, (I), M;< T,<A; (I), T,> A; (III), axux
IMO3HAUEHO PUMChKUMHU Mudpamu Ha puc. 1.

Ha pucynKy 2 mpeacTaBieHo AugaTorpaMmy B 00J1acTi TeMiiepaTtyp Iie-
peTBopenusa aada crony 2, a Takox TKJIP, sHaueHHa AKUX BU3HAYAHT 34
dopmynamu: cepenaroro TRJIIP a,, (o, =1/l 1)/(t—1,)) i nudepe-
aniitaoro TRJIP o, (0ue. = 1/1(1, — 1) /(t - ty)), me ly, |, — niniiine Bu-
JIOBXKEHHA IIPU BUXIiAHIN Ta BUMiploBaJIbHiN TeMIiepaTypi t,, ¢ Bimosi-
nHO. BusHaueHI MOKA3HUKH O, , O, (PAKTHUYHO IOBHICTIO 30iraroThca
(puc. 2, 6), a B TeMIIepaTypHOMY iHTepBaJi IIepeTBOPEeHHA cIocTepira-
€ThCsa aHoMaJIia piskoro 36iabinenui TKJIP. Ilpu gocsarHenHi Temmepa-
Typu M., 3a nauumu Al/l,, BimOyBaeThCcA 3MeHIIIeHHA PO3MipiB 3paska,
BesimumHa AKoro AV, _, ,,/V, carae pisua —0,24——0,27% i maiixke He 3a-
JIeKUTH Bim o6pamoi TepmMoob6pobKu. [yisa 060x cTomiB BimmiueHo omHa-
KOBY TEHIEHIil0 B HMOBEAiHI[I BiHOCHOrO BMIOB)KEHHS BiJ BMOpaHmUX
pexuMiB TepMOOOPOOKH.

Hedopmariiina moBeiHKa IIpU MJIACTUUYHIN medopmariii cTomiB mae
CIIiIBPHME XapaKTep i nad iHAyKoBaHOTO (pa3oBoro meperBopeHH:A. Ilo-
YaTOK IJIACTUYHOI Teuil BUBHAUAETHCA YMOBOIO ILJIACTUYHOCTI, mepexisn
Bijg mpy:KHOI medopmarrii 70 miracTuyHOi BifOyBa€eThCA B MOMEHT, KOJIU
iHTeHCUBHICTH 3CYBHUX HAIPY:KE€Hb C; JOCATAE NeAKOTO KPUTHUYIHOTO
3HAYEHHA G,, AKUH BU3HAYAETHCA CTPYKTYPOIO i TeMIIepaTypoio MaTepi-
aiy.

HeobOxigapumu ymoBamu AjsA peasisarii MII mpu oxoJsiomsKeHHi Bin
TEeMIepPaTypu € NOCATHEeHHS KPUTHUYHMUX 3HAUEeHb BHYTPIIIHIX Hampy-
#xenb y marepiani 6,,(T) = 6, ,(T) + 6(T) Ta HagBHiCTE MaJOi aHIZ3OTPO-
mii KpucTasiuHOoi r'paTHUILI 3epHa. AHIBOTPOIIiA NPYMKHUX BJIACTHUBOC-
Tell KpUcCTaJIiuHOl I'PATHUIIL € IPUPOSHOIO BJIACTUBICTIO, & BHYTPilIHA
Hampyra B CTOIIaX MOKe OyTM BUKJMKAHA CTPYKTYPHUMU YMHHUKAMMU.
B mamomy BuUIagKy BeJWKY HAIPYTy CTBOPIOIOTH HAHOUYACTUHKHU dasu
BumisieHHsA. MoJeKyadapHi BUAiJIEHHA, AK IPaBUJIO, MAaJIOPYXJauBi i
IPaKTUYHO He MalOTh TEHJEHIIIT 10 3pocTaHHsa. BHACIIi fOK IIHOT0O HE BiJl-
OyBaeThcA i peslakcallis Hanpyru, o0yMoOBJeHa KOoaryJsaIlielo HaHOouac-
TUHOK. BHYTpilllHa HaAmpyra B CTOIi, OB fi3aHA 3 YTBOPEHHAM APYroi
dasu, BUHUKAE caMe B MOMEHT BUHUKHEHHA HOBOI (asu i Bix Temmepa-
Typu. HuM BHUIlA TeMIlepaTypa BHUIiJIeHHS HaHOYACTHUHOK, THUM BHUIIE
aminuenua. OKpiM IIbOT0, CTapiHHA CIpUse 30iJIbIITEHHIO KPUTHUHOTO
HaIpy'KeHHA YTBOPEHHS MapTeHcUTry aedopMairii i 3HauHO 3MiHIOE ca-
My piarpamy gedopmysanusa [10, 11].

Posrasuemo pedopmariiiny noBeZiHKy BubpaHux cromiB. Ha pucyH-
Ky 3 mpeAcCTaBJIEHO KPUBI Hampy:KeHHA—AedopMaIlid Ipu PisHUX TeM-
nmeparypax gmedopmyBanHsa. IIpu nedopmysanui B oosacri I (puc. 3, 0, e)
Y BUXiTHOMY CTaHi BiKe mepedyBae MapTeHCUT OXOJOAKEHHA, AKUN I
MOJIIKPUCTAJIIB Uepes caMOaKOMO/AITil0 CKJIAaeThCA 3 KPUCTAIIB Pi3HOl
opieHTaIrii, o 3abesmeuyye MiHiMaJbHY BEJWUYMHY BiJbHOI eHeprii Ta
nedopmarrii mepeTBOPEeHHS, I Ji€l0 OJHOBICHOTO HAaBaHTAXKEHHA MOC-
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Puc. 3. Kpusi ¢ = f(¢) cronis 1 (a, 8, ) Ta 2 (6, 2, ) Ipu pisHUX TeMIlepaTypax
ne)opMyBaHHSA.

TYIIOBO IIEPETBOPIOETHCS Ha MapPTEHCUT 3 OSHUM BUOPAHUM OPi€HTYBAH-
HSM, a 3BOPOTHUI MpoIlec IPKU PO3BAHTAKEHHI IpakKTHUUYHO He BimOyBa-
eThedA. BinmosmioBana gedopmaiiisa gocarae 2% i o6yMoBIeHa B OCHOB-
HOMY PYXOM JIBiflHUKIiB MapTEeHCUTY.

O6nacts gedopmyBanusd II. B miit obaacti mae miciie Bigminaa medo-

pMaitritina moBeinKa (puc. 3, 8, 2). 3 HabIMKEeHHAM A0 TeMIlepatypu M,
BigOyBaeThCA CUIbHE PO3M AKIIeHHA MoAyJa 3cyBy C'=1/2(Ci;—Ci,)
IpU BUCOKiM mpy:kHi#t awisorpomii A=C,/C’, 110 COPUUYUHAE BTPATY
crifikocTi rparuuIli 10 scyBy B cuctemi {110} <110> i HU3bKi 3HaAYEHHS
HakonuueHoi eHeprii. Ilpu BuKOHaHHI MexaHIUHUX AOCJHiIMKeHb IIPU
M;<T<A,; (B npboMy BUIAJKy YTBOPEHUI NIPU HAaBaHTAKeHHi MapTeH-
cut gedopmarrii saauiiaeTbcA TP posBaHTaMKeHHi). I1pu HabaM:KeHH]
o TeMmriepatypu M, SHUKYETbCA HATIPYKEHHA BUHUKHEHHA MapTeHCH-
Ty medopmariii. Kpim Toro, moBKmHA 3pa3KiB He BiIHOBJIIOETHCA TPU
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posBauTakeuHi. [IoBTOpHMI MK HaBaHTAKEeHHA BiJOyBaeThCA BiKe Ha
111 3anuIIKoBoi gedopmarii e ~ 3—4%.

Ilicna mocATHeHHA HANPYTHW iHAYKYBaHHA MapTeHCUTY Hedopmarrii
c" (puc. 3, a), KpyTo 3MiHIOETbCA XiJl KPUBOI IpU BiAXUJIEHHI Bif mps-
MOJIiHiHOI AiJIAHKH, IIe CYIPOBOAKYEThCA Ae()OpMAIlifHUM 3MillHEH-
HAM, i IJIs TOABU JOJAaTKOBOI KiTbKOCTI MapTEHCUTY MaTepiaJj moTpedye
OinpIroi Hampyru. B 3pasky BUHMKAIOThL BUCOKI BHYTPIITHI IPYKHI Ha-
OPY:KeHHs, 1 BHACJIIOK akoMozalii gedopmarrii B 3pasky 3pocrae Ha-
mpyra, IpoTuAiina mpukaageHin nanpysi. HII y it o6smacTi mae HeBe-
JUKY BEJITUNHY.

O6aacts II1. Hagmpy:kHs ITOBegiHKAa CIIOCTEPiraeThecsa IPU YTBOPEHHIL
MapTeHcUTy mgedopmarlii B obaacTi TemMmepaTyp, e 3a BiJCyTHOCTi Ha-
Ipyru, BiH € HectabiapbHuUM (puc. 3, a, 6). Y nLomMy BUNAgKy aedopMa-
Iis, HaKOIIMUYeHa IPY HaBaHTaKeHHi, 3HUKA€E IIPHU PO3BAHTAKEHH1, KO-
JIY MapTeHCUT ae)opMallii mepeTBOPIOEThCA Ha MaTPUUHY (hpasy. Beruka
yacTuHAa BigHOBIIOBaHOI medopmariii o6ymosiaena sapoporaum MII i mo-
B A3aHA 3 MAKPOCKOIIIUHOIO AedopMalliero 3cyBOM, BUKJINKAHNM IIePeT-
BopeHHaAM. [Ipu mpuKJagaHHi HAIPYTru A0 MaTpUIli OyIe 3apoAKyBaTH-
cA MapTeHCUT i peaJizoByBaTucsa Toil KpucrtaJyorpadiunuii BapianTt Mma-
preHcury (abo Ti BapiaHTH), AJA AKOTO HaBeJleHe TOTUYHE HAIPYKEeHHA
B ILIOIITMHI rabiTycy i B HAIPAMKY 3CYBY € MakcuMaabHuM [13].

I3 ekcmepuMeHTAJIbHUX KPUBUX BCTAHOBJIEHO, IO 3 IIiABUITEHHAM
TeMIIepaTypu nedopMyBaHHA IIiABUITYETHCA HANPY:KEHHA iHAYKYBaH-
Ha MapTeHcuTy medopmariii Bigmosimmo mo piBuanua Kiaaysiyca—
Knaneiipona:

dc,,/dT = —AS /gy = —AH /&, T, (4)

ne Ty, — Temneparypa XimiuHol piBHOBaru (as; &, — nedopmarliia mepe-
TBOpeHHA; AS, AH — 3MiHa eHTpOIIii i eHTaNbIIil mpu GasoBOMYy IIepe-
xoxi BigmoBigHO. TeMIepaTypHa 3a/ieXHiCTh HATIPYKEHHA, 1110 iHiIlit0€
daszoBuii epexia mpu po3TATy, HOOpe aIpPOKCUMYETHCA IIPIMOIO JIiHi-
€10, a 3HAUYEeHHA IPUPOCTY CKaanae do,,/dT = 1,375 MIla/K gna cromy 2
ta do,,/dT = 1,545 MIla/K pna cromy 1 (puc. 4). Koxen nmomanbmmii
IIUKJ HaBaHTAKEeHHA 3pasKa IIPU OJHill TeMIlepaTypi CyIIpoBOIKY€EThCA
3POCTAHHAM KPUTUYHOI HATPYTW YTBOPEHHA MapTEHCUTY, 110 € HACJIiI-
KOM cyMicHOI mii K MexaHiuHOrO0, TakK i pasoBoro HakJemny. Ilpu 6imbIm
BHCOKHUX TeMIlepaTypax HaBaHTAKYBaHHA IJacTUUYHA AedopMallid Ma-
TPUIlL BUIlepesKae MOABY MapTeHCUTY, 1 yacTuHa Jedopmailiii crae He-
BimHOBIIOBaHOI0. Hagmpy :KHIO MOBEAIHKY CTOI 2 JEeMOHCTPYE aK IO Te-
mnepatyp Ha 180°C Bume 3a A, a cronn 1 — Ha 150°C. Ilnoma, oomesxe-
Ha Ha rpadikax IeTJiel0, IIPONOPIlifiHA BeJIUUYNHI BTpAT IPU BHYTPIIIl-
HboMY TepTi. OcHOBHA YacTKa poacisiHoi eHeprii mpu gedopmairii o0y-
MOBJIEHA TEPTAM, OB’ A3aHUM 3i 3BOPOTHIM PyXOM MapTEHCUTHUX MEK
y MmaTepiaii. ¥ mosikpucraiax He Bif0yBaeThCcA MOBHOI MOHOJOMEHi3a-
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Puc. 4. ®azosa giarpama crabiibHOCTI ayCcTeHITHOI Ta MapTeHCUTHOI (a3 cTo-
miB.

11ii, a hopMyeThCA TeKCTypa 3 HAHOiIbINI COPUATINBUM OPi€HTYBaHHIM.

B rabnuiii 2 maBemeHO pe3yIbTaTU BUNPOOYBaHb MEeXaHIiUHUX Xapak-
tTepucTuk cromiB Cu—Al-Mn B ob6sacti Temneparyp T,=A4;+ 50 K, ne,
30KpeMa, IIpeJICTaBJIeHO 3HAUEHHA BiHOBJIOBaHOI aedopmariii Ta Bin-
HOIIIEHH BiTHOBJIIOBaHOI AedopMalrii 1o moBHOI.

VY zarajbHOMY BUIIQAKY 3MEHIIIEHHSA BeJIUUYNHYU 3€PHA IPU3BOIUTE 0
MiABUINEHHA HAIPY'KeHHS YTBOPEHHS MapTeHCuTy medopmairii i sa-
TJIYIIYy€E CTamilo JIETKOTO KOB3aHHA, 30iabITyioun KoedimieuT gedopma-
IIiHOTO 3MiITHEeHHS.

Bennumua He3BOPOTHBOI AedopmMalrii 1o Mekax 3epeH i B MOTPiAHUX
CTUKAaX 3pOCTa€ B Mipy 3MeHIIIeHHA po3Mipy 3epHa. Benmnuwmna HJI 3a-
JIeKUTH Bifi KpucrajgorpadiyHux IapaMeTpiB, He TiJIbKU BiJ po3mipy
3epHa, aJie ¥ Big (popMu 3epeH i ix opieHTarii, a TakoK CIIiBBigHOIIEHHA
m=L/D (ne L — po3mip cepeIHBOTO 3epHA, a D — TOBIIWHA 3pas3Ka).
g mamioro Bunagky senuunna L/D (gasa crony 1 my = 2,66, njia cTomy

TABJINIIA 2. Mexaniuni xapakTepuctuku crouiB Cu—Al-Mn B o6sacti TeM-
nepatyp Ty =A;+ 50 K.

TepMmooOpobKa o,, MIla | €1, %0 | €./€,

Crom 1, rapr. 1123 K 50 1,3 0,45
498 K, 2 rox. 98 1,8 0,70

498 K, 3 rox. 170 2,0 0,76

498 K, 5rog. 116 1,8 0,70

Cromn 2, 498 K, 2 rox. 160 2,8 0,60
498 K, 3 rogz. 215 5,0 0,85

498 K, 5rox. 150 4,5 0,72

IIpumimka: ne 6, — KPUTUYHA HaIpyra yTBOPeHHA MapTeHCUry gedopmanii; €, — ge-

¢dopmamnidg, BifHOBIIOBaHA IPU PO3BaHTaKeHH]; €, — IToBHA Aedopmaria.
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2 m, = 5,66 ) BuaBase TeHaeniio 1o spocramuda HI y cromi 2 i mae 106-
pe ysromxenHs 3 pesyabraramu [14, 15] gas croais Cu—Al-Mn.

4. BUCHOBKH

HasBHicTs HaHOUACTHHOK (hasu BUALIEHHS, KOJIH IX PO3Mip JOCTaTHBLO
MaJInii, 1100 3a0e3IMeunTH 30eperkeHHA KOTePEeHTHOT0 3B’ 3Ky I'DATHUITH
HAaHOYACTHHOK Ta MApPTEHCUTY, IKHH iX yCHaIKOBYE€, IOCUJIOE BUSIB-
JeHHA e()eKTy HAAIPYIKHOCTI.

MaxkcumasgbHe 3HaUEHHA HAAIPYKHBOI gedopmarrii BigmoBigae mMimi-
MaJIbHIH MIMPUHI TeMIepaTypHOro ricTepe3ncy MapTEHCUTHOIO IepeT-
BOpeHHA. BpaxoByiouwn, 1110 IIUPUHA ricTepe3nCcy iCTOTHO 3aJI€KUTh Bil
00’eMHOI YaCTKHX Ta PO3Mipy HAHOUACTHHOK, BUHNKAE MOMKJINBICTD 3Mi-
HIOIOUU PEKUM TepMOOOpPOOKM, KEpyBaTH He TiJIbKU IITUPUHOIO TicTepe-
3UCY, ajie i 3BHAUEeHHAM HaJAIIPYyKHBOI gedopmarrii crapiroumx cCTOIIiB 3
mam’ aTTio (hopmu.

I3 30inblIIeHHAM Yacy CTapiHHA 30iJbITyeThCA HAIPyra YTBOPEHHS
MapTeHcuTy gedopMmarlrii i HabyBae MaKCUMAaJbHOTO 3HAUEHHS HIPU Mi-
HiMaJbHIN HINPUHI TeMIIepaTypPHOTO ricTepe3ucy.
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