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UccnenoBanue BANAHUA YJIBTPA3BYKOBOI yZapHO# 00pabOTKM Ha CTPYKTYP-
HOe cocTosgHUe moBepxHocTu cmiaBa AJl-31 mokasayio, YTO MCXOAHOE CTPYK-
TYpPHOE COCTOSHWE CIIJIaBa CYIIIECTBEHHO BJIMAET HA MEXaHU3M peaKcaluu
BHYTPEHHUX HANPSKEHUN, CO3aBAeMbIX YIAPHO-IUKJINYECKUM HATPYKEHU-
em. B nmpeaBapuTeibHO rOMOTeHU3MPOBAHHOM CILIaBe Habomaercss GopMUpo-
BaHMEe OPMEHTAIlMOHHOIO Xaoca: Ha IIOBEPXHOCTH oOpasiia obpasyercsa 00Jb-
1I10e KOJIMUEeCTBO HaHOPa3MepHBIX obJjiacTell mepeopueHTalny MAaTPUIbI (III1-
puuoit 20—50 um u amuHOMN 10 80 HM) ¢ MPOU3BOJILHOM OPHUEHTHPOBKOM. I1ocie
CTapeHus CILIaBa ¢ 06pa3oBaHMeM MeTacTabMIbHOM ['-(asbl perakcaius mpo-
UCXOIUT 3a CUET 00pa30BaHUA II0JIOC HEKPUCTALIOTPAPUUIECKON OPUEHTAITUY C
BBICOKOII ILJIOTHOCTBIO AUCJIOKAIUii, C TpaHuIlaMi, 00pasoBaHHBIMU 00OPBaH-
HBIMU JUCJIOKanumaAMu. IIoKasaHo, YTO IPU HCIHOJIb30BAHHBIX PEKUMAX YJb-
TPasBYKOBO# yaapHO 06paboTku B ciyiaBe AJl-31 He HabGMIOHaeTCS U3MeIbue-
HUe 3éPeHHOI CTPYKTYpPhI. YIIPpOUHeHre Ha ypoBHe 24% mocTuraeTcs 3a CUET
BHYTPEHHUX HAIPAKEHUN B MATPUIIE.

HociimxeHHs BIJIMBY yJIbTPa3BYKOBOTO yIapHOTO 00POOJIEHHS HA CTPYKTYP-
Hu#l ctaH nmoBepxHi cromy AJl-31 mokasaJsio, 10 BUXiAHUM CTPYKTYPHUM cTaH
CTOIY iCTOTHO BIIJIMBA€E HA MEXaHi3M peJsiakcallii BHyTPIITHIX HAIIPy:KeHb, 110
CTBOPIOIOTHCA YAAPHO-IIUKJIIYHUM HaBaHTaKEeHHAM. Y IIOIePeIHbO TOMOTeHi-
30BaHOMY CTOIIi criocTepiraerrca (hopMyBaHHA OPi€HTAIiTHOTO XaocCy: Ha 1Oo-
BepPXHi 3pasKa yTBOPIOETHCA BeJNKA KiJIbKiCTh HAHOPO3MipHUX objacTeil 1e-
peopienrarnii matpumi (saBmupinku y 20—50 um i 3aBgoBKKu 10 80 HM) 3 110-
BinmbHUM opieHTyBaHHAM. Ilic/s cTapiHHA CTONY 3 YTBOPEHHAM METACTAOLIb-
HOI [’-dasu penakcaiis Bif0yBaeThCS 32 PAXYHOK YTBOPEHHS CMYyT HEKPUCTA-
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JorpadivyHOro opieHTyBaHHSA 3 BHCOKOIO I'yCTHMHOIO AUWCJIOKAaIlliii, 3 MeKaMmwu,
yTBOpeHUMHU obOipBaHuMMU auciaokaiismu. IlokasaHo, 1[0 3a BUKOPUCTAHUX
PEKUMIB YIBTPa3ByKOBOTO yAAapHOTO 00pobseHHs B ctomi AJl-31 He cmocTepi-
raeThCcA MOAPiIOHEeHHA 3epeH CTPYKTYpu. 3MillHeHHS Ha piBHI 24% mocAraeTrs-
cd 3a PaXyHOK BHYTPilIHIX HAIPYXKeHb y MaTPUIILi.

The study of the influence of ultrasonic impact treatment on the structure of
the 6060 type Al-Mg-Si alloy surface shows that the initial structural state
of the alloy significantly affected the mechanism of relaxation of internal
stresses generated by shock-cyclic loading. The formation of orientation cha-
os is observed in pre-homogenized alloy. Many nanoscale areas (of 20—50 nm
width and up to 80 nm length) of re-orientation matrix with random orienta-
tion are formed on the surface of the specimen. After ageing of the alloy with
formation of a metastable p’-phase, relaxation is caused by the formation of
non-crystallographic orientation bands with a high density of dislocations
and with boundaries generated by ragged dislocation. As revealed, the frag-
mentation of matrix or grain refinement is not observed, during ultrasonic
impact treatment of the 6060 type Al-Mg-Si alloy. Hardening by 24% is
achieved due to the internal stresses in the matrix.

Karouessie caoBa: ciiaB AJl-31, yapTpasByKoBasa ymapHas o6paboTka, opu-
€HTAI[MOHHBIN XAa0C, MOJIOCHI IIePEOPUEHTAINN, YHUMOAAJbHAS aKcHUaJbHAs
TEeKCTYypa, IOJHOIPOPUILHEIN PeHTTreHorpadnIecKUi aHaIKS.

(ITonyueno 21 noabpsa 2013 e.)

1. BBEJAEHHE

B mocaemume rombl 00JsbIIIOe BHUMAHUE YAEJSAETCA BOIpPOcaM HAHO-
CTPYKTYPUPOBAHUSA METAJJIOB U CILJIABOB METOJAMU MHTEHCUBHON ILjIa-
cruueckoil gedopmarnuu (MII), 4TO OTKPHIBAET BO3SMOMKHOCTH ITIOBHI-
IIeHNA UX MeXaHuYeCKUX U QYHKIUOHAJIBHBIX cBoiicTB [1]. IIpu sTom
CBOMCTBA IMOJYUYEHHBIX HAHOMATEPUAJIOB OMPEAENIIOTCA OCOOEHHOCTSI-
Mu GopMupoBaHusa cyomMuxporpucraaandeckoii (CMK) cTpykTypsl
(cpenHero pasMmepa 3€peH, CTPYKTYPhI TPAHUIl, BBIJEJIEHUHA YaCTHUIL
yupouHsomux ¢as u 1.1.). PasButnme moBepxHOCTHBEIX MeTomoB UIIJI
TIO3BOJIAET CYIIECTBEHHO YJIYYIIaTh MeXaHUYeCKHe CBOMCTBA U KOPPO-
3WOHHYIO CTOMKOCTHL MATEPUAJOB 3a cueT (hopMHUPOBAaHUA HAHOKPU-
CTAJIINYECKUX ITOBEPXHOCTHRIX c0oeB [2]. OmHMM n3 c1oco00B CO3TaHM I
TIOBEPXHOCTHO YIPOUYHEHHBIX CJIOEB C HAHOCTPYKTYpPO# medopMaIlMOH-
HOTO ITPOUCXOMKAECHUA SBISAETCA YJIbTPa3sBYKOBas yaapHas o0paboTka
(Y3YO0). B ornuume ot oobemuoi UIII, mpu KoTOPOi Ha MaTepuaJ aeii-
CTBYIOT cTaTmuecKue Harpysku, nmpu Y3¥YO mpoumcxomuT MMHOYJIbCHOE
HarpyxeHue marepuasa. [Ipu o6paboTKe MeTasiaa JaBJIeHUEM CKOPOCTD
nedopmanuu cocrapager 10°—10° ¢, a mpu UMIIyJIBCHOM HATPYKEeHUN
CKOpOCTH AedopMaIi — Ha MOPAIOK BBIIIE. JJoKaIu3anusa mIacTuye-
ckoii medopmanuu npu ¥Y3YO B TOHKKMX MOBEPXHOCTHEIX CJIOSIX B YCJIO-
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BUSIX OTHOCUTEJILHO BLICOKUX TEMIIEPATyp U MaBJIEHUH IPU ydape CIO-
CcOOCTBYeT IIPOTEKAHUIO Pa3JIMUYHLIX CTPYKTYPHO-(pa30BBIX IIpeBpalle-
HUU B MeTaJjljIaX UM cimiaBax [3—6]. B To ke BpeMda BIuUAHUE CTPYKTYP-
HBIX 1 (PA30BBIX IIPEeBpAIlleHNil, BHI3LIBAEMLIX VJIbTPAa3BYKOBLIM BO3-
IeCTBUEM, Ha ITPOYHOCTHLIE XapPaKTePUCTUKU U3YyUEeHO HeJOCTATOUHO.

Amiomununessie ciiaaBbl ¢ CMEK-cTpyKTypoii, IIOJyUYeHHbIe METOLOM
VHTEHCUBHOU IIJIaCTHUYECKOU medopMalliu, IPeACTABIAIOT OCOOBIH MH-
Tepec M3-3a YHUKAJLHOTO COUEeTaHMSA (PU3WUECKUX U MeXaHUUYEeCKUX
cBoiicTB. [I1a marepuasoB ¢ CMK-cTpyKTypoil XxapakTepHa ITOBLIIIEH-
Has cTaTUYecKas MIPOYHOCTh IPU KOMHATHON TeMIlepaType U «CBepXxTe-
Ky4YecTh» IIPU HUBKUX TEMIepaTypaX U BLICOKUX CKOPOCTAX medopMu-
poBaHusa. @opmupoBarre CMK-CTpyKTyphl B OTHOCUTENBHO HEIeBbIX
MIPOMBINIJIEHHBIX AJIOMHUHUEBBLIX CILJIaBaX, IIOJYUYaeMBIX TEeXHOJOTHe
JUTHA, ABJIAETCA HanuboJee MEePCIeKTUBHLIM IS ITPOMBIIIIEHHOTO YC-
HOJb30BAHUSA DTUX TEXHOJIOTHM.

B mannoii pabore mcciemoBaHa BO3MOKHOCTD U3MEHEHUA CTPYKTYPEI
W CBOICTB nedopMHPyeMOro, MAJOJEeTMPOBAHHOTO [IeIIeBOr0 CILIaBa
Al-Mg—Si tuma AJl-31 3a cueT MHTEHCUBHOM IIJIacTHUUECKOU medopMa-
muu. Cimiasel HA ocHOBe cucTteMbl Al-Mg—Si aBiaaioTca Hamnbojee pac-
MIPOCTPAHEHHLIMU CPeAu BCeX AJNIOMUHHEBHLIX CILJIABOB, OHU IIHPOKO
MIPUMEHAIOTCA IIPU CTPOUTEIHCTBE TPAHCIIOPTHLIX CPEACTB, B TOM UHCJIE
B CaMOJIETO-, BaroHO-, aBTOMOOMJIECTPOEHUN M JPYTUX OTPACIAX IIPO-
mbinierHocT. Crnnas AJl-31 XopoIro TepMHUYECKU YIPOUYHSIETCs, OT-
JUYaeTcs BBICOKOU TeXHOJOTUYECKOH IIJIaCTUYHOCThIO, CIIOCOOHOCTRIO K
ropaveil 9KCTPYy3UU, UMeeT MOBBIINIEHHYI0 KOPPO3MOHHYIO CTOMKOCTD,
OIHAKO ABJIAeTCA MaJonpouHbIM. Heo6X0auM MOMCK MOTOJTHUTEILHBIX
METOJIOB YIPOUHEHMA CIlJIaBa KaK 3a CUeT M3MeJbUeHUd 3epeHHOI
CTPYKTYPHI, TAK U 3a CUET 00pa30BaHUS JUCIEPCHBIX YACTHUIL VIPOUHS-
foleit haskl B IpoIlecce pacuaa mepechIIlieHHOTO TBEPAOT0 pacTBopa.

2. MATEPUAJ U METOOJUKA UCCJIENJOBAHUSA

B mamHoil paboTe B KauecTBe 00'beKTa MCCJIEIOBAHIS ObLI BBIOPAH Je-
dopmupyemsurit cumas AJl-31. ComaBel Tuma AJll cocTaBISAIOT OCHOBY
BasKHOTO KJIACCA TEPMUUYECKU YIIPOUHIAEMBIX He()OPMUPYEMBIX CILIABOB.
IIpu nmoyyeHMU 5TUX CILJIAaBOB HE MCHOJIB3YIOTCA Je(PUITUTHBIE MaTePU-
aJIbl, CILJIABHI JEIIeBbl, MAJOJIETMPOBAHLI, CYMMApPHOE COAEpKaHUe Je-
TUPYIOIUX 3JIeMEHTOB KoJjebserca B npegenax ot 1 g0 2% , uTo 3HAUM-
TE€JIbHO MEHBbIIIEe, YeM B IIIMPOKO NCIIOJIb3YyEMBIX NJIOPaJIOMMIHAX.

Conas ObLT BBHIILIAaBJIEeH Ha KueBcKOM 3aBoje AJIIOMUHHEBBIX CTPOU-
TeJbHBLIX KOHCTPYKIIuii. CocTaB ciljiaBa mpuBeeH B Tab. 1.

I TToBEepXHOCTHOII 00pabOTKM MaTepuajoB Oblja WHCIOJb30BaHA
SHEpPTUsa MOIIHBIX YJIbTPA3BYKOBBIX KOJeOaHMI. BBLIM MOATOTOBJIEHBI
nuanHApuueckue obpasiisl citaBa AJl-31 guamerpom 20 MM U BBICOTOT
0,8 MM, TOPIIBEI KOTOPBIX IIOABEprajcs yJIbTPa3BYKOBOU yAapHOIi oOpa-
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TABJINIIA 1. CocTaB ucciiefoOBaHHOIO CILIaBA.

Kounenrpanus siaemMeHToB, % Macc.
Mg | Si | Fe | Cu | T | Mn | 2n
AJl-31 0,59 0,50 0,31 0,06 0,032 0,037 0,06

Mapxka

00TKe IIpU KOMHATHOII TeMieparype Ha ycranoBke Y3I'-300 [7]. Breria
OCYyIIleCTBJIeHA KOHTAKTHO-CABUTOBas cxeMa yaapHoii obpaborku. Ilpu
9TOM obOpaserr IOMeIIaJICA B CTAJIbHYIO CIIeIUAIbLHYIO OIPaBKY, KOoTopas
KoJsebasach ¢ uactoToit 15 I'ty B ropusoHTaIbHOM HampaBaeHuu. Ha BuI-
XOOHOM KOHIle KOHIIEHTPATOpa YIbTPa3BYKOBBIX KOJe6aHUi, YCTAHOB-
JIEHHOT'0 BePTUKAJILHO, padMelliajach MHOT000KOBaA yaapHas roJIOBKa
C CeMbI0 CTepsKHeBRIMHU OoiKamu u3 ctaau IIIX15 muamerpom 5 M.
Boiiku coBepIIaioT BLIHYKIEHHBIe KOJIeOaHNA MeKIY TOPIIOM KOHIIeH-
TpaTopa M o6pasmoM ¢ uyacToroil 1-2 kI M HpousBOAAT yIapHBIN
HaKJIeIl ero IIOBePXHOCTHU. [[INTeIbHOCTh 00paboTKY BAPhUPOBAJIACH OT
25 mo 50c¢, amMmiauTyna yJabTPasBYKOBBIX KoJebaHuii Obljia BhIOpaHa
paBHOI 23 MKM.

WccnegoBanus BBEITIOJHAINCHL KaK Ha 00pasiiax B TOMOTeHU3UPOBAH-
HOM COCTOSIHUU, TAK U IIOCJIE CTAPEHHUA C UCII0Jb30BaAHNEM IIPOCBEUNBA-
IoIIeli 3JIeKTPOHHOI MUKPOCKOIINY Ha 3JeKTPOHHOM MUKPOCcKoie JEM-
100CXII, peHTTeHOBCKOTO U JIOPOMETPUUECKOTO aHaJIn30B. I aJeK-
TPOHHO-MUKPOCKOIIMYECKOTr0 MccaeqoBauusa (hOJIbI'Y I'OTOBUINCHL METO-
IOM OJHOCTOPOHHEH MOJUPOBKM OJA M3YUYEHUS CTPYKTYPHI IIOBEPXHO-
CTH U IBYCTOPOHHEH IIOJHMPOBKU IJIs U3YUYEHUsS CTPYKTYPHI CILIaBA Ha
rayoune g0 80 mxM. dnekTpoautom cay:kuia 30% pacrsop HNO; B me-
THUJIOBOM CHUPTE. PEeHTreHOCTPYKTYPHEIE HMCCAEeNOBAHUSA BBIIOJHAINCH
Ha aBTOMATH3MPOBAHHOM PEHTreHOBCKOM aupparxromerpe IIPOH-4 B
CuK ,-usnyueHuu. C IOMOIIbIO METOHA CKOJIb3SAINEro PeHTTeHOBCKOTO
IIyYKA BBIIOJHEH aHAJN3 CTPYKTYPHOTO COCTOSHHUSA MOBEPXHOCTHBIX
CJI0EB cCILJIaBa. YTOJI HaKJIOHA WHCCJIEIYyeMOM IIOBEPXHOCTH obOpaslia K
HaIIpaBJIEHUIO IIEPBUYHOI0 My4YKa ObLI BeIOpaH paBHbIM 4°. Toumuua
cJ0s, ImorJioniawoIero 75% uaaydyeHus, Npu SJAHHOM IeOMETPUU ChEM-
KU cocTaBuia =4 MKM. [ 1ccaef0BaHUA TEKCTYPhI 00Pa3II0B UCIOJIb-
30Bajicsa peHTreHoBckuii mudpaxtomerp [APOH-YM1 c¢ TekcTypHOI
IPUCTABKOM.

3. PESYJIBTATBHI 1 UX OBCYRIEHUE

3.1. Bmuanaue ¥Y3¥Y 0 Ha CTPYKTYPY ¥ CBOMCTBA IOBEPXHOCTH
cmiasa AJ1-31

ITocse Y3YO moBepxXHOCTH oOpasiia craja OJiecTAIel, ¢ BBICOKOI OT-
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TABJINIIA 2. Usmenenne mukporBepaocTu ciiaBa AJIl-31 mociae Y3YO.

. H,, MIla
PexxuMm mpeBapuTeIbHONM TEPMOOOPAOOTK Y
o Y3YO | nocie Y3YO
T'omorenusanus npu 560°C B Teuernme 12 u 535 662
3akainka Ha Bo3nyxe or 480°C + crapenue npu 185°C 678 745

B TeyeHue 6 4

paskaTenbHOII crmocobHocThio. CremeHb oOcagKM o0pasiia cocTaBuUJA
80% . 3HaueHMsT MHUKPOTBEPAOCTH B MCXOJHOM COCTOAHUN KU IIOCJE
V3VO npusenens! B Ta0i. 2.

3.2. Bmuanue ¥Y3Y 0 Ha CTPYKTYypy TOMOT€HU3UPOBAHHOTO
cmiaasa AJl-31

B cooTBercTBUU ¢ MeTaJIorpadUUeCKUMU JaHHBIMMU, IOCJE TOMOTEeHN-
3aIly CILJIaB XapaKTepusyeTcs PaBHOOCHOU 3e€pPeHHOU CTPYKTYpPOi, C
pasmepamu 3eper 200—-500 mkm. PeHTrenorpaduyueckue ncciaeqoBaHU
BBIABJIAIOT HAJUYMeE B CILJIaBe TeKCTYPhI peKpucTaLIusanun. B romore-
HUBUPOBAHHOM COCTOSHHUHU B CILJIAB€ IPUCYTCTBYIOT I'PyOble YaCTUIIBI
paBHOBecHOM P-(dassbl cTepsxHeoOpasHoit opmel aauuoi 200—600 aM u
roamuaonn =50-60 HM. IldoTHOCTE BBIAEJIEHHS YaCTHUI[ COCTABJISIET
~10% cM™®, yacTUIBI HeKOTePeHTHBI MATPHUIlE 1 CBA3AHBI C AUCIOKAIIA-
mu (puc. 1, a).

3.2.1. CTpyKTypa IOBEepXHOCTH

B mporiecce ¥Y3VO BhIcOKas MUKJINYECKAS CKOPOCTL AedopMaIluil CO-
3IaeT CXKMMAIOINe HAIPAKEeHUA B MATPUIlE, UTO IPENATCTBYET ILjIa-
cTuuecKuM caBuramM. Kak mokasaam 3JIEKTPOHHO-MUKPOCKOIUYECKUe
HucCIeN0BaHMA, OCHOBHBIM MEXaHM3MOM peJiaKcallud BHYTPEHHUX Hall-
PAKEHUN Ha MOBEPXHOCTHU oOpaslia ABJISAETCA IIepeoprueHTaAIlud MaTPH-
bl 1 obpasoBanue BaKaHcuii. TUIWUYHLIM 3JIEMEHTOM CYOCTPYKTYPbI
CTAHOBATCA OUIIOJbHBIE KOHMPUIYpaIlluyu SKCTUHKIIMOHHBIX KOHTYPOB,
KOTOPBIE XapaKTepU3yIOT (hopMUpPOBaHUe II0JOC IIepeopueHTauu (puc.
1) mupunont 20—50 um u gauuoit Ko 80 uMm (puc. 1, 8). Ilomumo atoro, B
MaTpHUIle Pa3BUBAETCA BBICOKAA IIOPUCTOCTH, Pa3Mephl IOP AOCTUTAOT
10-30 um (pumc. 1, 2). Yactumer usdbbiTounoit B-passr Mg,Si, npucyrt-
CTBYIOIIeHl B UCXOTHOM cocTosHuu (puc. 1, a), OTCYTCTBYIOT BCJIEICTBIE
IedopMaInOHHO MHAYIIMPOBAHHOTO PACTBOPEHUS dTOU (DaskI.
Hanpasnenue moJsioc mepeopueHTaMy HE UMEET BHIPAKEHHOTO KPU-
cTayutorpadguueckoro HampasiaeHus (puc. 1, 6). ITomockl ABAAIOTCA 30-
HaMHU JOKAJMN30BaHHOTO CABUTa M UX MOYKHO PacCMaTPUBATL KaK MUK-
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0,25 MKM

PN

Puc. 1. CrpyxTypa cnyaBa: TOMOT€HU3UPOBAHHOE COCTOAHME, CTPYKTypa U CO-
OTBETCTBYOIIIaA MUKPOAU(PAKIINA (a), CTPYKTypa U AUGPAKINUA ITOBEPXHOCTHU
nociie Y3YO (6), 9KCTUHKIIMOHHBIE AUIIOJN A (8), TIOPUCTOCTH 1 HE3aBEPIIIECH-
Hasd II0JI0Ca IePEeOPUEHTAIINY ¢ 000PBaHHBIMY Kpaamu B (2).

pocopockl. Cxema TaKkoi MOJIOCHI ITPecTaBIeHa Ha puc. 2.

Hexkpucranmorpadpuueckuidi CcIBUTI B HaOpaBJIeHUMN, YKa3aHHOM
CTpPeJIKaMM, OCYIIIEeCTBJSIeTCA IIyTeM pasiesieHrus AUCIOKAIMOHHBIX 3a-
PAIOB, UTO COIPOBOMKIAETCSA IIePeOPUEHTAIMell PeIleTKHU BHYTPU O0JIO-
CbI, OPMEHTUPOBKA MAaTPHUIlLI He ma3MeHseTcsa. Ilosockl MUKpoc6Gpoca
pacmojiaraloTCA XaOTHUYECKH U CIOCOOCTBYIOT (hOPMHPOBAHUIO CYO-
CTPYKTYPBI C BBICOKON KPUBU3HON KPUCTAINUECKOI PeIeTKr. ATU 00-
JIACTH JAIOT CIIONIHbIe nuddy3Hble KOoablla Ha 3JeKTPpoHOrpamMme, T.e.
dopMupyeTcsa opueHTAINOHHBIN Xaoc (puc. 1, 2).
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Puc. 2. Cxema 06pasoBaHus IOJIOCH IepeopuenTaiuu [8].
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Puc. 3. CpeagnHa roMmoreHn3upoBaHHOro oopasma mocie Y3YO: cTpyKTypa u
COOTBeTCTBYIOIAA MuUKponudpaxnus (a), B3aumoneiicrsue yactur [-assl ¢
30HAMU «TEUEHHUS» W 00pasoBaHMe MeTJIe00pasHbIX KOHMUrypaiuii 060pBaH-
HBIX AUCJIOKAIIMOHHBIX TPAHUI A U S4EeNCTOU CTPYKTYPHI B (6).

3.2.2. CtpyKTypa Ha paccToaHuu =70 MKM OT ITIOBEPXHOCTH
mociae Y3YO

C yBesinmueHneM PACCTOSHUSA OT IIOBEPXHOCTH IPOUCXOIUT IIOJHAS CMeHa
CTPYKTYPHOIr'O COCTOAHUSA CILIaBa. II0JTHOCTBIO MCUE3aI0T 9KCTUHKI[MOH-
HbIe JUIIOJIN U IOABJJAIOTCI 00JIACTHU C, TAK HA3BIBAEMBIM, «KPaIuaThIM »
KoHTpacToM (puc. 3). T JIOKaJbHLIE 30HLI XapaKTepU3yIOTCA O0IBIITIOMH
ILIOTHOCTBIO CILIETEHUIH SUCIOKAIINMA, B OTAe/JIbHBIX MecTax Ha0JII0mgaeT-
cd ceTuaTasi JUCJIOKAIMOHHA cyOCTPpyKTypa. I'panuIisl obacteil mpe-
CTaBJIAIOT CO00U 0OOPBAHHEIE NMCIOKAIIMOHHEIe KoH(purypamnuu. ITomaa-
raioT, 4YTO IOABJIEHME TaKUX JIOKAJLHBIX METacTAOMJIBbHBIX CTPYKTYP
(30H «TeUeHUA» ) — Pe3yJIbTAT IJIACTUUECKOH pesaKcaliii HAIIPAKeHUH
B 00J1aCTH BLICOKOM KpuBU3HEI perieTku [9]. IlosBienne 30H «TeueHUA»
He IPUBOAUT K (hparMeHTaIlNy U U3MeJIbUeHnIo 3epHa (puc. 3). OgHaxo
Ha mudparxTorpaMmMe HaOJaoAaeTcd IUPPysHOe asUMyTaJIbHOE PA3MBI-
THEe MaTPUYHBIX pe(ieKCOB, UTO CBUIETEJIbCTBYET O HAJIUUUN BHYTPEH-
HUX HAIPAMKEeHU B Marpuile. fIuencras CTpyKTypa Tak ke, KaK 1 IeT-
JieoOpas3Hbie 3aMKHYThIE KOHPUTyparinu 060PBAHHEBIX AUCIOKAIIMOHHBIX
rpauwut [10] HabrofgaroTes JIUITL B OTAEJIbHBIX MECTaX, IPUMBIKAIOIITIX
K uactuiam [-dassl (puc. 3, 6). B MaTpuile akTMBHO UAYT IPOIIECCHI KOAa-
TYJIAIIAU YaCTUIL: ecsi Koo duiiueHT popmel £ =1/h (OTHOIIIEHNE TJINHBI
K TOJIIITUHE YACTUITI) B UCXOAHOM COCTOSHUU cocTaBaan = 20—-60, To mo-
cae Y3YO k yMeHbIITIaeTCsa HA MOPAJOK U COCTaBIsAeT 4—6.

3.3. Biuanue ¥ 3Y 0 Ha cTPYKTypy cocTapeHHOTO criiaBa AJl-31

ITocsie pacmaza IepechIINEHHOT0 TBEPAOTO PacTBOpa B MaTpuile o6pasy-
I0TCA MEJKOLUCIEPCHLIE HUTOJbUAThIC YACTUILBI AJuHON =20 HM M TOJ-
IUHON = 5—6 M MeTacTabuabHOM ' -passl (puc. 4, a). OHN UMEIOT BHICO-



336 A.JI. BEPESUHA, T. A. MOHACTBIPCEKAS, I'. 1. ITIPOKOIIEHKO u gp.

Puc. 4. CrpyKTypa ciaBa: COCTapeHHOE COCTOsSHUE (a), IIOBEPXHOCTH COCTAa-
perHoTO cmaBa mocyae Y3YO (6).

KYI0 ILIOTHOCTD BhIAeseHns (10'—10"° cm®), KorepeHTHO CBABAHBI C MAT-
putieii, ABIAOTCS yIPOoUuHsiomuMu. PasmMepsl 3epHa, KaK U II0CJE TOMO-
reausanuu, coctaBaaioT 400—-500 mxmM. IIpu ncmoanzoBanuu ¥Y3YO co-
CTapeHHOro 00pasiia MPOUCXOAUT B3ANMOAEHCTBYE YIAPHON BOJIHEI C CH-
cremoii uactur, §’-pasel. MeracrabuibHas B’ -dpasa saMeHsAeTCS CTAGUIIb-
HOM, YCKOPSAIOTCA IIPOIleCChl KoajeceHiuu. I1ogaBaaoTess o6IacTu «Te-
yeHHuA», KaK mapajieabHble (puc. 4, 6), TaK 1 TaKue, KOTOpPbIe Oru0aioT
yacTuilbl. VIaMebueHMe 3epeH He IIPOUCXOIUT, B MATPHUILE IIPUCYTCTBYIOT
BHYTPEeHHIE HAIPAKEHUS, CYAsd M0 asuMyTAaJbHOMY YIMHPEHUIO MAaT-
PUYHBIX pedIeKCOB Ha dJIeKTpOHOrpamMme. KauecTBEHHO CTPYKTYPHbBIE
COCTOSTHMSI HA IIOBEPXHOCTHM W BHYTPH 00Opasiia OJHOTUIIHBI, KOJHYe-
CTBEHHO — HAa MOBEPXHOCTH 0O0JIbIIle 00beMHAas J0JIA 30H «TeUeHHUS»; B
cpenuue o0pasiia yBeJInueHa 00beMHAas J0JIS PABHOBECHOM [P-(asbl.

3.4. PentreHorpaguueckoe ucciieoBaHue

C mesnbio ompeniesieHUsI CpeIHEro pasMepa objacTell KOTePeHTHOTO pac-
ceaausa (OKP) u BelnunHbI MUKPOUCKAMKEHUN KPUCTAJINUECKOH pe-
IIeTKW B paboTe OLIIM BBLIMOJIHEHLI PEHTTEHOCTPYKTYPHBIE HCCIEI0BAa-
Husa cmaaBa All-31 B mcxomuaoM cocTossHuu m mocyie ¥Y3YO. O6Gpasitbl
ObLIu CHATHI Ipu (GOKycupoBKe mo Bparry—BpeHTawo, uto ¢ yderom
TTyOMHBI ITPOHMKHOBEHUSA TaeT YCPETHEHHYIO XapaKTEPUCTUKY CJIOS
rayounoi = 30 MKM, a TaKKe B CKOJIb3AINeM IIyuke (grazing incidence
X-ray diffraction (GIXRD)) s onpeneaeHus CTPYKTYPHBIX XapaKTe-
PUCTHUK ITIOBEPXHOCTHOTO CJIOS TiIyomHON =4 MKM. {14 aHanmsa 1moy-
YEeHHBIX JKCIEePUMEHTAJNbHBIX Hpo(uaell PEHTTeHOBCKUX JUHUU ObLI
ucnosb3oBaH Mmeton JIsHrdopaa [11, 12]. Merox JIsurdopaa npeamoia-
raeT OIMCaHNe dKCIIEPUMEHTAJIBHBIX ITPO(UIell PEeHTTeHOBCKUX JIMHUHN
dyuxmueii @oiirra. Ilpuuem cunTaercsa, 4To IPUCYTCTBYIONIE B 00pas-
Ile MUKPOHAIIPSAKEHUA AAIOT BKJIAA TOJBKO B ['ayccoBy COCTaBIIAIONIYIO
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dyurnuu Poiirra, a pasmepsl OKP BIMAIOT UCKIIOUNTENbHO Ha JIopeH-
1eBY COCTABJISIOIIYIO.

Corusracuo metony Jlsurdopaa, pasmMeps! 06J1acTeil KOTePeHTHOTO pac-
cessuusi D cBA3aHBI ¢ MPUCYTCTBYIONIMMHU B MaTepuaje MUKPOHATIPAKeE-
HUAMHU CJIIYIOI[MM OTHOIIIEHEM:

2
AK? =% ¢ l&z, 1)
4 DK
rage D — pasmep KPUCTANLIUTOB, € — BeJUUYNHA MUKPOHATPAKEHUN B
obpasne, K = 2sin(0/A), 6 — yroa gupparnum, A — AJINHA BOJIHELI PEHT-
reHOBCKOIo uaiaydenusa, AK = cosO[A(20)]/A, rae A(20) — uHTerpaJnLHaA
IIUpUHA ZUPPAKIINOHHOr0 IUKA.

Taxum o6paszoM, mocTpous rpaduru sasucumoctu AK?/K? or AK /K?
¥ allIIPOKCHMUPOBAB UX JIMHENHO, MBI CMOKEM PACCUNUTATh BeJIMUNHEL D
U € 13 Ko (PUIIMEeHTOB ypaBHEHUA HOJYyYeHHOI npamoii. Madopmaruio
0 pasMepax KpUCTAJIIUTOB D HeceT B cebe KO PUIMEHT HaKJIOHA IIP-
MOI1, a IT0 KOOPAMHATE IIepeceue s MPAMOI C 0ChI0 OPAMHAT MOIKHO CY-
IUTh O BeJIMUYNHEe MUKPOHAIIPAKEHUI € B obpasiie (puc. 5). B Tabauiie 3

30-10%

Tomorernusamus 560°C 35-107%¢ 5
3akanka + crapernue 185°C
25107 12u+¥Y3YO0 "
, 80-107 6u+Y3Y0 .
~ 20-107Y 25-1079
bi . NM20'1 0%
%15-1 0t “ . R g
15-1074
10-104 %
R 10-109 .
109
510 510 .
0 T T T T T 0 - - T T T ;
0,000 0,002 0,004 0,006 0,008 0,010 0,000 0,004 0,008 0,012
AK/K? AK/K?
30-107¢
Tomoreumnsamnusa 560°C 15-10¢
25-10-4 " 124+VY3VO0, GIXRD Bakanka + crapernue 185°C
. 6 u+¥Y3YO0, GIXRD
2.20-10-¢
%20 10 L 10-10%
15107 ‘ §
10-1078 i - 55.1041 -
1078 '-/_/'
5104 "% =

0 —————— ——— 0 . . : . .
0,001 0,003 0,005 0,007 0,009 0,001 0,002 0,003 0,004 0,005 0,006
AK/K? AK /K>
Puc. 5. T'papuru ana onpemenenus OKP m MuUKpOHANPAKEHUNA MeTOIOM

JIaurdopaa nas ciaasa All-31 mocue Y3VO.
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TABJINIIA 3. CtpykTypHbIe XapakTepucTuku ciiaBa AJl-31 mocie ¥Y3VO.

Oobpasgerr D, am | €
Tomorenusamnusa 66 0,005
CrapeHnue 67 0,002
T'omorenunsamnus, GIXRD 67 0,003
Crapenne, GIXRD 148 0,002

IIpUBEJeHbl 3HAUCHN 00JIacTell KOrepeHTHOro paccesHuss D v BeInun-
Hbl MUKPOHMCKAMKEHUH KPHUCTAJJINYECKON peIleTKH €, OIpeleeHHbIe
peHTreHOrpa)MuecKu.

Cpennue pasMepsl 00JacTel KOrepPeHTHOI'0 PACCEeAHNA Ha IIOBEPXHO-
CTH U B CpeJUHe I'OMOreHU3MPOBaHHOro obpasiia mocjae ¥3YO cocrasu-
au okoJyio 70 HM. YBenuuenue cpenuero pasmepa OKP Ha moBepxHOCTHU
COCTApPEHHOr0 00pasita MOMKeT OBITHL CBA3AHO C IIPOIleCCaMU TUHAMUYE-
CKOH PeKPHUCTANIN3AINN, IPOTEKAIITNMHU B IIpoiecce Y3VO.

BrinmosHenHBIN (pa30BbIiI aHaAN3 3a(UKCHUPOBAJ ABYX(pas3Hoe COCTOo-
sAHUe: O.-TBEePILIN pacTBOp + cTabuabuaa Mg,Si-dasa gaa odpasmoB 6e3
Y3VYO0 u nocae Y3YO cocraperHoro oopasita. ITociae ¥Y3YO romoreHu-
3MPOBAHHOI0O 00pasna n3MeHuICa (pas30BLIi COCTAB — IIOJYUYEHBI OTPa-
JKEHUA TOJIBKO OT O-TBEPOr0 pacTBOpA.

CpaBHUTEJIbHBLIN aHAIN3 NPOQUIE ¥ MHTEHCHUBHOCTEH pedIeKcoB
(400) o-TBepmoro pacTeopa Ha audpaKTorpaMMax IIOKasaj, UTo II0CJe
VY3VYO0 K,-ny6jeT pasMbIBAeTCA U CUIBHO YMEHBIIIAETCA NHTEHCUBHOCTD
OTPaAKEHUI, UTO MOKET YKa3bIBATh KAaK Ha OOJIbIINE YIPYTHe NCKaMKe-
HHUSA B MaTPHUIlE, TAK 1 HA N3MeJbUeHne 00J1aCcTell KOrepeHTHOr0 pacces-
HusA. ITOCKONBKY 9JI€KTPOHHO-MUKPOCKOINYECKN M3MEJIbUeHNE 3ePeH-
HOI CTPYKTYPBI, KAK 1 OJIOUHOM CTPYKTYPEI He OBLJIO O0HADPYKEHO, Ipa-
BOMEPHO MPEAIIOJIOMKNUTE, UTO IIaleHlie NHTEHCUBHOCTH OTPAYKEHUMN CBJ-
3aHO C 0OJIBIIMMY BHYTPEHHNMY HAIPAKEHUAMY B MATPHUILE.

HenpaBuibHOE COOTHOIIEHNE MHTEHCUBHOCTU PedJIEKCOB OT MAaTpPHU-
bl YKa3bIBAET HA IPHUCYTCTBHUE TEKCTYPBLI, POCT HHTEHCUBHOCTU pe-
daerca (220) mocae ¥Y3VYO cBUIAETEILCTBYET O MOABJICHUUN HOBOUM TeK-
CcTypHOII cocraBaamoIeii. [Iaa oopasmoB mocie Y3YO O BBIIOJHEH

TABJINIIA 4. Pe3yabTaThl UCCIEL0BAHUA TEKCTYPHI.

O6paserr TexcTypa

T'omorenusamnus npu 560°C B Teuernue 12 u 65% <110>+35% <100>

3araisika Ha Bo3nyxe ot 480°C + crapenue npu

185°C B Teuenme 6 u 85% <100>+15% <111>
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JeTaJIbHBINA TeKCTYPHBIN aHAIUS.

TekcTtypa B oOpasiax Obljaa HCCJIeSOBAHA C IIOMOIIbIO HPSAMBIX IIO-
aocHbIX ¢uryp (IIIIP) (cm. Taba. 4). [[aa oboux o6pas3iioB (rOMOTeHHU-
3UPOBAHHOIO 1 COCTAPEHHOI'0) pacipeeeHre IOJIOCHOH! IIOTHOCTH II0
cTepeorpa@uuecKoi MPOEKIINN HeoqHOpPoaHo (puc. 6), UTO CBUIETEIh-

Puc. 6. ITomtocusie purypst (111), (200), (220) u (311) xaa o6pasmoB N1 (romo-
reuusarnud mpu 560°C B Teuenue 12 vacos + ¥Y3YO0) u N3 (3akanka Ha Bo3gyXe
oT 480°C u crapenue npu 185°C B reuenue 6 yacos + Y3VYO).
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IIpodonxicenue puc. 6.

CTBYeT O HAJIUYHNU IIPENMYIIECTBEeHHBIX OPHUEHTAIIUM 3epeH B dTUX 00-
pasmax.

Pacnpenenenne nmostocuoii mnoraoctu Ha IIIIPD (200) u (220) B cay-
yae TOMOTEeHH3MPOBAHHOTO 00pasila yKasbIlBaeT HA HaJIWUYNe ABONHOI
akcmaabHON TekcTypbl <100>+<110>. Ha IIII®, mocTpoeHHLIX s
mosiocoB (111) u (311), HabaIOmaeTcAa MOBBINIIEHNE MOJIOCHOMN IIJIOTHO-
CTU B BHUJIe KOJeEIl, PACIOJIOKEHHBIX B AUAINa30HE YIJIOB, COOTBETCTBY-
OIMUX yriIy Me:xay HampaBiaeHuamu <110> (uam <100>) u manopasie-
Huamu <111> (<311>). CooTHOIIIEHNE NHTEHCUBHOCTEH T0JI0coB (220)

u (200) 103BOJIAET OIIPEIESIUTE COMePIKate COOTBETCTBYIOIINX TEKCTYP
<110> u <100> (Taba. 4).

4. BbIBOJ1 bl

1. CymiecTByeT 3aBUCHMOCTL MEXaHW3MOB peJIaKcalluy BHYTPEHHUX
HAIIPSKEHUHA, CO3JaBaeMbIX YIAPHO-IUKJIMYECKUM HArpy)KeHueM B
mporecce Y3VO0, U HCXOIHBIM CTPYKTYPHBIM COCTOSAHMEM CILIaBa:

a) B OTCYTCTBUHM KOTePEHTHON MeTacTaOmIbHON [B'-dasbl OCHOBHBIM
MEeXaHu3MOM peJIaKCalliy HAIPSKeHWI Ha IIOBEPXHOCTH o0pasiia sB-
JsieTcsa oOpasoBaHMe OOJIBIIIOTO UMCJIa HAHOPa3sMePHBIX obJjacTell mepe-
OpHEHTAIlUU MATPHUIILI C IIPOU3BOJbHONA OPUEHTUPOBKOI, T.€. Peaausy-
eTcsl OpHEeHTAIMOHHEIN Xaoc. IIporecc compoBoKgaeTcs IIopoodpasoBa-
HUEM.

6) meracTrabuabHada ’-pasa, o6pasoBaHHAA B IPOIlecCe CTAPEHUA, II0-
IaBJIAET IPOIEeCCHI IEPEOPHUEHTAI[MY MATPHUIILI Ha II0OBEPXHOCTH. Peslak-
calus IPOUCXOAUT 34 CUET 00Pa30BaHUA I10JI0C (BBITAHYTHIX obJiacTeir)
HeKpHUCTAJIoTrPapuIecKOi OPUEHTUPOBKY C BEICOKOM IJIOTHOCTBIO AVIC-
JIOKAaI1ii, ¢ TPAHUIIAMU 13 000PBAHHBIX AUCJIOKAINIL. ITOT JKe IPOoIiece
HabJII0JaeTCA B IPUIMOBEPXHOCTHEIX CJI0AX.
2.¥3¥Y0 B 3aBHCHMOCTH OT TJIYOMHBI CJIOA 3aJieTaHUSA CIOCOOCTBYeET
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PacTBOPEHUIO N30LITOUHLIX (ha3, YCKOPSET IIPOIIeCChl KOAryJIauu, KO-
aJIeCIeHIINY, MEeTACTA0OMJIbHYIO (pa3y 3aMeHAeT CTA0OMIbHOIM.

3. Ilpu ucnoabzoBanubIX pekuMax ¥Y3VYO B ciiase AJl-31 He Habar01a-
eTcsl u3MeJbueHne 3ePEeHHON CTPYKTYPhI. YIPOUHEHNEe JOCTUTaeTCsa 3a
cyeT BHYTPEHHUX HAIPAXKEeHUU B marpuiie. MakcuMaJabHBIN d(PeRT
IpupocTa MUKPOTBepHOCTHU B pedyabraTe ¥Y3YO nna cuiaaa All-31 co-
crasui 24% .

PabGora BBIMONIHEHA IIO0 MaTepHAaJiaM MCCJESOBAHUMA B paMKax Oion-
skeTHOI TemMbl 022/11-B mpu yacTuuHOi (UHAHCOBON MOAIEeP:KKEe KOH-
KYPCHOT'O IpoeKTa «BiInsaHme TepMOCHIOBOII 00pabOTKM Ha CTPYKTYPY,
TePMUUECKYIO CTAOMILHOCTh, (puU3MUECKUe M MeXaHHNUYeCKHe CBOMCTBA
aJIIOMUHUEBLIX U JKeJe3HBIX cmiaBoB» 92/12-H, UM® uwm. I'. B. Kyp-
miomoBa HAH YKpauHBI.
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