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AHHOTALUMNA

BBeaeHue. AnoMUHMEBBIE CMIaBbl XapakTePU3yTCs OTCYTCTBMEM NMOpora XragHONoOMKOCTU, 06naaatoT BbICOKMMM napa-
MeTpaMy MPOYHOCTU U NNACTUYHOCTU NPU HU3KUX TemnepaTypax. OgHako HopMaMu He NPeLyCMOTPEHO NMPOEKTUPOBaHNE
antoMUHUEBbBIX KOHCTPYKLWIA, BOCMPVHUMAIOLLMX LMKIUYECKNE CUNOBbIE BO3LAENCTBUSI MPU MOHWDKEHHbIX TeMMepaTypax.
B cBA3M ¢ 3TMM BO3HMKAET HEOOXOAMMOCTb U3yYeHMs CBOWCTB 1 MEXaHW3MOB AedopmaLn 1 paspyLUeHNst antoMUHUEBBIX
CMMaBoB A1 OLEHKN BO3MOXHOCTU UX NpUMeHeHus B ycnoBusax KpanHero CeBepa, a Takke ANs BHYTPEHHMX 0bonovek
N30TEPMUYECKNX PE3EPBYapPOB.

Martepuanbl u meToabl. ViccneaoBaHbl MEXaHUYECKME CBOMCTBA KOHCTPYKLUMOHHBLIX antOMUHMEBLIX CMMaBOB U3 Cepum
oTeyvecTBeHHbIX 1915, 15654 1 3apybexHbix pa3pabotok 6082 (aHanor A35). UcnbitaHbl 06pasLpl HA OLHOOCHOE pac-
TSDKEHWE, yOapHYyl BA3KOCTb, YCTaNOCTHYIO MPOYHOCTb, ONpeAeneHbl XapakTEPUCTUKN CTaTUYECKON TPELUMHOCTOMKOCTH.
VcnbiTaHmsa npoBeaeHbl ¢ ncnonb3oBaHneM MaluuH Instron 8802, Instron 1000HDX, LabTex, masiTHMKoBoro konpa Instron
450MPX no cootBetcTBytowmm FOCTam Poccun.

Pe3ynbrartbl. [MonyyeHbl 3KCnepvMeHTanbHble 3aBUCMMOCTU MPOYHOCTHBLIX M yNpyrux (npegerna npoyHOCTU, YCIOBHOMO
npegena Teky4yecTu, MOAYNsA YNpyrocTu), a Takke AedOpMaTUBHBIX XapakTEPUCTUK (OTHOCUTENBHOTO YAIMHEHUS U CyXXe-
HWUSI MMOLWanmn MonepeyHoro cedeHus obpasLioB) MCCneaoBaHHbIX CNaBoB OT TemnepaTtypbl UCMbITaHWi. [oka3aHo u3-
MEeHeHNe xapakTtepa AedOpMUPOBaHNS antoMUHMEBBIX CMaBOB NPW MOHWKEHUN TemnepaTypsbl. [puBeaeHbl pe3ynbTaThl
CONpOTUBNEHUS AedopMauny 1 pa3pyLUEHUO B YCIIOBUSIX YAAPHOro n3rnba n BHELEHTPEHHOTO PacTsXKEHUs1 B MHTepBarne
Temnepatyp ot —104 go +20 °C. OueHeHa BA3KOCTb pa3pyLUeHUS (TPELLMHOCTONKOCTb) MO KPUTEPUAM MEXaHWKW paspyLue-
HWUSI MPU UCMbITaHUKM CTaH4APTHBIX 0Opa3sLOB C yCTanoCTHbIMK TpelmHamu. MpeacTtaBneHbl orpaHUYeHHbIe nNpeaenbl Bbl-
HOCnMBOCTU Ha Gase 2 - 108, 107 UMKMoB NccrnefoBaHHbIX CMABOB MpW MONOXUTENBHBIX M OTpULaTeNbHbIX TEMMNepaTypax.
BbiBoAbl. [MonyyeHHble pesynstaTtbl NMO3BOSMSOT 0O0CHOBAHHO OCYLLECTBMATL BbIOOp MaTepunarnoB, HasHavyaTb Harpysku
Npu NPOEKTUPOBAHNM KOHCTPYKLNIA U3 antOMUHUEBbLIX CMITABOB U OLIEHMBATb UX CPOK CIy>KObl.

KIMKOYEBBIE CITOBA: antoMvHUEBbIE CMMaBbl, UCTIbITAHWUS, MOHKEHHbIE TemmnepaTypbl, MPOYHOCTb, AePOPMaTUBHOCTD,
TPELLMHOCTOMKOCTb, YCTanocTb
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ABSTRACT

Introduction. Aluminium alloys are characterized by the absence of a cold fracture threshold, have high strength and ductility char-
acteristics at low temperatures. However, the norms do not provide the design of aluminium structures that take cyclic force effects at
low temperatures. In this regard, there is a need to study the properties and mechanisms of deformation and destruction of aluminium
alloys to assess the possibility of their use in the Far North, as well as well as for the inner shells of isothermal reservoirs.

Materials and methods. The mechanical properties of structural aluminium alloys 1915, 1565ch and 6082 (similar to AD35)
were studied. The specimens were tested for uniaxial tensile strength, impact toughness and fatigue strength, and the char-
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acteristics of static crack resistance were determined. The tests were carried out using Instron 8802, Instron 1000HDX,
LabTex machines and Instron 450 MPX pendulum coper according to the relevant GOST standards of Russia.

Results. Experimental dependences of strength and elastic characteristics (tensile strength, offset yield strength, modulus
of elasticity), as well as deformative ones (relative elongation and contraction of the cross-sectional area of specimens)
of the studied alloys on the test temperature are obtained. The change of character of deformation of aluminium alloys with
decrease in temperature is shown. The results of deformation and fracture resistance under conditions of impact bending
and eccentric tension in the temperature range from —104...+20 °C are presented. Fracture toughness (crack resistance)
was estimated according to the criteria of fracture mechanics when testing standard specimens with fatigue cracks. The pa-
per also shows the limited limits of endurance based on 2 - 108, 107 cycles of the studied alloys at positive and negative
temperatures.

Conclusions. The obtained results make it possible to reasonably select materials, assign loads when designing structures
made of aluminium alloys and evaluate their service life.

KEYWORDS: aluminium alloys, tests, low temperatures, strength, deformability, crack resistance, fatigue
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BBEJIEHUE

PannonanbHbIil BEIOOp MaTepranoB, KOHCTPYK-
THUBHOC O(bOpMJ'ICHI/Ie " TCXHOJIOTHA U3TIOTOBJICHUSA U3-
JIeNusl, @ TaK)Ke OTPaHNICHUE JOMYCTHMBIX Pa3MepoB
UCXOJHBIX JIS(PEKTOB M 3aIIUTa OT KOPPO3UH ITO3BOJISI-
IOT UCKJIIOYUTH BO3MOKHOCTB XPYIIKOTO Pa3pyILICHU,
Pa3BUTHS 3HAYUTENBHBIX IIACTHUECKUX Aedopmanuii,
POCT TPEIIUH 10 KPUTHUECKUX Pa3MepoB B TCUCHHE
pacyeTHOTO CpoKa CIyKOBI KOHCTpYKIuii [ 1, 2].

AJIOMHHHEBBIC CIUIABBI 110 CPABHEHHIO CO CTa-
JbI0 00J1aJaI0T MAJIBIM BECOM, 00Jiee BHICOKUM COOT-
HOILIEHUEM ITPOYHOCTHU U BECA, BBICOKON KOPPO3UOHHOM
CTOMKOCTBIO M XOpOIIeH (hOPMYEMOCTBIO.

Hcnonp30BaHne aTlOMHHHEBBIX CIIABOB B CTpoO-
UTEJBCTBE PerllaMeHTHPYeTcsl cBogoM npasui'. Hop-
MAaTHUBHBIH JOKYMEHT COAEPKUT PEKOMEHAINH 110 BbI-
60py MapoK yNpoOYHSAEMBIX M HE YIPOUHAEMBIX TEPMO-
00paboOTKON CBapUBACMBIX CILIABOB C PACUCTHBIM CO-
mpoTHuBIeHHEM 0T 25 1o 195 MIla.

XapaKTepUCTUKH KOHCTPYKIIMOHHOM MPOYHOCTH
o CIT orpaniyeHsl pe3yasTaTaMy HCTIBITAaHUH Ha pacTsi-
KEHHE € ONPEJICNICHHEM Oy, G, ,, & 1pu 20 °C. Ilpu sToM
HauOOJIbILIEE PACUETHOE COIIPOTUBIICHUE UMEET TEPMHU-
YEeCKH YIPOUHSAeMbIi criaB Mapku 1915 (cucremsr Al-
Zn-Mg). JlaHHBII1 CIJIaB B KOHCTPYKIMSX HCIOJIb3YeTCs
B 3aKaJICHHOM U €CTECTBEHHOM HJIM UCKYCCTBEHHOM CTa-
pernu. bonee BEICOKHME 1 CTaOWIBHBIE CBOICTBA TOCTHU-
raloTCsl IPU UCKYCCTBEHHOM CTapeHHH, TIPUMEHSIOTCS
B KOHCTPYKIUSIX, COBMEIIAIOLINX HECYIIUE U Orpax/ia-
fomye (QYHKIUH, B TOM YHCIIE TIPH CTPOUTEIBCTBE pe-
3epBYyapoB.

W3 TepMHUYECKH YIPOYHAEMBIX CIUIABOB CHCTEMBI
Al-Mg-Si ¢ sKcIuTyaTalliOHHBIME CBOWCTBaMHM, OTBE-
YaIOMIMMH TPEOOBAHHSM IPOEKTHPOBILMKOB, Hanboee
SKOHOMHYHBIMH H, KaK CJI/ICTBUE, HanOOIee MPUMEHH-
MBIMH B CTPOUTENIBHBIX KOHCTPYKLUSX SIBISIIOTCS Map-
ku AJI31, AJI33 ¢ pac4eTHBIM CONMPOTUBIICHUEM OT 55
110 160 MITa, a Taxoxke ABM u ABT1 ¢ pacueTHoil mpou-
HocThio 70 1 170 MIla B 3aBUCUMOCTH OT COCTOSIHUS

'CIT 128.13330.2016. AnoMuHHEBbIE KOHCTPYKIIHH.
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noctaBkd. OHAKO 1O JaHHBIM paboT? [3] MakcHMaITh-
HbIM 3HAYEHHEM MPOYHOCTH, PaBHbIM G, = 340 MIla,
B YKa3aHHOW cepuu obOiajgaer cruiaB Mapku 6082
(ananor B Poccun — amomMuHueBslit ciaB AJ[35),
koTopeiii BKiIroueH B [OCT?, uo orcyrcrByer B CIT!
Ha TeKyIIui MoMeHT. CIIaBbl IPUMEHSFOTCSI IS Cpel-
HEHarpy>KEHHBIX KOHCTPYKLUH, OTINYAOTCS XOpOUIei
KOPPO3HOHHOM CTOHKOCTBIO U CBAPHBAEMOCTEIO.

YpOBEHb PacUETHOTO CONPOTUBIIECHUS TEPMUUECKU
HE YIPOYHSEMBIX aTIOMHHHEBO-MarHUEBBIX CILIABOB,
pexomenayemsix CII, me mpebimaer 140 MIla.

BapuaHTBl 3aMEHBl TPAaJULIHOHHBIX CILIABOB
Ha HOBBIC TIPUBOISTCA B TyOnuKanuu [3].

B nocneaaue robl pOCCHHCKIMU yYEHBIMH pa3pa-
0oTaH aJIFOMUHHEBEIH ciiaB 15654 cuctembr Al-Mg [4]
NPOYHOCThIO He MeHee o, = 335 MIla mo 'OCT*.
CrnaB o6sagaeT BEICOKOH KOPPO3MOHHON CTOHKOCTBIO
u xopouro cBapuBaercs. CruiaB, Kak KOHCTPYKIIMOH-
HBII MaTepual, Hamlel MPUMEHEHUE B CYIOCTPOCHUH,
BaroHOCTPOEHUHU M aBTOMOOMIecTpoeHnu. Meeaeno-
BaHHME XapaKTEPUCTUK 3TOTO CIUIaBa M €ro CBAPHBIX
COEIMHEHUI LIMPOKO MPEICTaBICHO B OTEYECTBEHHOM
muteparype [5-8]. Cruras Brmouen B TOCT?, HO oTcyT-
creyer B CIT'.

D¢ (heKTHBHOCTH MCITOIB30BAHUS ATIOMHUHHAEBBIX
CIUTABOB B PE3€pBYapOCTPOCHUM MpPEICTaBIeHA B pa-
6ote [9]. CpaBHEHHE TEXHUKO-IKOHOMHYECKHX TIO-
Kaszareseil pe3epByapoB M3 CTAd U aTIOMHHHEBOTO
crutaBa AMro6Mm ¢ OTMHAKOBBIMH T€OMETPHUYECKAMH Xa-
PaKTEpPUCTHKAMH TTOKa3aJI0 MPEUMYIIECTBO KOHCTPYK-
IIUH U3 aITOMMHUEBOTO CIIIaBa B YMEHBIICHUH YAEIb-
HOHM MeTaJlJIoeMKOCTH (B cperHeM Ha 32 %), CTOUMOCTH
TPAHCIOPTHPOBKHU (Ha 8 %), a TakyKe CHUKCHHUH IKC-

2 DIN EN 573-3-2009. AOMUHMI U aIFOMUHHUEBEIE CILIABEIL.
Xumuueckuii coctaB u Gpopma 1eOpMUPOBAHHBIX H3ICIHH.
Yactp 3. Xumudeckuii coctaB u hopma U3IEIHi.

3TOCT 4784-2019. AnoMuHuii ¥ CIUIABBI ANIOMUHUEBBIE
nedopmupyembie. Mapku.

4TOCT 21631-2019. JIuCTBI U3 ATFIOMHHUS W ATFOMHHAEBBIX
cru1aBoB. TeXHUUECKHE YCIOBHSI.
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IUTyaTallMOHHBIX PACXOJ0B Ha MPOTHBOKOPPO3HOHHYIO
3aIIUTY U COKPALICHUE YNCIIa PEMOHTOB.

ATIOMUHNEBBIE CIUIaBBI, XapaKTepHU3yIOMINeCs
OTCYTCTBHEM IIOPOTa XJIATHOJIOMKOCTH, 00JIa/lalonine
BBICOKMMH XapaKTEPUCTUKAMH ITPOYHOCTH M TUIACTHY-
HOCTH IIPH HU3KHX TeMIIepaTypax, MOTyT cTaTb 3 pex-
TUBHBIM MaTepUaioM IIPU BO3BEJICHUN OOBEKTOB B yC-
nosusax Kpaitanero Cesepa [10], B TOM 4mciie TUCTOBBIX
KOHCTPYKIMI: OYHKEpPOB, CHJIOCOB, BHYTPEHHUX 000JI0-
YeK N30TEPMUIECKUX PE3EPBYaPOB.

BinsitHue HHM3KMX TeMmmepaTyp Ha MPOYHOCTH
amoMuHuEBbIX crutaBoB B CII yuurteiBaercs ko3d-
(QHUIMEHTOM HM3MEHEHHUS TEMIIEpaTyphl y,. 3Haue-
HHUE 3TOT0 KOX(P(UIMEHTa B JUara3oHe TeMmIeparyp
ot —65 no +50 °C y, = 1, npu TemmepaTypax HWKe
—65 °C nna cucrembl Al-Mg u Al-Zn-Mg — v, = 1,05;
a1 cuctembl Al-Mg-Si— v, = 1,1, uTo B psze ciyqaen
HE OTpakaeT ACHCTBUTEIFHOTO YBEIHICHHS IPOYHOCTH
craBoB [11].

B CII takxe npUBOIATCS 3HAYEHUS MOIYIIS yIIPY-
TOCTH TIPH OTPULATEIBHBIX TEMIIepaTypax: Uil BCexX
crtaBoB mipu ¢t = —70 °C — E = 0,735 - 10° MIla;
pu u3MeHeHnu temmneparyp ot —40 mgo 50 °C 3nHage-
HEE MOYJIS yrpyroctu npussto £ = 0,7 - 10° MITa.

V3meHeHne mapaMeTpoB, XapaKTEPHU3YIOIIHUX
IJIACTUYECKHE CBOWCTBA CIJIABOB (OTHOCHTEIBHOE
VIUTMHEHHUE TP PacTSHKEHUH O, OTHOCUTEIHLHOE CYyrKe-
HUE TUIOIIA Y TIONEePEYHOro CEUSHHUS TIPH Pa3phIBe )
IIpHU OTpHUIATENbHBIX TeMmeparypax, B CII ne npen-
crapieHo. HopmaMu Takke He MPeayCMOTPEHO MPOeK-
THUPOBAHKE ATIOMUHUEBBIX KOHCTPYKIIUIA, BOCIIPUHUMA-
IOHIMX IUKJINYECKHE CUIOBBIE BO3ACHCTBUS, KOTOpPhIE
UCTIBITBIBAIOT OOOJIOYKH JTUCTOBBIX KOHCTPYKIIHH.

CeromHs 3HAUNTENBHO YBEIWYMIIACH HOMEHKJIA-
Typa ¥ pacIIMpHIach 00IaCTh NMPUMEHEHHS ATIOMHU-
HUEBBIX CIUIaBOB. B CBS3M ¢ 9TUM BO3HHKAeT HEOO-
XO/JIMMOCTh BCECTOPOHHErO HCCIeAOBaHMUS paboOThI
AIIOMHMHHUEBBIX CIUIABOB C U3yYEHHEM CBOWCTB M Me-
XaHU3MOB JiehopMaliy U pa3pylieHHs pH OTpHUIla-
TEIBHBIX TEMIIepaTypax JJIsl OLCHKU BO3MOXHOCTHU
UX IPUMEHEHUS B JIMCTOBBIX KOHCTPYKIMAX B YCIOBUSX
Kpaitaero Cesepa, a Taxoke A1l BHyTPEHHUX 000T0UEK
N30TEePMHUIECKHX PE3EPBYapOB.

J151s1 TaHHOTO MCCIIeIOBaHMS C YIETOM PEKOMEH 1a-
i CI1, nmeromierocs 3apy0eKHOTO ¥ OTE4ECTBEHHOTO
orbITa ObUTH BBIOpaHBI 1e()OPMUpPYEMBIE CILIABbI:

* 1915T — cmuiaB cuctemsl Al-Zn-Mg moce 3a-
KaJIKH ¥ €CTECTBEHHOTO CTapeHHUSI;

* 6082-T6 — cmaB cuctemsr Al-Mg-Si, uckyc-
CTBEHHO COCTapeHHbI Ha MAKCUMAaJIbHYIO IPOYHOCTB;

* 15654 — crutaB cucrembl Al-Mg, yripouHsiemblii
B TIpOILECCe HAKIIETIA, TEPMOHEYTPOYHSIEMBIH.

MATEPHUAJIBI I METO/bI

B nacTosmiemM uccienoBaHUU TEeMIEpaTypsl Uc-
MBITAHUH OPUHATH B quanazoHe oT —104 mo +20 °C,
9T0 000CHOBAHO TEMIEPaTypoil XpaHEHHUS U HCIIOIb30-
BaHUs IIUPOKOTO CTIEKTpa ra3zoB (OyTaH, aMMHaK, TPO-
IaH, IPOMMJICH, alleTUIICH, 3TaH, ATUJICH U JIp.).

XHUMHUYECKUHI COCTaB UCCIEAOBAHHBIX TPOMBILI-
JICHHBIX CIUIABOB Ha OCHOBE AJIIOMUHHS B COCTOSTHUU
MTOCTaBKH MPEJICTaBICH B Ta0M. 1.

HcnbiTanne 00pa3oB Ha OMHOOCHOE PACTSKEHHE
npoBoamiock B coorBercTBuu ¢ 'OCT 1497-84 «Me-
TaJlabl. MeToABl UCIBITAHUN Ha PACTSKEHHE», C UC-
IMOJIb30BAaHUEM HCIBITATEIbHBIX MamuH Instron 8802,
Instron 1000HDX, LabTex. 3amuce auarpamm aedop-
MHUPOBaHUs OCYIIECTBIUIACH C MTOMOIIBIO SKCTEH30-
MeTpa 6a3oif 20 MM B TEH30PE3HCTOPOB 0az0i 5 MM
B KOOp/MHATAX ¢ — €. Harpyxenue o6pa3noB npu oTpu-
narenbHbIX Temneparypax (—20, —40, —70, —104 °C) BbI-
MOJHSJIOCH B TepPMOKaMepe. B paboTe ucnbIThIBaINCH
00pas1sl B (hopMe ABYXCTOPOHHUX JIONATOK ¢ pabodei
gacTbio pazmepamu 200 x 30/10/11 MM 1 nuIIMHApPHYE-
CKHe 00pasIbl THaMETPOM 6 MM.

XapaKTepUCTUKH CTaTHUYECKOH TPEIMHOCTOM-
KOCTH CIUIaBOB OIPEIEIISIIUCH NPU UCIIBITAHUU KOM-
MaKTHBIX 00pa3ioB pasmepamu 80 x 80 x 10/11 mm
C KpaeBOM TPeIIMHON Ha BHEIIEHTPEHHOE pacTsKeHHE
B cootBercTBUH ¢ TpeboBanusmu [OCT® npu Temmepa-
Typax +20, —40, -70, —-104 °C.

VcnbITannst Ha yIapHYIO BSI3KOCTh BBITIOJHSIHCH
Ha oOpa3zuax ¢ V-o0pa3ubiM 1 U-00pa3HbIM HaJpe3amMmu
npu Temneparypax +20, 20, —40, —60, —104 °C na ma-
ssTHUKOBOM komipe Instron 450 MPX ¢ peructparnueit
pabotsl ynapa, [k, 1 pacdeToM BEIUYMHBI yAapHOU
BsizkoctH o TOCT®.

S TOCT 25.506-85. PacueThl U HCMILITAHUS HA MPOYHOCTb.
MeTtoabpl MEXaHUYECKHUX UCTIBITaHUK MeTaiuioB. OnpeneneHue
XapaKTEePUCTUK TPELIMHOCTOMKOCTH (BA3KOCTU Pa3pyIICHUs)
IPH CTaTUYECKOM HarpyKEeHHH.

®TOCT 9454-78. Mertauisl. MeTon HCIIBITAHUS HA yAApHbIH
M3TU0 MPH TOHMKEHHBIX, KOMHATHOH ¥ TMOBBIIICHHBIX TEM-

neparypax.

Taou. 1. XuMu4eckuii COCTaB UCIBITAHHBIX aTFOMUHUEBBIX CIJIABOB

[IponieHTHOE CofeprkaHle KOMIIOHEHTOB
Mapka crutaBa . . Fe,

Si Mg Mn Cu Zn Cr Ti —— Hpyrue
1915T I'OCT 4784 <0,35 | 1-1,8 | 0,2-0,7 <0,1 4-5 0,08-0,2 | 0,01-0,06 <0,4 0,06-0,2
15659 TY 1-3210-2013 02 |5,1-6,2| 0,4-1,2 | 0,01-0,2 | 0,45-1,2 0,25 - 0,3 —
6082-T6 DIN EN
573.3:2009 0,7-1,310,6-1,2 | 0,4-1,0 <0,1 <0,2 <0,2 0,053 <0,5 <0,06

75

(1G] L HOALIGG ‘bl NOL §oatecaqteuken



sy TORLCTES: 1o 14, BhINYCK 1(51)

A.H. lllysanoes, O.A. KopHes, B.A. Epmakoe

HcnpiTanus Ha yCTaIOCTHYIO MPOYHOCTH MPOBO-
Jnck B coorBercTBU ¢ [OCT Ha cepusix KOPCETHBIX
00pas3IoB.

PE3YJIBTATHBI HCCJIEJOBAHMUA

PesynbraThl MCHBITaHUI 00pa3OB HccCleaye-
MBIX MaT€pPHaIOB Ha OMHOOCHOC PACTSKCHUE MPH I10-
JIOXKUTEILHOW M OTPUIATEIBHBIX TEMIICPATypax C Io-
CTOSIHHOM CKOPOCTBIO HArPYKEHUS («OKECTKUIN PEKUM»)
TIPUBEICHBI B Ta0M. 2.

Huarpammbl 1eopMupoBaHus P KOMHATHOMN
TeMIeparype B KOOPAMHATAX G — € MPEJCTABICHBI

"TOCT 25.502-79. PacueThl U UCHBITAHUS HAa MPOYHOCTH
B MalIMHOCTPOCHUH. MEeTOAbl MEXaHUYECKUX UCIBITAHUN
METaJUIOB. MeTo/bl UCIIBITaHUI Ha yCTaIOCTb.

Ha puc. 1-3. JIyst Bcex cUcTeM JETUpOBaHUS XapaKTep-
HO OTCYTCTBHE SPKO BBIPA)KEHHON «IIEHKW» MpU pas-
PYIICHNH, a BETMYNHA OTHOCHTEIILHOTO CYXKEHHS ILI0-
I1aJI1 TIONIEPEYHOTr0 CEUEHUs Y Majia 10 CPAaBHEHHUIO
co cTaibio. PaspynieHne 00pa3oB IPOUCXOANIIO T10 JIU-
HUSM CIIBUTA, OPUEHTHPOBAHHBIM MO yTiIoM ~40°
K TUTOCKOCTH MPOKATKH [12].

YcraHoBiIeHO, 9TO 00pasnsl crtaBa 6082-T6 me-
(hopmMHpOBaIMCH MOHOTOHHO (pHC. 1), @ Ha DKCIIEPUMEH-
TaJILHBIX KPUBBIX cruiaBoB 1915T u 15654 nabnronanuck
cOpochl Harpy3ku («3yOrbl/ckaukny). CkaukooOpas-
HOCTbh KPHUBOHW MposABIAnack nocie 3 %-Hoi nedopma-
un oopasnoB 1915T u mpakTryecku cpasy mocie Ha-
TPY)KEHHs BBILIE O, I CMaBa 15654, 1 oTin4anack
HU3KOYACTOTHBIM (pHC. 2) M BRICOKOYACTOTHBIM (pHC. 3)
MIPEepPBIBUCTEIM TedeHneM. B mureparype [13—15] mo-

Taoua. 2. XapaKTepI/ICTI/IKI/I TIPOYHOCTHU U TNTACTUYHOCTHU UCCICAYEMBIX aJITIOMUHUECBBIX CIIJIABOB

XapakTepuCTHKU MaTepraa
Hccnenyemprii Temneparypa
CIUIaB vcnbrTasmii, °C 6. Ma 6 Mla E MIa OTHOCHUTEILHOE OTHOCHUTENIBHOE
B 0.2? ’ yaiauHenue 8, % cyxenue y, %
+20 360 255 71 000 10,9 28,0
-20 365 265 73 000 11,2 27,6
1915T -40 370 270 73 500 12,0 27,5
Al-Zn-Mg ’ 2
-70 395 275 75 000 13,0 26,5
—-104 415 280 78 000 13,5 26,0
+20 330 315 72 000 13,0 23,0
-20 345 332 74 000 14,0 23,0
6082-T6
Al-Mg-Si -40 350 335 74 500 14,8 22,0
=70 375 350 77 000 15,5 21,5
-104 400 360 78 500 16,0 21,0
+20 390 285 71 000 12,0 15,0
-20 390 285 71 000 12,5 16,0
15654 —40 400 290 71 500 13,0 17,5
Al-Mg ’ d
=70 405 290 74 000 14,5 19,0
—-104 420 295 77 000 16,5 20,0
400 350
£ b 300 F 1]
] > ol
= o™’ ]
S 300 ot E 250
£ €200 ¢
= =
2 200 o)
g £ 150
& =3
E g 100
= 100 =
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Jedopmanns, %

Puc. 1. /lnarpamma nedopmupoBanus cmasa 1915T npu

+20 °C
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Puc. 2. lnarpamma nedopmuponanus cruasa 6082-T6 npu

+20 °C
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450
400

Hamnpsxenune, Mlla

0 2 4 6 8 10
Jedopmanns, %
Puc. 3. lnarpamma nedopmupoBaHus crutaBa 15654 npu
+20 °C

JIOOHBIE CKauKH Ha TUarpaMMmax Je(OpMHPOBAHUS CBSI-
3aHbI ¢ d3pdektom [lopreena — Jle Illarense (TTJILI)
(The Portevin — Le Chatelier (PLC) effect), koropsiit
MPOSIBIISIETCS. TIPH <OKECTKOM PEIKUME» HATPYIKEHHUS.
[TosiBnenue ykazanHoro addekra 3aBUCUT OT cOCTaBa
U CTPYKTYypHl MaTepuana [16, 17].

[Toreps ycroitunBoro nehopManOHHOTO MOBE-
JICHUSI CIIaBa CBS3BIBAETCS C YCTPAHEHHEM CKOTUICHHS
PacTBOPEHHBIX AJIEMEHTOB M YaCTHUIl BTOPHYHBIX (a3
B aJIIOMUHHEBBIX cIuiaBax. [Ipu uccnenoBanuu cria-
BOB cucteMbl Al-Mg (AMr6, AMr3) [18] ycranosie-
HO, 4TO s ciiaBa AMr3, conepxkarero 0,48 % Si,
3anuchiBajgach MiajKas KpUBas, a NpU CHUKEHUHU CO-
nepxanust kpemuus B cmiase g0 0,05 % — ckauko-
oOpasHasi quarpamma. MOHOTOHHAsI KpUBasi HarpysKe-
HUs ObLJIa MOJTy4eHa JUTsl XOJIOAHOKATaHOTO JINCTA CIIa-
Ba AMr6, a rmocie oTXKHra 3TOro CruiaBa IpH TeMIiepa-

Type 450 °C — crtynenuaras kpuBas. BapsupoBanue
pexuma oTKura criaBa AMr6 nmpuBoaMIO K pacTBO-
pennio B(ALLMg,) Gasel u BBI3BIBAJIO NEPEXO]L OT TIa-
KOW K CTyIleHuUaTo# KpuBoil nedopmanuu. B crutaBax,
CKJIOHHBIX K CKaukooOpa3Hoii nedopmarnuu, HaOIroIa-
FOTCSI 9PO3MOHHBIE TIOBPEKACHHUS U CHIDKEHIE KOPPO3H-
OHHOH cTOolKOCTH cIuIaBoB [19, 20].

Crnemyer OTMETHTD, YTO IPU CHIDKCHUH TeMIIepa-
Typbl UCIIBITAHUIN CKAYKU HAIPSKEHUUN Ha uarpamme
nedopmupoBanus ciutasa 1915T He nMposSBISUTUCH yxKe
npu temneparype —40 °C (puc. 4). [lng crnnasa 15654
TaK)Ke HaOJIOIaeTCs 3HAUNTEIbHOE CHU)KEHHE aMILIH-
TyIBl U 9acTOTHI ckaukoB npu —40 °C u uxX mpaxTu-
4eCcKHu MosiHoe ucueznoenue npu —104 °C (puc. 5),
YTO COIVIACYETCS C HKCIIEPUMEHTAIbHBIMH pe3yIbTaTa-
MH, IIPEJCTaBICHHBIMU B HCTOYHUKAX [6, 21].

ITo pe3ynpraTamM HCHBITAHUN Ha OAHOOCHOE pac-
TSDKEHHUE 10 Pa3pyLIeHUs! ObLI ONpe/iesieH KOMILIEKC Xa-
PAaKTEPUCTHK MNPOYHOCTH H IIACTHIHOCTH (O, G5, E,
d, ) crumaBoB Mapok 1915T, 6082-T6, 15654 npu pas-
JIMYHBIX TEMIIEpaTypax UCHbITAHUI.

Ha puc. 6 mpexncraBneHsl 3aBUCUMOCTH TIpefe-
Jla TPOYHOCTH U YCJIOBHOTO Mpenesia TeKy4ecTH HC-
CJIEIOBaHHBIX CIIJIABOB OT TEMIIEPATYPhI UCIBITAHUMN.
[IpuBeneHHbIC pe3ynbTaThl MOKA3BIBAIOT YBEIHMUYECHUE
MPOYHOCTH HCCIIEOBAHHBIX CIIJIABOB C IMOHIKEHHEM
TEMIIepaTypbl, IPH 3TOM HanboJiee HHTEHCUBHOE YBe-
JUYEHHE TPOYHOCTH HAOJIIONAeTCs MPU M3MEHEHHHU
temrieparyp ot —40 no —104 °C.

VYBenudeHue mpejena NpoYHOCTH MPHU TeMIlepa-
Type —104 °C mo cpaBHEHHIO ¢ KOMHATHOH TeMIiepa-
Typoii coctaBmiio ais criaBa 6082-T6 21,2 %; cninasa
1915T — 15,2 %, crnaBa 15654 — 7,7 % [22].

AHaJIOTHYHOE M3MEHEHHE XapaKTepHO U A yC-
JIOBHOTO npeziena TekydectH. [Ipn stom yBenudenue o,
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/
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Puc. 4. lnarpammer nedopmuposanus cruiaBa 1915T npu remneparypax ucnsiranuii —40 u —104 °C
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Puc. 5. [lnarpamms! nedopmupoBanns crtasa 15654 npu remmneparypax ucnbitannii —40 u —104 °C

peann3yercsi Ha MEHBLIYIO BEJIMYUHY, YeM BO3paCTaHHE
e}
o,. ITpn temmeparype —104 °C ysenmienue 6, cocTa-
1o s crutaBa 6082-T6 — 14,3 %; crumaBa 1915T —
9,8 %; crutaBa 15654 — 3,5 %, T.e. pasHUla MEX]1Y G,
1 O, C IOHWKCHHEM TeMIICPATypPbl BO3PACTACT.
3HaYeHUs MOAYINSI YIPYTOCTH HMCCIIEJOBAaHHBIX
CIUIaBOB U €r0 M3MEHEHHsI B 3aBUCHMOCTH OT TEMIIe-
paTypsl HCIIBITAaHUH TPUBEACHHI B Ta0I. 2 1 Ha pHC. 7.

o, MIla
450
400 <
¢,
SR RESS
i b
300
F—o] b
- G\e-: :
250
1 1 1 1 1
-100 -60 -20 20

Temmeparypa, °C

Op O,
—— —o— 19157
—— —OS— 06082-T6

—&— —O— 15651

Puc. 6. VI3mMeHeHue npezena MpOYHOCTH M yCIOBHOTO MIpee-
J1a TeKy4eCTH HCCIIeIOBAHHBIX CIUIABOB OT TEMIIEPATyphI HC-
MBITAHUN

78

Habmomaercst moBEIIIEHHE MOYIS YIPYTOCTH Y BCEX
HCCIIEIOBAaHHBIX CIIJIaBOB C IOHIKEHHEM TeMIIepa-
Typsl. Hanbomnpiee yBennueHne MOIyass YIPYrOCTH
npu temreparype —104 °C, cocrasustoinee 9,9 %, oT-
MevaeTcs y cruiaBa 1915T; y cnimaBa 6082-T6 yBenu-
4eHHe Moyl ynpyroctu coctasuiio 9,0 %, a y cmia-
Ba 15654 — 8,4 %. B nuanazone temneparyp ot —20
110 —40 °C oTmMeuanocb MUHUMaJIbHOE YBEIMYEHUE MO-
ITyJs YIIPYTOCTH Y UCCIICIOBAHHBIX CIIJIABOB.
VBenu4enne mpenena MpOYHOCTH G, U MOy
yOpyrocTu £ BBI3BaHO CHH)KEHHEM TeMIepaTyphl, KOTO-
pO€ MPHUBOAKT K YMCHBIICHUIO MEKATOMHBIX PaCCTOs-

E - 10°, MIla
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Puc. 7. I3menenne Moayinst yipyrocTH aJllOMUHHEBBIX CILIA-
BOB B 3aBUCHMOCTH OT T€MITEPATyPhl HCIIBITAHIH
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HUHU 1 YBECJIIMYCHUTIO CUJT IPUTAKCHUA MEXKTY aTOMaMH.
JIyist cTanu TaKke ¢ MOHMKCHUEM TeMIICpaTyphl Xapak-
TEPHO yBEJIMYCHNUE G ,, G, U E, HO BMeCTe ¢ TeM Habuito-
JIaeTCsl CHMPKCHME TIACTUYHOCTHU U BA3KOCTH [23].

[TapaMeTpbl, XapakTepU3yIOIIUE MIACTUYCCKUC
CBOWCTBA UCCIICTYEMBIX ATFOMUHHUEBBIX CIDIABOB: OTHO-
CUTEJbHOE yITHHEHHE O, %, I OTHOCUTEIBHOE CYKCHHE
TUIOMIAAN TTOTICPEYHOTO CeYCHUS ¥, %, MCIBITAHHBIX
00pasIoB MpUBEIEHHI B Ta0I. 2, XapakTep UX U3MEHE-
HUS OT TeMIIepaTypbl UCIbITaHui — Ha puc. 8. Cie-
JIyeT OTMETHUTH IIABHOE yBEIMYCHHUE PAaBHOMEPHOTO
OTHOCHTEJIBHOTO YIUIMHCHHsI 00pa3IloB HUCCACI0BaH-
HBIX CIUIABOB C MOHIKEHUEM TeMmrmepaTypbsl oT +20
1m0 —104 °C. Munumaneaoe yBenuuenue 6 Ha 20,0 %
nonyyeHo s criaBa 6082-T6. ns cnmaBoB 1915T
n 15654 yBenuueHue OTHOCUTEIBHOTO YAJIUHEHUS
cocraBmio 23,8 u 37,5 % coorBeTcTBeHHO. OTHOCH-
TENBHOE CYKCHHC IUIOMIaJH MOMEPEYHOTO CCUCHUS
o6pasnoB cmnaBoB 1915T u 6082-T6 ¢ uaMeHeHHEM
TEMIIEPaTyPBl H3MCHSIIOCh HE3HAYUTEITPHO — YMCHbB-
manock B npeaenax 7,6-9,5 %. [lns crinasa 15654 yBe-
JUYCHNE OTHOCHTEIHHOTO CYXKEHUS 3a(UKCHPOBAHO
Ha ypoBHe 33,3 %.

ITo pesyapTaTaM HCHBITAaHUN OOpA3IOB C HalI-
pe3oM OblLia COMoCTaBiIeHa paboOTOCIOCOOHOCTh HC-
CJICIyeMBbIX CIJIABOB B YCIOBHUSX JMHAMUYCCKOTO Ha-
rpyXeHus ynapHbM u3rubom. Ha puc. 9 npuseneHs
JKCIIEPUMEHTAIIbHBIC 3aBUCHMOCTH YIAPHOH BS3KOCTH
KCV u KCU, JI:x/cM?, aTIOMHHHEBBIX CIUIABOB OT TEM-
neparypsl ucneitanus (—104, —60, —40, 0 u +20 °C).
Bonee BricOKMe 3HAUEHUS BA3KOCTH MOTYyYEHBI HA 00-

3, v, %
30
_ P
e/e/
25
i Vs P
| —o—
20 \e’\e\
15 Kg\\
RS
10
1 1 1 1 1

-100 —60 -20 20
Temneparypa, °C

3, % v, %
—eo— —o— 1915T
—o— —O— 6082-T6
—— —O— 15654
Puc. 8. VI3MeHeHHe OTHOCHTENEHOTO YIJTHHEHUS U CYKCHUS

IUTOMIA N MOTIEPEYHOTO CeUeHUs] 00pa3I[0B MCHBITAHHBIX
CIIABOB OT TEMIEPATYPHI HCTIBITAaHMIT

pasuax ¢ U-00pa3HbIM HAAPE30M, IIPH CaMO¥ HU3KOM
temieparype KCU cocraBuno 48,5 u 30,0 J[x/cm?
Juig crutaBoB 1915T u 15654 cOOTBETCTBEHHO.

W3 nony4eHHBIX TEMIIEpaTyPHbIX 3aBUCUMOCTEN
CIIEJIyeT, UTO yAapHasi BSI3KOCTb BCEX aJTIOMHHHEBBIX
CIUTaBOB B HCCIIEyEMOM HHTEpBaJle TEMIIEPATyp CO-
XPaHsIeTCsl MPAKTUYECKHU TIOCTOSIHHOH (¢ HE3HAYNTEIb-
HBIM CHIDKEHHEM Yy cIutaBa 15654), 9To XapakTepHO
s crraBoB ¢ 'K pemerxoit [24-26]. OGpa3ims
n3 croiaBa Mapku 6082-T6 ycTymaroT mo yaapHOH Bs3-
koctu KCV cmmaBy 1915T B 4 paza, a crutaBy 15654
nouty B 2 pasa. [Ipu yBennuenun B oOpasuax paany-
ca Hagpesa BsizkocTh (KCU) crutaBa 15654 BozpacTtaet
Ha OOJIBIIIYIO BEJTHUKHY, ueM y ciuiaBoB 1915T u 6082-
T6, 4TO CBUAETENLCTBYET O OOJIBIICH BelM4nHE pado-
TBI, 3aTPaYMBAEMON Ha 3apOXKACHUE TPELIMHBI Y CIUIaBa
15654 o cpaBHEHHIO C APYTHMHU.

Kpome ynapnoii Bsskoctu (KCU, KCV) onpene-
JSUTOCH CONPOTHUBIICHUE Pa3pyIICHUIO ATIOMUHHEBBIX
CIUTAaBOB MO KPUTEPHUSM MEXaHUKH Pa3pyLICHUS, I10-
JYYCHHBIM TPU UCIBITAHUHM CTaHJAPTHBIX 00pa3moB
C YCTaJIOCTHBIMH TpemmHamu [21, 27-29].

Bs3kocTh paspymieHus (TpenmHOCTORKOCTh) O1Ie-
auBanack mo FOCT* ¢ HCMONb30BaHHEM KPUTEPHEB Me-
XaHUKH pa3pymenus Ha oopasuax 11l Tnna ¢ Tpenmnoi
B uHTepBaine temneparyp —104...+20 °C. Onpenens-
JIMCh CHUJIOBBIE KPUTEPHUHN pa3pyLICHHUsI — KPUTHUECKHE
k03 PHUIMEHTH HHTCHCUBHOCTH HAIPsDKEHUH K o K .
3HaHWE KOTOPBIX TO3BOJISIET OLEHUTh KPUTHUECKYIO
JUTMHY TPEIIMHBI ¥ BBIIIOJHITH PAacdeThl HA IPOU-
HOCTB JIEMEHTOB KOHCTPYKUuH ¢ aedexramu. Kpome

KCV, KCU, Tx/cm?

50
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|

-100 —60 -20 20
Temmeparypa, °C
KCV KCU

—— —o&— 19157
—&— —<— 6082-T6
—&— —<— 15654

Puc. 9. Biustane TeMnepaTypsl HCTIBITAaHNS HA yAAPHYIO BS3-

kocTh KCV 1 KCU anfoMHUHHEBBIX CIIABOB
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TOTO, yCTaHABIMBAINUCH: Je(OPMALIMOHHBIH KpHUTE-
pHil — pacKpeITHE B BEPIIMHE TPEIMHBI &, (1epopma-
IIMOHHAs XapaKTEPUCTHKA TPEIIMHOCTOMKOCTH MaTe-
puana) ¥ HEPreTHIECKUIl — KPUTHUIECKOE 3HAUCHHE
J-unrerpana J, (XapakrepusyeT paboTy ynpyroria-
CTHYECKHMX AepopMannii, pa3pymieHHe U HAIPSKeH-
HO-71e()OPMHUPOBAHHOE COCTOSIHUE MaTepralia BOJIN3H
BEPIIMHBI TPELIMHBI IIPH YIIPYTOINIACTHYECKOM Jie(op-
mupoBanun). ConporusieHue aeGpopManu U paspy-
IIEHHIO OIIPEAEIISAIN 110 JaHHBIM, IIOJIyYCHHBIM U3 ANa-
TpaMM «Harpy3Kka — CMEIICHHUE».

BnustHne Temneparypbl Ha napaMeTpbl MEXaHUKN
pa3pyIIeHus peacTaBiIeHo B Tadn. 3 u Ha puc. 10, 11.

Oo0nactyu nepexoza OT BSI3KOTO COCTOSTHHS K XPYII-
KOMYy B HCCIIEOBAHHOM HMHTEpBaje TEeMIIepaTyp
HE BBISIBIICHO; CHIIOBO KpUTEPHii K. HCCIICTOBAHHBIX
CIIJIABOB MPAKTHUYCCKU HE 3aBUCUT OT TEMIICPATYPhbI UC-
NBITAHUH. HpI/I OTOM CJIEAYCT OTMCTUTHh YMCHBUICHUEC
BeJINYUHBI K o Ha 20 % c MOHMXEHHEM TeMIIepaTypHsl
UCTIBITAaHAN y cTutaBa 15654.

Bonee uyBcTBUTENBHBI K U3MEHEHHIO TEMIIEpa-
TYpBl OKA3aJIUCh NMAapaMETPhl MEXaHUKH pa3pyIICHHS:
KPHTHYECKOE PACKPBITHE TPEIMHBI O ¥ J -MHTErpa.
[Tpy moHMKEHUU TeMIIepaTypbl UCTIBITAHUSI KPUTHYE-
CKO€ PaCKpPBITHE TPEIMHBI 8, yMEHbIIANOCH B 00pastax
criaBoB 15654 Ha 80 %, crutaBa 1915T npubnusuresns-
1o Ha 40 %, 6, crmasa 6082-T6 NMpaKTUIECKN HE U3MEHS-

JIOCh. HpI/ITyHJ'[eHI/Ie BECPIIMHBI TPCIIUHBI 110 3HAYCHUAM
TUIACTHYECKOH COCTABIIAIONIEH PACKPHITHS O, B CILIABaX
pacret B cooTHomeHuu 6082-T6 < 15654 < 1915T.

Bce crutaBbl B 3aJJaHHOM JiMaria3oHe TeMIepaTyp
MOKa3aJIi U3MEHEHNE 3HAUYCHUH BSI3KOCTH Pa3pylleHUs
J_, mopoGHoM u3Menenuto § . Benmunna mapamerpa J,
B oOpasmax cruraBa 15654 ¢ MOHM)KEHHEM TeMIlepa-
Typsl 10 —104 °C ymenbmanace Ha =90 %, J, cnnasa
1915T — na =36 %, J, cruiasa 6082-T6 usmensiics
B mpeaenax 8 %.

OnHOM M3 NMPUYUH pa3pyLICHUsS JHCTOBBIX KOH-
CTPYKIUH SBIsIETCSI 00pa30oBaHNE YCTAIOCTHBIX Tpe-
IIMH B 30HaX KOHIUEHTpPAIMU HAMpPSKEHUH MpU Mao-
UKIOBOM HarpyxkeHuu [30-34]. [ig omeHKH dmcna
IIUKJIOB /IO 3apOX/ICHUS YCTAJIOCTHBIX TPEIINH B JH-
CTOBBIX KOHCTPYKIIMSIX C MCITOJb30BAHUEM 3aBUCHMO-
creit, mpeactasieHnsix B [THADS, HeoOxonumo 3HaHHE
Ipeziea BEIHOCINBOCTH CIIABOB MPU CUMMETPHUYHOM
IIUKJIC HATPY>KEHUSI.

B X0a¢e pa60T IpU UCIILITAHUN Ha BBIHOCJIMBOCTDH
(ycTamocTp) TIaAKUX KOPCETHBIX 00pa3loB OCHOB-
HOTO METaJula 110 CXEME HarpyKeHUs «PacTsHKCHHE —
C)KaTHe» ONpeIeIIsUIN TPeesIbl BHIHOCIMBOCTH Ha 0ase
2 - 10° u 107 MUKIOB TP KOMHATHOW M OTPHIIATEIh-

8 [IHAD I'-7-002-86. HopMmbI pacyeTa Ha HPOYHOCTH 000PY/I0-
BaHMUS U TPYOOIIPOBOJIOB AaTOMHBIX SHEPTETHYECKUX YCTAHOBOK.

Tabun. 3. Bnusiaue TEMIIEPATYPhI HA CUJIOBBLIC, SHEPIETUYCCKUE U I[e(bOpMaLII/IOHHLIe XapaKTCPUCTUKH AJIIOMUHUEBLIX CIIJIaBOB

IIPpU UCTIBITAHWU Ha BHEHECHTPECHHOEC PACTSX)KEHUE

80

Kputepnii tpenmnocToiikoctu npu ¢, °C
Mapxka cruaBa Tommmuaa, MM +20 | 0 —40 | -70 | ~104
Cunosoii kputepuii K, 2, MHa\/ﬁ
1915T 10 43,0 41,0 43,0 43,0 44,0
6082-T6 12 42,0 40,5 45,0 43,0 42,0
15654 10 52,0 48,0 48,0 51,0 51,0
Kpurepuii Tpenmnocroiikoctu mnpu ¢, °C
Mapﬁlzr;nalaa Tomumtra, vt +20 0 40 | 70 | 104
CuroBoit KpuTepuii KQ, MITav/m
1915T 10 34,0 35,0 35,0 33,5 32,5
6082-T6 12 29,5 31,0 30,0 30,5 29,0
15654 10 37,0 38,5 37,5 34,0 30,5
Kpurepuii rpemunocroiikoctu npu ¢, °C
Mapka craBa Tonuuza, MM +20 0 —40 =70 -104
Ouepretudeckuit kputepnii J , MJIx/m
1915T 10 0,075 0,079 0,083 0,074 0,061
6082-T6 12 0,044 0,048 0,046 0,051 0,053
15654 10 0,096 0,083 0,080 0,067 0,049
Mapka crnasa Tonmuza, MM HedopmanmoHHbIi KpuTEpHit 6 , MM
1915T 10 0,279 0,285 0,291 0,261 0,215
6082-T6 12 0,138 0,137 0,146 0,136 0,135
15654 10 0,289 0,250 0,240 0,204 0,161
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Puc. 10. Biustane Temneparypbl HCHBITAHUNA: ¢ — Ha CHJIOBBIC KPUTEPHH Pa3pyIICHHs: 00pa3I[OB aTIOMHHUCBBIX CIIABOB;

b—mna BCJIMYNHY PACKPBITUA TPCUIUHBI B 06pa3uax AJIIOMHMHHUEBBIX CIIaBOB
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Puc. 11. Biusinue temieparypel Ha BeIMYKHYy J -MHTErpaa

HBIX TeMIlepaTypax. Pe3ynbraTel HCIIBITaHHA 00pa3IoB
npu +20 °C npezcTapieHs! Ha puc. 12 B morapudmuye-
ckux koopaunarax (Igo  —I1gN) B BHJIE IBYX HaKJIOH:
HBIX TIPSIMBIX, B OTJIMYUE OT CTalei, y KOTOPBIX BTOPOH
Y4aCTOK TOPHU30HTAIBHBIN.

3Ha4YeHUs] OIPAaHUYEHHOTO IpeJieia BEIHOCINBO-
CTH HCCIIeMyeMBIX CIUTaBoB Ha G6aze 2 - 10° u 107 mu-
k0B mpu TeMmneparype +20 °C, cooTBeTCTBYyIONINE
BEpOATHOCTH paspymenus 50 %, npuseneHs! B Ta0M. 4.

B Tabm. 4 Taxoke mpencTaBiIeHBl MPUHATHIC B WH-
JKCHEPHOM NPaKTHKE COOTHOILIEHHS YCIOBHOTO (orpa-
HHYEHHOTO) Ipeaeia BBIHOCIMUBOCTH K IpEeNy
MPOYHOCTH JIMCTOBOTO MPOKara J1e(pOPMUPYEMBIX aJIF0-
MHUHHEBBIX CIIIIABOB.

Pesynbrarsl ucnbiTanuii 00pasios cruiaBoB 1915T
1 6082-T6 Ha Gaze 2 - 10° UKIIOB TIpH TeMITepaTypax
—70 u —104 °C npuseneHsl B Ta01. 4, a 3aBUCUMOCTH
OTPaHWYEHHOTO IIPE/iesIa BEIHOCINBOCTH OT TEMIIEPATY-
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Puc. 12. I[I/Ial"paMMI)I YCTAJIOCTHOI'O paspylICHUS aJIIOMUHUEBBIX CIUIABOB IIPU CUMMETPUYIHOM IUKJIC HAIPYIKCHUS «KPACTAKE-

HUE — CIKATUEe» 1pu KOMHaTHOU TEMIICpaType

Tabmn. 4. Ol"paHI/I'-IeHHI)Ie Tpeaeybl BBIHOCIMBOCTHU UCCJICJOBAHHBIX CIJIABOB U OTHOLICHUE IIPEAECIa BBIHOCIMBOCTU K IPEACITY

IIPOYHOCTH G—lp/GB IIpU pa3JINYHbIX TEMIIEpATypax HCTIBITAHUN

Temneparypa baza Cruias Cruias
HCTILITAHUH, °C HCTILITaHUi 1915T 6082-T6 | 15654 1915T | 6082-T6 | 15654
IIpenen BEIHOCIUBOCTH OtHoleHue 071”/ G,
+20 107 100 95 76 0,28 0,29 0,195
+20 2-10° 110 105 80 0,305 0,318 0,205
=70 2-10¢ 120 122 - 0,30 0,325 -
-104 2 - 10° 124 - - 0,303 - -
130[ SAKJIIOYEHHUE U OBCYXAEHUE
| ~— | B pesynbrare sKCIepUMEHTANIBHBIX UCCIET0BAaHUI
é 120+ \\ AJTIOMHMHUECBBIX CIIJIaBOB, pPEKOMCH/IOBAHHBLIX B KAY€CTBC
S I \\ KOHCTPYKIIMOHHBIX MaTepHaioB CBAPHBIX KOHCTPYK-
o 110+ N : é(g)gl;;% Ui, 2 UMEHHO TePMOYIIPOYHSAEMBIX cI1aBoB 6082-T6
u 1915T u TepMmoHeymnpoyHsemMoro cruiasa 15654, mo-
100 JIy4€HBI DKCIIEPUMEHTAJIbHBIC 3aBUCUMOCTH XapaKTe-

—120-100-80 —60 —40 20 0 20 40
Temmneparypa, °C

Puc. 13. BiusiHre HU3KUX TEMIIEPaTyp HA G ,, Ha 6aze 2 - 10°
LIMKJIOB

PBI IOKa3aHBI Ha puc. 13. V3 mpencTaBieHHBIX Pe3yib-
TaTOB BHUJHO, YTO MPEACT YCTAJTIOCTU YBECINYNUBACTCA
C TIOHM)KEHUEM TeMIIepaTypbl U B OOJIbIICH CTETIEHU
JUIsl MeHee MpovHoro criaa 6082-T6.

3HaueHHST OTHOIICHUH Gilp/GB, TTOTy9YeHHBIE B TIPO-
EeCCC UCIBITAHNU MTPU KOMHATHOU U B 3aJlaHHOM JUa-
Ma30HEe OTPULATENILHBIX TEMIIEPaTypax, NPaKTHUYECKU
copmanart. Kak otmedaercs B pabote [35], npu maib-
HEeHIeM NOHIDKeHNH TeMIIepaTyphl UCTIBITAaHUN Ha 06ase
10° [UKJIOB OTHOILIEHHUE Gilp/GB BO3pPACTAET, T.C. peae
BBIHOCJIMBOCTH MaTepHalia yBEIIMUMBACTCS Ha OONBIITYIO
BEJIMYMHY TI0 CPAaBHEHUIO C €TO MPEIeTIOM POYHOCTH.
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PHUCTHK TIPOYHOCTH ¥ IIIACTUIHOCTH (G ,, Oy E, 3, v),
yaapHoii Bsizkoctu (KCV, KCU), kputepueB MexaHUKH
paspyurenns (K., K, 9 ,J), a TakKe OrPaHUYEHHOTO
TpeJieNa BEIHOCIMBOCTH G, OT TEMIICPATYpBI B Juara-
30He +20...—104 °C.

JI1s1 NCTIBITAaHHBIX CIIJIABOB YCTAHOBIICHO:

° HU3KOTEMIIEpaTypHOE ynpouHeHue (yBeiauue-
Hue Ha 8-20 % npezena NpOYHOCTH MPU TEMIEPATY-
pe —104 °C) c coxpaHEeHHUEM IIACTHIECKUX CBOWCTB
(yBenu4eHHne OTHOCHUTEILHOTO PAaBHOMEPHOTO YIUJIH-
HeHus Ha ~23-37 % npu He3HAYUTEIbHOM CHUXKEHHUU
IUTOMIA/IN MOTIEPEYHOT0 CeueHUs: 00pa3loB CIUIABOB
1915T u 6082-T6) u yBenudeHneM MOAYIS YIPYTOCTH
Ha ~10 %;

* ckaukooOpa3Hoe nehOpMUPOBAaHUE TIPU HCIIBI-
TaHuu 00pa3ioB cmiaBoB 1915T u 15654 B ycnoBusax
OZIHOOCHOTO PacTSHKEHMS TPH KOMHATHOH TeMIeparype



UccrepoBaHUE U3UKO-MEXaHUYECKUX XapaKTEPUCTUK aAkoMUHMEBBIX criraBoB 1915T, 15654

n 6082-T6 npu HU3KKUX Temnepatypax C.73-94

U UX MOHOTOHHOE [1e(hOPMHUPOBAHUE [TPH OTPHUIIATEIb-
HBIX TEMIIEpATypax UCIbITAHUH;

° YBEJIWYEHHUE C IOHMKEHUEM TEMIIEPATYPBI OIpa-
HUYEHHOTO TMpejesa BBIHOCIUBOCTH Ha Gase 2 - 10°
nukioB (pu temmneparype —70 °C y cmnaBa 6082-T6
Ha 16 %, a 'y crutaBa 1915T — Ha 9 %);

* OTCYTCTBHE PE3KOTO CHH)KEHHSI YIIAPHOM BSI3KOCTH
U TPELIMHOCTOUKOCTH K; TIIPY NTIOHKECHUN TEMIIEPATYPbI
Y BCEX UCIBITAHHBIX CIIJIaBOB. Bwmecre ¢ Tem B Ipomnec-
Ce IKCIEPHUMEHTAIILHBIX UCCIIEI0BaHNUIT 3a(hMKCUPOBAHO
ymenbienue (Ha 20, 40 u 90 %) 3HaueHuit K 0 o, ulJ,
YTO HEOOXOIMMO YUHUTHIBATH IIPH NTPOSKTUPOBAHUH JIU-
CTOBBIX KOHCprKHPIfI N3 AJIOMUHHEBLBIX CIIJIABOB.

Pabota 1o uccineqoBaHHUIO aTIOMHHHUEBBIX CIUIA-
BOB BBIIIOJIHEHA B PaMKaX ONPENEICHUS BO3MOXKHOIO
HCIIOJIB30BAaHUsl UX IPU KOHCTPYUPOBAHUU JINCTOBBIX
KOHCTPYKIMH, pabOTalOMIUX B YCIOBHSIX MOHUKEH-
HbIX Temieparyp. [Ipu manoM Bece, BBICOKOM MpoU-
HOCTH B COYETAHUU C IJJACTUYHOCTBIO IPHU HU3KUX
TeMmIleparypax, BbICOKOH KOPPO3MOHHOW CTOHMKOCTHU
[IPUMEHEHHE AJIFOMUHUEBBIX CIIJIABOB B CTPOUTENBHBIX
KOHCTPYKIUSIX OyZIeT OMpeAeisIThes IPOYHOCTHIO U Jie-
(hOopMaTUBHOCTBIO CBAapHBIX COEAMHEHUH. Takum 00-
pa3oM, HEOOXOUMbI HCCIICIOBAHUS BIMSHUSI CBAPKH
1 UX CIIOCOOOB HA COTPOTHBICHHE COCTUHEHUN CTaTH-
YECKUM, JMHAMUYECKUM U HUKIMYECKUM Harpy3KaM.
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Investigation of physical and mechanical characteristics of aluminium alloys 1915T, 1565ch

and 6082-T6 at low temperatures P.73-94

INTRODUCTION

Rational choice of materials, structural design
and manufacturing technology of the product, as well
as limitation of allowable sizes of initial defects and
corrosion protection allow to exclude the possibility
of brittle fracture, development of significant plastic
deformations, and growth of cracks to critical sizes dur-
ing the design life of structures [1, 2].

Aluminium alloys are lightweight, have a higher
strength-to-weight ratio, high corrosion resistance and
good formability compared to steel.

The use of aluminium alloys in construction is regu-
lated by the Code of Practice'. The normative document
contains recommendations on the selection of grades
of hardened and not hardened heat-treatable weldable al-
loys with design resistance from 25 to 195 MPa.

Characteristics of structural strength according to
CP are limited to the results of tensile tests with the de-
termination of 6, o, ,, 8 at 20 °C. In this case, the great-
est design resistance has a heat-hardenable alloy of grade
1915 (Al-Zn-Mg system). This alloy is used in structures
in hardened and natural or artificial ageing. Higher and
more stable properties are achieved with artificial ageing,
used in structures combining load-bearing and enclosing
functions, including tank construction.

Of thermally hardened alloys of the Al-Mg-Si sys-
tem with operational properties that meet the require-
ments of designers, the most economical and, conse-
quently, the most applicable in building structures are
grades AD31, AD33 with design resistance from 55
to 160 MPa, as well as AVM and AVT1 with design
strength of 70 and 170 MPa depending on the delivery
condition. However, according to the data of works? [3]
the maximum strength value equal 6, = 340 MPa to in
the specified series possesses alloy of mark 6082 (ana-
logue in Russia — aluminium alloy AD35), which is
included in GOST?, but is absent in CP' at the present
moment. The alloys are used for medium-loaded struc-
tures and are characterized by good corrosion resistance
and weldability.

The design resistance level of thermally un-
strengthen aluminium-magnesium alloys recommended
by CP does not exceed 140 MPa.

Options for replacing traditional alloys with new
ones are given in [3].

In recent years, Russian scientists have devel-
oped aluminium alloy 1565h of Al-Mg system [4]
with strength not less than 6, = 335 MPa according to
GOST*. The alloy has high corrosion resistance and

"' CP 128.13330.2016. Aluminium structures.

2 DIN EN 573-3-2009. Aluminium and aluminium alloys.
Chemical composition and shape of deformed products.
Part 3. Chemical composition and shape of products.

3 GOST 4784-2019. Aluminium and aluminium deformable
alloys. Grades.

4GOST 21631-2019. Aluminium and aluminium alloy sheets.
Technical conditions.

welds well. The alloy as a structural material has found
application in shipbuilding, wagon building and auto-
motive industry. The study of the characteristics of this
alloy and its welded joints is widely presented in the do-
mestic literature [5-8]. The alloy is included in GOST?,
but is absent in CP'.

The efficiency of using aluminium alloys in tank
construction is presented in [9]. Comparison of techni-
cal and economic indicators of tanks made of steel and
aluminium alloy AMg6ém with the same geometrical
characteristics showed the advantage of aluminium al-
loy structures in the reduction of specific metal intensity
(on average by 32 %), transportation cost (by 8 %), as
well as reduction of operating costs for corrosion pro-
tection and reduction in the number of repairs.

Aluminium alloys, characterized by the absence
of cold-break threshold, having high strength and plas-
ticity characteristics at low temperatures, can become
an effective material for the construction of objects in
the Far North [10], including sheet structures: hoppers,
silos, inner shells of isothermal tanks.

The effect of low temperatures on the strength
of aluminium alloys in the CP is taken into account
by the coefficient of temperature change y. The value
of this coefficient in the temperature range from —65 to
+50 °Cy,= 1, at temperatures below —65 °C for AI-Mg
and Al-Zn-Mg system — vy, = 1.05; for Al-Mg-Si sys-
tem — vy, = 1.1, which in some cases does not reflect
the actual increase in the strength of alloys [11].

The CP also gives values of modulus of elasticity
at negative temperatures: for all alloys at  =—-70 °C —
E=0.735 - 10° MPa; for temperature changes from —40
to 50 °C, the value of the modulus of elasticity is taken
as £=0.7 - 10° MPa.

Change of parameters characterizing plastic prop-
erties of alloys (relative elongation in tension J, rela-
tive contraction of cross-sectional area at break ) at
negative temperatures are not presented in the CP.
The norms also do not provide for the design of alu-
minium structures that absorb cyclic force effects that
are experienced by the shells of sheet structures.

Today, the nomenclature and application area
of aluminium alloys has significantly increased. In
this regard, there is a need for a comprehensive study
of the performance of aluminium alloys with the study
of properties and mechanisms of deformation and frac-
ture at subzero temperatures to assess the possibility
of their use in sheet structures in the Far North, as well
as for the inner shells of isothermal tanks.

Deformable alloys were selected for this study tak-
ing into account the recommendation of CP, available
foreign and domestic experience:

* 1915T is an alloy of the Al-Zn-Mg system after
hardening and natural ageing;

* 6082-T6 is an alloy of the Al-Mg-Si system, ar-
tificially aged for maximum strength;

* 1565h is an Al-Mg system alloy, hardened by
the riveting process, thermally not hardened.
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MATERIALS AND METHODS

In the present research, the test temperatures are
adopted in the range of —104 to +20° C, which is justi-
fied by the storage and use temperature of a wide range
of gases (butane, ammonia, propane, propylene, acety-
lene, ethane, ethylene, etc.).

The chemical composition of the investigated in-
dustrial aluminium-based alloys in the delivery state is
presented in Table 1.

Uniaxial tensile testing of specimens was carried
out in accordance with GOST 1497-84 “Metals. Ten-
sile test methods”, using testing machines Instron 8802,
Instron 1000HDX, LabTex. Record of deformation dia-
grams was carried out with the help of extensometer
with the base of 20 mm and strain gauges with the base
of 5 mm in coordinates ¢ — €. Loading of specimens
at negative temperatures (—20, —40, =70, —104 °C) was
carried out in a thermal chamber. The specimens in
the form of double-sided blades with a working part
of 200 x 30/10/11 mm and cylindrical specimens with
a diameter of 6 mm were tested.

The characteristics of static crack resistance of al-
loys were determined by testing compact specimens with
dimensions 80 x 80 x 10/11 mm with an edge crack in
eccentric tension in accordance with the requirements
of GOST? at temperatures +20, —40, —70, —104 °C.

Tests on impact toughness were performed
on specimens with V-shaped and U-shaped notches at
temperatures +20, —20, —20, —40, —-60, —104 °C on In-
stron 450 MPX pendulum compressor with registration
of impact work, J, and calculation of impact toughness
value according to GOST®.

Fatigue strength tests were carried out in accor-
dance with GOST’ on a series of corset specimens.

RESEARCH RESULTS

The results of uniaxial tensile testing of the speci-
mens of the investigated materials at positive and nega-

5 GOST 25.506-85. Calculations and tests for strength. Methods
of mechanical tests of metals. Determination of crack resistance
characteristics (fracture toughness) under static loading.

® GOST 9454-78. Metals. Method of impact bending test at
reduced, room and elevated temperatures.

7 GOST 25.502-79. Calculations and strength tests in mecha-
nical engineering. Methods of mechanical tests of metals.
Methods of fatigue tests.

Table 1. Chemical composition of tested aluminium alloys

tive temperatures with a constant loading rate (“hard
mode”) are given in Table 2.

Deformation diagrams at room temperature in
coordinates ¢ — ¢ are presented in Fig. 1-3. All al-
loying systems are characterized by the absence
of a pronounced “neck” at fracture, and the magnitude
of the relative contraction of the cross-sectional area v
is small compared to steel. Fracture of the specimens
occurred along shear lines orientated at an angle of 40°
to the rolling plane [12].

It was found that the specimens of alloy 6082-T6
deformed monotonically (Fig. 1), while the experi-
mental curves of alloys 1915T and 1565h showed load
shedding (“teeth/jumps”). The jumpiness of the curve
was evident after 3 % deformation of 1915T specimens
and almost immediately after loading above the o, for
alloy 1565h, and was characterized by low frequency
(Fig. 2) and high frequency (Fig. 3) discontinuous flow.
In the literature [13—15], such jumps in the strain dia-
grams are associated with The Portevin — Le Chatelier
(PLC) effect, which appears under “hard mode” load-
ing. The appearance of this effect depends on the com-
position and structure of the material [16, 17].

The loss of stable deformation behaviour of the al-
loy is attributed to the elimination of the accumulation
of dissolved elements and secondary phase particles in
aluminium alloys. In the study of alloys of the Al-Mg
system (AMg6, AMg3) [18], it was found that a smooth
curve was recorded for the AMg3 alloy containing
0.48 % Si, and a jump diagram was obtained when
the silicon content in the alloy was reduced to 0.05 %.
A monotonic loading curve was obtained for cold rolled
sheet of AMg6 alloy, and after annealing of this alloy
at 450 °C a step curve was obtained. Varying the an-
nealing regime of the AMg6 alloy led to the dissolu-
tion of the B(Al,Mg,) phase and caused the transition
from a smooth to a stepped deformation curve. In alloys
prone to discontinuous deformation, erosion damage
and a decrease in the corrosion resistance of alloys are
observed [19, 20].

It should be noted that with decreasing test tem-
perature, stress jumps on the deformation diagram of al-
loy 1915T did not appear already at —40 °C (Fig. 4). For
alloy 1565h, a significant decrease in the amplitude and
frequency of jumps at —40° C and their almost com-
plete disappearance at —104 °C is also observed (Fig. 5),
which agrees with the experimental results presented in
the sources [6, 21].

Percentage content of components
Alloy grade
vE Si Mg Mn Cu Zn Cr Ti . Fe,' Others
impurity
1915T GOST 4784 <0.35 1-1.8 | 0.2-0.7 <0.1 4-5 0.08-0.2 | 0.01-0.06 | <0.4 |0.06-0.2
1565h TU 1-3210-2013 0.2 51-6.2 | 0.4-1.2 | 0.01-0.2 | 0.45-1.2 0.25 - 0.3 -

6082-T6 DIN EN

573-3:2009 0.7-1.3 | 0.6-1.2 | 0.4-1.0 <0.1 <0.2 <0.2 0.053 <0.5 <0.06
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Table 2. Strength and ductility characteristics of investigated aluminium alloys
Material characteristics
The alloy under study Test Relati Relati
temperature, °C | & MIla | o, MIla E, MIla clative cative
B 02 elongation 3, % | narrowing y, %
+20 360 255 71,000 10.9 28.0
=20 365 265 73,000 11.2 27.6
1915T —40 370 270 73,500 12.0 27.5
Al-Zn-Mg 2 - -
=70 395 275 75,000 13.0 26.5
-104 415 280 78,000 13.5 26.0
+20 330 315 72,000 13.0 23.0
-20 345 332 74,000 14.0 23.0
6082-T6
Al-Mg-Si 40 350 335 74,500 14.8 22.0
=70 375 350 77,000 15.5 21.5
-104 400 360 78,500 16.0 21.0
+20 390 285 71,000 12.0 15.0
-20 390 285 71,000 12.5 16.0
1565¢ch
Al-Mg —40 400 290 71,500 13.0 17.5
-70 405 290 74,000 14.5 19.0
-104 420 295 77,000 16.5 20.0
400 350
o b 300 F )
300 o E
© = o 250 ¢
& ¥
= = 200 t
% 200 4
2 © 150 F
X 72 i
100 100
50
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10
Strain, % Strain, %

Fig. 1. Deformation diagram of alloy 1915T at +20 °C
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Fig. 3. Deformation diagram of alloy 1565h at +20 °C

According to the results of uniaxial tensile tests
until fracture, the complex of strength and plasticity

Fig. 2. Deformation diagram of alloy 6082-T6 at +20 °C

characteristics (6,, 6,,, £, 6, y) of 1915T, 6082-Té6,
1565h alloys at different test temperatures.

Fig. 6 shows the dependences of the strength and
conditional yield strength of the investigated alloys
on the test temperature. The given results show an increase
in the strength of the investigated alloys with decreasing
temperature, and the most intensive increase in strength
is observed at temperature changes from —40 to —104 °C.

The increase in tensile strength at —104 °C com-
pared to room temperature was 21.2 % for alloy 6082-
T6; alloy 1915T — 15.2 %, alloy 1565h — 7.7 % [22].

A similar change is characteristic of the condition-
al yield strength. At that, the increase of 6, is realized
by a smaller value than the increase of ¢,. At tempera-
ture —104° C the increase o, was for alloy 6082-T6 —
14.3 %; alloy 1915T — 9.8 %; alloy 1565h — 3.5 %,
i.e. difference between 6, and o, increases with de-
creasing temperature.
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Fig. 4. Deformation diagrams of alloy 1915T at test temperatures of —40 and —104 °C
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Fig. 5. Deformation diagrams of alloy 1565h at test temperatures of —40 and —104 °C

Values of the modulus of elasticity of the studied
alloys and its changes depending on the test tempera-
ture are shown in Table 2 and Fig. 7. An increase in
modulus of elasticity is observed for all investigated al-
loys with decreasing temperature. The greatest increase
in modulus of elasticity at temperature —104 °C, making
9.9 %, is noted at alloy 1915T; at alloy 6082-T6 the in-
crease in modulus of elasticity made 9.0 %, and at alloy
1565h — 8.4 %. In the temperature range from —20 to
—40 °C, the minimum increase in modulus of elasticity
of the studied alloys was observed.

88

Increase in tensile strength 6, and modulus of elas-
ticity £ is caused by a decrease in temperature, which
leads to a decrease in the interatomic distances and
an increase in the attraction forces between atoms. Steel
is also characterized by an increase with decreasing
temperature 6 ,, 6, and E, but at the same time there is
a decrease in ductility and toughness [23].

Parameters characterizing the plastic properties
of the investigated aluminium alloys: relative elonga-
tion 8, %, and relative contraction of cross-sectional
area , %, of the tested specimens are shown in Table 2,
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Fig. 6. Variation of tensile strength and conditional yield
strength of investigated alloys from test temperature
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Fig. 7. Variation of modulus of elasticity of aluminium alloys
as a function of test temperature

the character of their variation with the test tempera-
ture is shown in Fig. 8. It is necessary to note smooth
increase of uniform relative elongation of the speci-
mens of the investigated alloys with temperature de-
crease from +20 to —104 °C. The minimum increase ¢
by 20.0 % was obtained for alloy 6082-T6. For alloys
1915T and 1565h, the increase in relative elongation
was 23.8 and 37.5 %, respectively. The relative con-

3, v, %
30
_ P
e/e/
25
R | p——
20 3\9\

[

15

I

10

-100 -60 -20 20

Temperature, °C

3, % v, %
—— —o— 19157
—o— —6S— 6082-T6
—&— —O— 1565ch

Fig. 8. Variation of relative elongation and contraction
of the cross-sectional area of the tested alloy specimens from
the test temperature

traction of the cross-sectional area of the specimens
of alloys 1915T and 6082-T6 with temperature change
changed insignificantly — decreased within the range
of 7.6-9.5 %. For alloy 1565h the increase in relative
contraction was recorded at the level of 33.3 %.

Based on the results of testing of notched speci-
mens, the workability of the studied alloys under dynam-
ic loading conditions by impact bending was compared.
Fig. 9 shows the experimental dependences of impact
toughness KCV and KCU, J/em?, of aluminium alloys
on the test temperature (—104, —60, —40, 0 and +20 °C).
Higher toughness values were obtained on U-notched
specimens, at the lowest temperature KCU was 48.5 and
30.0 J/em? for 1915T and 1565h alloys, respectively.

It follows from the obtained temperature depen-
dences that the impact toughness of all aluminium alloys
in the investigated temperature range remains practically
constant (with a slight decrease in alloy 1565h), which is
typical for alloys with FCC lattice [24—26]. Specimens
from 6082-T6 alloy are four times inferior in KCV im-
pact toughness to alloy 1915T and almost two times in-
ferior to alloy 1565h. When the notch radius increases
in the specimens, the toughness (KCU) of alloy 1565h
increases by a greater value than that of alloys 1915T and
6082-T6, which indicates a greater value of work spent
on crack initiation in alloy 1565h compared to others.

In addition to impact toughness (KCU, KCV),
the fracture resistance of aluminium alloys was de-
termined using fracture mechanics criteria obtained
by testing standard specimens with fatigue cracks
[21,27-29].
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Fig. 9. Effect of test temperature on impact toughness of KCV
and KCU of aluminium alloys

Fracture toughness (crack resistance) was evalu-
ated according to GOST4 using fracture mechanics

criteria on type III specimens with a crack in the tem-
perature range —104...+20 °C. Force criteria of frac-
ture — critical coefficients of stress intensity were
determined. K, K. knowledge of which allows to es-
timate the critical crack length and to perform strength
calculations of structural elements with defects. In ad-
dition, the following criteria were established: deforma-
tion criterion — opening at the crack tip 8, (deformation
characteristic of crack resistance of material) and en-
ergy criterion — critical value of J-integral J, (charac-
terises the work of elastic-plastic deformations, fracture
and stress-strain state of the material near the crack tip
under elastic-plastic deformation). The resistance to de-
formation and fracture was determined using data ob-
tained from the load-displacement diagrams.

The effect of temperature on the fracture mechan-
ics parameters is presented in Table 3 and Fig. 10, 11.

The area of transition from ductile to brittle state
in the investigated temperature range is not revealed;
the force criterion K. of the investigated alloys prac-
tically does not depend on the test temperature. At
the same time it should be noted that the value of K o by
20 % with decreasing test temperature in alloy 1565h.

Fracture mechanics parameters were more sensi-
tive to temperature change: critical crack opening & and
J -integral. At lowering the test temperature, the critical
crack opening §_ decreased in specimens of 1565h alloy
by 80 %, 1915T alloy by about 40 %, §_of alloy 6082-T6

Table 3. Effect of temperature on force, energy and deformation characteristics of aluminium alloys in eccentric tensile tests

Crack resistance criterion at ¢, °C
Alloy grade Thickness, mm +20 0 —40 | -70 | ~104
Force criterion K ;, MPa\/a
1915T 10 43.0 41.0 43.0 43.0 44.0
6082-T6 12 42.0 40.5 45.0 43.0 42.0
1565h 10 52.0 48.0 48.0 51.0 51.0
Crack resistance criterion at ¢, °C
Alloy grade Thickness, mm +20 0 —40 | —70 | —104
Force criterion K 0 MPav/m
1915T 10 34.0 35.0 35.0 335 325
6082-T6 12 29.5 31.0 30.0 30.5 29.0
1565h 10 37.0 38.5 37.5 34.0 30.5
Crack resistance criterion at ¢, °C
Alloy grade Thickness, mm +20 0 —40 =70 -104
Energy criterion J , MJ/m’
1915T 10 0.075 0.079 0.083 0.074 0.061
6082-T6 12 0.044 0.048 0.046 0.051 0.053
1565h 10 0.096 0.083 0.080 0.067 0.049
Alloy grade Thickness, mm Deformation criterion § , mm
1915T 10 0.279 0.285 0.291 0.261 0.215
6082-T6 12 0.138 0.137 0.146 0.136 0.135
1565h 10 0.289 0.250 0.240 0.204 0.161
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Fig. 11. Effect of temperature on the value of J -integral

practically did not change. Blunting of the crack tip by
the values of the plastic component of the crack opening
d_in alloys grows in the ratio 6082-T6 < 1565h < 1915T.

All alloys in the given temperature range showed
a change in fracture toughness values J similar to
the change in 6 . The value of the parameter J, in speci-
mens of alloy 1565h with decreasing temperature to
—104 °C decreased by =90 %, J, 1915T alloy — by
=36 %, J, of alloy 6082-T6 varied within 8 %.

One of the causes of failure of sheet structures is
the formation of fatigue cracks in stress concentration
zones under low-cycle loading [30-34]. To estimate
the number of cycles before fatigue crack initiation

in sheet structures using the relationships presented in
RNPIE, it is necessary to know the endurance limit of al-
loys under symmetric cycle loading.

In the course of work during endurance (fatigue)
testing of smooth corset specimens of base metal under
the scheme of loading “tension-compression” the en-
durance limits were determined based on 2 - 10° and
107 cycles at room and negative temperatures. The re-
sults of testing the specimens at +20 °C are presented
in Fig. 12 in logarithmic coordinates (Ig o, _/lg N) in
the form of two inclined straight lines, in contrast to
steels, in which the second section is horizontal.

Values of the limited endurance limit of the inves-
tigated alloys based on 2 - 10° and 107 cycles at temper-
ature +20 °C, corresponding to the probability of failure
of 50 %, are given in Table 4.

Table 4 also presents the ratios of the conditional
(limited) endurance limit to the strength limit of sheet
metal of deformable aluminium alloys accepted in en-
gineering practice.

The results of tests of specimens of alloys 1915T
and 6082-T6 based on 2 - 10° cycles at temperatures —70

8 RNPI G-7-002—86. Rules and Norms of Nuclear Power
Industry.
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Fig. 12. Fatigue failure diagrams of aluminium alloys under symmetrical “tension-compression” loading cycle at room
temperature

Table 4. Limited endurance limits of the investigated alloys and the ratio of endurance limit to tensile strength G,IP/G , at
different test temperatures

scionco o ruction: o) 14, Issue 1(51)

Alloy Alloy
Test temperature, °C Test base 1915T 6082-T6 1565h 1915T 6082-T6 1565h
Endurance limit Attitude cﬁlp/cs B
+20 107 100 95 76 0.28 0.29 0.195
+20 2-10° 110 105 80 0.305 0.318 0.205
=70 2 - 10° 120 122 - 0.30 0.325 -
-104 2 - 10° 124 - - 0.303 — -

and —104 °C are given in Table 4, and the dependences
of the limited endurance limit on temperature are shown
in Fig. 13. From the presented results, it is clear that
the fatigue limit increases with decreasing temperature
and to a greater extent for the less durable alloy 6082-T6.

Ratio values 071,/03 obtained during the tests at
room temperature and in the specified range of negative
temperatures practically coincide. As it is noted in [35],
at further lowering of the test temperature based on 106
cycles the ratio Gflp/G , increases, i.e. the endurance limit
of the material increases by a larger value compared to
its strength limit.

1307
§ 120 - *\\'\\
o 110l \Q\» -+ 1915T
= 6082T6
100 \T

—120-100-80 —60 —40 —20 0 20 40

Temperature, °C

Fig. 13. Effect of low temperatures on ¢ " based on 2 - 10° cycles
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CONCLUSION AND DISCUSSION

As a result of experimental studies of aluminium
alloys recommended as structural materials for welded
structures, namely thermally hardened alloys 6082-T6
and 1915T and thermally not hardened alloy 1565h, ex-
perimental dependences of strength and ductility char-
acteristics (o, 6,,, £, 6, ), impact toughness (KCV,
KCU), fracture mechanics criteria (K 2, K o d,J),as
well as the limited endurance limit 6 on temperature
in the range of +20...—104 °C.

For the tested alloys, it is found that:

* low-temperature hardening (8-20 % increase in
the ultimate strength at —104 °C) with preservation of plas-
tic properties (increase in the relative uniform elongation
by ~23-37 % with a slight decrease in the cross-section-
al area of the 1915T and 6082-T6 alloy specimens) and
an increase in the elastic modulus by =10 %;

* jump-like deformation when testing 1915T and
1565h aloy specimens under uniaxial tensile conditions
at room temperature and their monotonic deformation
at negative test temperatures;

* increase with decreasing temperature of the limited
endurance limit on the basis of 2 - 10° cycles (at—70 °C for
alloy 6082-T6 by 16 %, and for alloy 1915T — by 9 %);



Investigation of physical and mechanical characteristics of aluminium alloys 1915T, 1565ch

and 6082-T6 at low temperatures P.73-94

* no sharp decrease in impact toughness and crack
resistance K _. at decreasing temperature in all tested alloys.
At the same time, in the process of experimental studies,
a decrease (by 20, 40 and 90 %) of the values was record-
ed K o 8, and Jc that should be taken into account when
designing sheet structures made of aluminium alloys.

The work on the study of aluminium alloys is car-
ried out within the framework of determining their possi-

ble use in the construction of sheet structures operating at
low temperatures. With low weight, high strength com-
bined with ductility at low temperatures, high corrosion
resistance and the use of aluminium alloys in building
structures will be determined by the strength and deform-
ability of welded joints. Thus, it is necessary to investi-
gate the influence of welding and its methods on the re-
sistance of joints to static, dynamic and cyclic loads.
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