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AHHOTauus. B 1aHHON paboTe NpeCTaB/lIeHbl Pe3yabTaThl UCC/IeOBAHUS BIHSHUS [1JIACTHUYeCcKok Jedopma-
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BBEJAEHUE

TpaguLIMOHHBIE OPTOIleJUUYECKHe MeTaJlInde-
CKHe HMMIUJIAHTAThl, TakKHe KaK Hep)kaBelomas
CTanab, KOOAJIBTO-XPOMOBBIE CIIJIABHI M CIIJIABHI
Ha OCHOBe THTaHa B MePBYI0 ouepesb IpeJHa3Ha-
YeHBI [/ OCTEOCHHTEe3a; UX BBICOKAS IIPOYHOCTH
U npuemiieMasi 6MOCOBMECTUMOCTH I1O3BOJISIIOT
KCII0JIB30BATh UX B Ka4eCTBe OCHOBHBIX OPTOIIEJH-
YeCKUX YCTPOMCTB, HeCyIMX Harpysky [1]. OgHako
CYLIeCTBYIOT M3BeCTHBIe OTPAaHUUYEHUS AJIsI TAKUX
MMIUIAHTATOB. Bo-IIepBhIX, X JAIHUTEeNbHOE IIpebsl-
BaHUe IIPUBOJLUT K HAKOIIJIEHHIO B OPraHHU3Me YeJlo-
BeKa TaKHX BPeOHBIX 3JIEMEHTOB, KakK Ni, Co, Cr,
Al 1 V, KOoTOpble BBI3BIBAIOT XPOHUYECKOE BOCIIAJe-
HUe U B KOHEUHOM HTOre IIPUBOIST K PEeBU3HOHHBIM
orepanusaMm [2]. Bo-BTOpbIX, HECOOTBETCTBHE BBICO-
KOI'0 MOAY/Sl yIPYLOCTH MeXAYy UMIIJIAaHTaTaMU
U KOCTBIO YejI0BeKa IIPUBOAUT K pe30pOLIUK KOCTH
U I10 UCTeUYeHHUIO BpeMeHH Pa3pyleHHUI0 UMIIJIAH-
Tata [3]. PeBOIOLIMOHHAS KOHLEIII U OHomerpagu-
PyeMBbIX HMIIJIAHTATOB IIPU3BaHA PELIUTb 3TH IIPO-
61emel [4]. UccnemoBaHUs CUHTeTHYECKUX OHome-
rpagupyeMbIX IIOJIMMEPOB Havya/JIHuCh B 1960-X romax.
Bropasiaraemeble IIOJTKMEPHI, TAKHE KaK IIOJTHUTIH-
konug (PGA), monunaktug (PLA) u monu (L- unu D,
L-monouHas kuciaorta) (PLLA/PDLLA), 6p1iu onobpeHs
FDA 115 IpUMeHeHHUs B OPTOIefUYeCKUX QUKCHPY-
IOIIUX MMILIAHTATaX Imocie 60 seT pa3paborox [5].
OnHaKoO UX IIPHMeHeHHe ObIJI0O OTPAHHUUYEHO CKe-
JeTHBIMHU Yy4YacTKaMH C MajIok HaTrPy3KoM H3-3a UX
HeJJ0OCTATOYHOM MIPOYHOCTH. KpoMe TOro, mMpoAyKTHI
Jgerpajanuu, obpasyroomuecs Ipyu 06be MHOM 3po-
3uu OHoferpaiupyeMblX IIOTKMEPOB, MOT'YT BBI3BI-
BaTh HeMH(EKIIMOHHY0 BOCIAIUTEIbHYIO peak-
LIMIO, YTO B KOHEUHOM HTOre IIPUBOAUT K pe3opbuiyu
KocTH [6]. CoBceM HelaBHO pa3paboTka bropasara-
eMBIX HMIUIAHTATOB Ha OCHOBe MarHus (Mg) mpeno-
CTaBU/IU YUEHBIM U KJIHHUIIUCTAM HOBBIE BO3MOX-
HOCTH JJISl YCTPAHEHUSI HeLOCTATKOB CYyIIeCTBYIO-
IIUX KOMMEPYECKHUX OPTOIleLHMYeCKUX UMIIJIAHTA"
TOB. Bynyum 6ropasnaraeMbIMU MeTaJ/UIAMH, MaTe-
pHaIBL HAa 0CHOBe Mg 06ecIiedHBaIOT XOPOIIYIO MeXa-
HUYeCKyI0 IOAJePKKY B CPAaBHEHHHU C UX IIOJIHU-
MEepHBIMH aHAJIOTAMH, JeMOHCTPHPYS >KellaeMBbIH
MOJZYJIb YIIPYIOCTH, 6IM3KHUH K MOAY/II0 YIIPyTOCTH
KOCTHOM TKaHHU 4ejoBeka. YTo ele 6oee BaskHO,
[P merpajaluu Mg BbIIeISIIOTCS II0JIe3HbIe IIPo-
IOYKTBI, TaKKe KaK HOHBI Mg, CIIocobCTBYyIOII e pere-
HepaLlMH KOCTHON TKAaHHU U YCKOPSIIOIIKe ee 3a5KUB-
nenue [7]. OrpoMHBle ycuaus B o6acTu pyHIaMeH-
TAJIPHBIX HCC/IeJOBAHUU II03BOJIIUIN LOBECTH IIPU-
MeHeHHe Mg 0 KINHUYEeCKUX UCIIBITAHUHN U KOM-
Mmepuuanusanuu B Esporne [8], Kopee [9], omHaKo HUx
[IpUMeHeHHe II0-TIpeKHeMY OrPaHHYeHO PUKCAI el
IepeIOMOB He HeCyIIUX HarpPy3Ky KOCTek K KOCTHBIX

INTRODUCTION

Traditional orthopaedic metallic implants such as
stainless steel, cobalt-chromium alloys and tita-
nium-based alloys are primarily designed for osteo-
synthesis; their high strength and acceptable bio-
compatibility allow them to be used as primary load-
bearing orthopaedic devices [1]. However, there are
known limitations for such implants. Firstly, their
prolonged stay leads to accumulation of harmful ele-
ments such as Ni, Co, Cr, Cr, Al and V in the human
body, which cause chronic inflammation and eventu-
ally lead to revision surgeries [2]. Secondly, the mis-
match of high elastic modulus between implants and
human bone leads to bone resorption and implant
failure after time [3]. The revolutionary concept of
biodegradable implants aims to solve these prob-
lems [4]. Research on synthetic biodegradable
polymers began in the 1960s. Biodegradable poly-
mers such as polyglycolide (PCA), polylactide (PLA),
and poly (L- or D, L-lactic acid) (PLLA/PDLLA) were
approved by the FDA for use in orthopaedic fixation
implants after 60 years of development [5]. However,
their use was limited to skeletal sites with low load
due to their insufficient strength. In addition, deg-
radation products formed by volumetric erosion of
biodegradable polymers can cause a noninfectious
inflammatory response, which eventually leads to
bone resorption [6]. More recently, development of
magnesium (Mg)-based biodegradable implants has
provided scientists and clinicians with new oppor-
tunities to address the shortcomings of existing
commercial orthopaedic implants. As biodegradable
metals, Mg-based materials provide good mechan-
ical support compared to their polymer counter-
parts, demonstrating a desirable modulus of elastic-
ity close to that of human bone. More importantly,
degradation of Mg releases useful products such as
Mg ions that promote bone regeneration and accel-
erate bone healing [7]. Tremendous efforts in basic
research have brought the use of Mg to clinical trials
and commercialisation in Europe [8], Korea [9], but
their application is still limited to fixation of non-
load bearing bone fractures and bone fragments.
Meanwhile, more systematic studies are needed to
slow down formation of gas cavities that are formed
during the Mg dissolution in the physiological envi-
ronment [10]. As a result, no single material can
be used as a material for a bioresorbable implant
used for high loads. Recently, a group of scientists
conducted a systematic evaluation of biodegrad-
able zinc (Zn) alloys as orthopaedic implants [11].
The results showed that Zn-Li, Zn-Mg, Zn-Ca and
Zn-St alloys were the most favoured candidates for
bone implants. Among them, Zn-Li alloys showed
strength comparable to commercially pure titanium
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dparmeHTOB. Mexky TeM, TpebyIOTCS JOIIOTHUTEb-
Hble CHCTeMHBbIe MCC/IeJOBAHUS [0 3aMe/JIeHHI0
06pa3oBaHUSs ra3oBbIX [10JIOCTEL, KOTOpble 06pa3y-
IOTCS B IIPOLiecce pacTBOpeHUs Mg B pu3HOI0oTHYe-
cKoH cpegie [10]. B pe3ynbTaTe HU OJHH MaTepHal
He MOyKeT OBITb HCII0/Ib30BaH B KauecTBe MaTepHalla
n7st 6rope3opbupyeMoro KMIIJIAaHTAaTa, UCIIONb3ye-
MOTO [IJIsl BBICOKMX Harpy3ok. HemaBHO rpyia yd4e-
HBIX IIPOBejIa CUCTeMaTU4YeCcKylo OlleHKy 6ropasia-
raeMBlIX CIIJIaBOB LI HKa (Zn) B KayecTBe OpTolleHye-
CKHX HMIIJIAaHTATOB [11]. Pe3yabTaThl IIOKa3aaH, YTO
crtaBbl Zn-Li, Zn-Mg, Zn-Ca 1 Zn-Sr SIBJISIIOTCSI Hanbo-
Jlee IpeAIouYTUTeIbHBIMU KaHAUJATAMU [J1s KOCT-
HBIX UMIIJIaHTaTOB. CpeJll HUX CIIZIaBbl Zn-Li mpoze-
MOHCTPHUPOBA/IH IIPOYHOCTD, COLIOCTABUMYIO C KOM-
MepuecKH YHCTHIM TUTAaHOM M HepKaBelolllet CTa-
JIBIO, UTO CBHU/IETENbCTBYET 06 X OTPOMHOM IIOTeH-
LMaje JIJIg MCII0/JIb30BaHUS B KauyeCcTBe UMIIJIAHTa~
TOB C BBICOKOK HeCyIleH cr1ocObHOCThI0. B mocienHee
BpeMsl pa3sBUTHe KIHMHUYECKHUX TOTpebHOCTe Tpe-
OyeT yayulleHU s B3aUMOJEHMCTBUS MeXYy TKaHSIMU
yejloBeKa U UMIIJITAHTAaTaMHU, YTOObI CII0cO6CTBOBATh
IIpOLeCCY pereHepallvy U 3a’KMBJIEHUSA KOCTH. BbljIo
YCTAHOBJIEHO, YTO MMILJIAHTAThI M3 CIIaBa Zn-Li oka-
3bIBAIOT 6/1aTONpHsITHOE BO3/EeNCTBHE Ha GOPMHUPO-
BaHMe HOBOIM KOCTHOM TKaHH [12, 13]. OgqHaKO OLHOTO
JerupoBaHUs YacTo 6bIBaeT HeJOCTAaTOUHO, YTOOBI
NOCTHYb MeXaHHUYeCKHX CBOMCTB HY>XHO YypPOBHS.
[To3TOMy BO3HHKaeT OTPebHOCTD B AedOopMaLIOH-
Hol o6paboTke cmiaBa. C 9TOM TOUKH 3peHUs Iep-
CIIeKTHUBHBIM SIBJ/ISIeTCS IIPUMeHeHHe HHTeHCUBHOU
IJIaCTU4YeCKOH AepopMallMK K IIPOKATKH, KOTOpbIe
[103BOJISAIOT YIIPOYHSATH METAJI/Ibl U CIIJIABHI 33 CYeT
bopMHUPpOBaHUS yNIbTpPaMelKo3epHUCTON (YM3)
CTPYKTYpHL. TakUM 06pa3oM, pa3paboTKa HOBbIX YM3
MeIHUUMHCKHUX MaTepHajoB Ha OCHOBE LIMHKA IIpes-
CTaBJIsIeT 3HAYMTe/IbHBIH IPaKTUYeCKHI HHTepec
I/15 IPUMeHeHH I B KITMHUYeCKOU IIPaKTHKe.

20 MKM | pm

METO/bI UCC/IEAOBAHUA
3a HCXOJHOe COCTOSHHUe ObIIM IMPHUHSTH 00pa3Iibl
craBa Zn-0.8%Li-0.1%Mn (Bec.%) nruameTrpom 20 MM
Y IyIMHOM 100 MM, KOTOpbIe 6bLIH II0IBEPrHY Tl FOMO-
reHU3alUUH B MydenbHOU neuu Nabertherm mpu
Temiepatype 300 °C B TedeHHe 72 Y C OXJIAXKAEHUEM
B BoJe.

HcxonHble 06pasiibl IPOKAThIBAJIK Ha 2-BaJIKO-
BoM cTaHe Hankook M-Tech mnst coproBoi mpo-
KaTKHY B [Ba 3Talla: ¢ JuameTpa 20 MM [0 JHUaMe-

Tpa 15 MM nipu Temiepatype 300 °C; ¢ ©3MeHeHHEeM G, e S S ZOM:”“
[I0II€PEYHOr0 CeYyeHHUs C Kpyra Ha KBaJpaT pasme- Ly TR Lot
pamu 10x10 MM? TakKe IIpu Temuepatype 300 °C. Puc.1. Cmpykmypa cnaasa cucmembl Zn-Li-Mn ucxodHoe co-
CrereHb fedpopMallli cocTaBUIa 1,1. CmosiHue

[IpoxaTaHHBIe 06pa31bl OBUIK IIOABEPIHYTHL paB- | Fig.1. Structure of the Zn-Li-Mn alloy, initial state

HOKaHAa/JIbHOMY YIJIOBOMY IIPECCOBAHHIO (PKVYII).
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Hedpopmanusa mpoxoausia npu temieparypax 300 °C,
250 °C, 200 °C, 150 °C mmo fgBa IIpoxXofa Ha KasKAYI0 TeM-
neparypy. ObImee YKCI0 IPOXO0B COCTABUIIO BOCEMB.
PKVYII HCXOOHBIX 3arOTOBOK IIPOBOOUIIOCH B KPY-
[JIOM KaHaJjie, IIPOKaTaHHBIX 3aTOTOBOK ~ B KBaApaT-
HOM KaHaJie. YIoJjl [lepeceyeHHsl KaHa/IOB COCTABIIAN
® =120°, o U3BeCTHOMY MapIIpPyTy B. (moce Kax-
JIOr0 IIPOXoJa 3ar0TOBKa II0BOPadyMBajiach BOKPYT
CBOEH IIPOJOJIBHOM OCH Ha yroa 90°). 3a BoceMb I1Po-
xomoB PKYII uTOroBas HaKOIlJIeHHAs CTelleHb Aedop-
MallMH COCTaBUIa e=5,0.

I BBIABIEHHUS CTPYKTYPhl B HPOLOJIBHOM
HallpaBJeHUHU o6pasibpl MOrpysRajauch Ha 30 C
B TPaBHUTEJIb CO CAeAYIOMKUM COCTABOM: 5 MJI a30T-
HOM KHCJIOTBHI (HNO3) U 95 MJI 3THJIOBOTO CIIMpTa
(C,H;OH). AHanu3 CTPYKTYPbI IPOBOJAMJICS Ha pac-
TPOBOM 3/1eKTPOHHOM MUKpocKkorie (POM) JEM-6390
B pe>KMMe BTOPUYHBIX 3JIeKTPOHOB IIPU YCKOPSAIO-
meM HanpsikeHHH 30 kV. EBSD-KapThl IIOTydeHBI
IIPU [IOMOIIM 3JIeKTPOHHOTr0 MUKpocKoma Thermo
Scientific Q250 xomnaHuu FEI Ipu yckopsiomeM
HanpskeHuH 30 kB. Ilar cKaHHPOBaHUS COCTAB-
a1 0,5 MKM.

MexaHHUYeCKHe HCIBITAHUS Ha pacTIKe-
HHe IIPOBOAM/IH Ha HCIBITATeJIbHOM MallHHe
Instron 5982 Ha mMasnbIX obpa3Lax c pa3amepamu pabo-
yer 4acTu 0,6 x1x4 MM3 IpU KOMHATHOM TeMIlepa-
Type co cKopocThio sebopmanuu 1073 cl. O6pasmer
JJ1S1 UICIIBITAHKU U BBIPe3a/IkCh U3 JedOpMHUPOBAHHBIX
3arOTOBOK B IIPOJIOJIbHOM CeUYeHHH.

PE3Y/IbTATDI
CTpyKTYpHble uccnefoBaHuns
B MCXOIHOM COCTOSSHHUU Hab/I0IaeTCs C/I0KHAS JeH-
IpUTHasA CTPyKTypa. OCHOBY B BHJe JeHIPUTHBIX
BeTBeM coctapiseT ¢asa LiZn, (puc.la), TonmuHa
KOTOPBIX MOXKET JOCTUraTh 100 MKM. MeXay STHMHU
BeTBIMHU HabmomaeTcs 3BTeKTHUKA COCTaBa Zn+LiZn4,
[10-BUAMMOMY KPUCTAJIJIM3YIOIIASACH Yy Th I103Ke IIPU
IOCTH K@HHH B IIPOLiecce OXJIaXKAeHH s TeMIIepaTy phl
~403 °C [14].

HccnegoBanus MmeTonoM EBSD cBHETE/IBCTBYIOT
0 dopMmurpoBaHUHU HOJIBIIOrO KOITUYeCTBA CYOrpaHUILL
B BeTBSIX IeHJPpUTOB pa3rl LiZn,. [0/ MaloyIIOBbIX
rparul (MYT) nocturaer 87% (puc.lc). B aBTeKkTHUe-
cKo¥ cMecH da3 MYT mpakTHuUeckH He HabmomaeTcs.

[Tocse ropsiuedl IPOKAaTKHU CTPYKTypa mmpuobpe-
TaeT II0JIOCOBOM BHUJ U M3Mesb4yaeTcsi. CpefHUH
IoIlepevyHbI M Pa3Mep I10I0C IIePBUYHBIX JeHIPUTOB
daser LiZn, coctaBnsieT 35:16 MKM, IIpH Ko3ddunu-
€HTe BBITSIHYTOCTH GOPMEI 3epHa ~1:3. DBTeKTHUKaA
Tak>Ke IIpeTepreBaeT TPAHCHOPMALIHIO B 3ePeHHYIO0
CTPYKTYPYy C pa3MepoM 3epeH Zn u ZnlLi, ~2 MKM.
EBSD aHa/nIu3 CBUETENbCTBYET O COXPAaHEHHUU Cyb-
3epeHHOU CTPYKTYPEH B Tejle fepOPMHUPOBAHHBIX

—

20 MKM | pm

20 MKM | pm
—

Puc.2. Cmpykmypa cnaasa cucmembl Zn-Li-Mn nocae npokamku
Fig.2. Structure of the Zn-Li-Mn alloy dfter rolling
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3epeH. [long MYT coxpaHseTcs U cocTaBiseT 86%.
IIpu 3TOM MaJOyIJIOBble IPaHUIIBl Hab/lI0MAI0TCS
KaK B I10/I0CaX IePBUYHBIX JeHIPHUTOB, TaK U B 3ep-
HaXx 3BTeKTUKH.

CTpyKTypa rocie mpokatku v PKYII coxpaHseT 11010~
COBOM BH/[I, OJHAKO IMIKMPHUHA I1070C [IePBUYHBIX JeH-
oputoB ¢assl LiZn, yMeHbIIAeTCS U JOCTUTAET CPell-
Hero 3HavyeHus 14+7 MKM. [10/10CBI BHITATHBAIOTCH,
K03¢OULIMeHT GOopMEI 3epHa cocTaBifeT 1:6. EBSD aHa-
K3 CBUZETe/NbCTBYeT 00 yBelHUeHUU 011 6osblle-
yIIoBeIX TpaHuLL (BYT) - 54%. 3epHa pa3mepoM 2-6 MKM
Hab/IIomaoTCs Kak B [107I0CaX, Tak K BO parMeHTHPO-
BAHHOM 3BTEKTHYECKOU dpasze. YBenudeHUe Aoau BYT
MOKET OBITh CBSI3aHO C OCTPOEHHEM MaJIOyIIOBbIX Ipa-
HUII, HabmogaeMbIX Ha 9TaIle IIPOKATKH.

MexaHuyeckue ucnbiTaHUA

Ha puc.4 u B Tabi.1 npeacTaBieHbl KPUBBIE PaCTs-
SKeHU S U CBOAHBIE JaHHBIE 10 MeXaHUYeCKHUM CBOM-
CTBaM CIlJIaBa Zn-Li-Mn mocje pasjiH4yHBIX Jedop-
MaIMOHHBIX 06paboTok. B ncxogHoM (mocie romo-
reHH3allUH) COCTOSSHUU KPHUBBle He OBbIIH IOJY-
YeHBI, TaK KaK 0b6pa3isl He 06/1afaI0T IJIACTHYHO-
CTBIO 1 Pa3pyIIalOTCs, He JOCTUras IIpefesia TeKy4e-
cTHU. B paborte [14] 651710 IOKa3aHO, UTO MeIKO3ePHU-
CTas CTPYKTypa 3¢ beKTUBHO IIpeAoTBpallaeT pac-
[IpOCTpaHeHHUe TPeUUH U 3HAYUTEe/IbHO yBeTuYHn-
BaeT IIJIACTUYHOCTh. B COOTBETCTBHH C 3TUM CIIJIaB
6611 TeOpMHUPOBAH MHTEHCHBHOM IIACTUYECKOHN
nebopMmanuer Metogom PKVII. ITo pe3ynbpraTaM ycTa-
HOBJIEHO, UTO JAaHHBIM MeTO[ He IIPHBeJ K U3MeHe-
HUIO [UIACTUYHOCTH, 00pasLibl TaK ke, KaK K B HCXO[-
HOM COCTOSIHHH, IPOLEMOHCTPUPOBAIIU XPYIIKOe
paspyuieHue. B pesyinbTaTe gepopManuu MeTOLOM
ropsiuey MpoKaTKH obpa3siipl IpHobpenlr He TOIBKO
[1JIaCTUYHOCTh, HO M BBICOKHE IIpe/e/ibl TeKYy4eCTH
U IIPpOYHOCTH. ONHAKO 3HAYeHHUS IIJIACTUYHOCTHU
(8+2%) Bce ellle He LOCTUTAIOT 3HAYeHUH, HEOOXOI -
MBIX [JIS1 ©U3TOTOB/IEHH S UMILJIAHTAaTOB. Haunyuiiee
coYeTaHMUeE IPOYHOCTHBIX XapaKTEPHCTHUK (IIpenen
NpOoYHOCTH 511412 MIIa) ¥ IIACTUYHOCTH (47+7%)
IoKa3aJiu 06pasLbl [ocae KOMOMHHUPOBAHHOM fedbop-
MallMK MeTOAaMHU IPOKATKU U PKVYII. Haubosnpmas
IIPOYHOCTH B CIIJIaBe HAbI0gaeTCsl [10C/Ie IPOKATKHU
U cocTaBiuser 529,5+17,4 530+17. IlpoBeneHue PKYIL
I10CJIe IIPOKATKHY IIPHUBOSHUT K He3HAYHTeIbHOMY CHHU-
SKEHHIO ITPOYHOCTHBIX XapaKTePUCTHK 0 51112,

OBCY)XXAEHUE

CocTaBnsiomiue crjiaBa Zn-0.8Li-0.1Mn da3bl UMEIOT
cnabo maacTuuHylo [IIY perieTky, a Takke CIIJIaB
[I0J1y4YeH METOMOM JIUThs U La’Ke [10CJIe TOMOTeHH~
3aLMOHHOI0 OTKHTA COXPaHSeT JeHAPUTHYIO CTPYK-
TYpy, YTO HOIIOJIHHMTE/IbHO OXPyH4YHBAET CIIJIAB.
Jl715 IIOBBIIIEHK I TeXHOJIOTHYeCKOM IIACTUYHOCTH
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20 MKM | pm

Puc.3. Cmpykmypa cnaaga cucmemsl Zn-Li-Mn nocae npokam-
KU u PKYT1 8 npo0onbHOM ceYeHuu

Fig.3. Structure of the Zn-Li-Mn alloy after rolling and ECAP in
the longitudinal section
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Tabauua 1. MexaHudeckue cgoticmea cnaasa Zn-Li-Mn e pazau4Hom cocmosiHuu

Table1. Mechanical properties of the Zn-Li-Mn alloy in different state

CocTtosiHue MexaHu4eckue CBOMCTBa
State Mechanical properties
0., MMa|MPa Oy, MMa | MPa
VicxogHoe cocTosiHMe 370+8 - —
Initial state
[Tocne npokaTku 530+17 450+5 8+2
After rolling
[Mocne npokaTtku n PKYTI 510£12 435+19 47+7
After rolling and ECAP

Heob6X04 MO BK/IIOUEeHHe HOBBIX CHCTEM CKOJIbXKe-
HH S, YTO BOSMOXKHO 32 CYeT IIOBBIIIeHHS TeMIlepa-
TYphl gedpopMmanuu. IIpoBegeHure NPOKATKU IIPHU
BBICOKOI T'OMOJIOTHUeCKOHN TeMIlepaType ¢ Heb6ob-
mon gedopmalnuen 3a 1 LUK/, CIOCOOCTBOBAIO
IIOBBIIIEHHUIO IIJIACTUYHOCTH 10 8%. BeposgTHee Bcero
IIpY IIPOKATKe BO3HHUKAIOT [IPEUMYIeCTBEHHO HOP-
MaJIbHble HallpsiKeHUs [15], a He cIBUTOBBIe, KOTO-
pble IPUBOIST K APobIeHUI0 TeHIPUTHOMN CTPYK-
Typel. Takke GopMHpPOBaHHE MeJIKO3epHHUCTOH
CTPYKTYPHI B IIPOLIeCCce IIPOKATKH [I03BOJISAET Peaiu-
30BaTh CABUTOBYIO AedopMallHIo 33 cueT H0/bIIero
KOJIMYeCcTBa 3epeH, 071aTONpUsSTHO OPUEeHTHPOBAH-
HBIX COABUTOBBIM HAIIPSISKeHHUSAM IIPH IIOCIELYIO-
mem PKVII. ITocse IpoKaTKU HabNI0gaNnu yBenruyde-
HUe IIPOYHOCTH CIIJaBa Ao 530 MIIa, 4uTo BeposiTHeH
BCero CBA3aHO C GOpMHpPpOBaHHEM MeJIKO3epPHUCTON
CTPYKTYPBHI B 3BTE@KTHKe,

AHa/IN3 CTPYKTYypHl, IIOJy4YeHHOM IOC/e JOIO0J-
HUTelnbHOU omepanuu PKVYII, CBUAETEIbCTBYET
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500 =~ITo~<
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-1 ~
= / SN
T 3004 SN
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Puc.4. Kpusble pacmsikeHus cnaasa Zn-Li-Mn e pazau4Hom co-
CMosIHUU
Fig.4. Tensile curves of the Zn-Li-Mn alloy in different states

and stainless steel, indicating their great poten-
tial for use as implants with high load-bearing capac-
ity. Recently, development of clinical needs requires
improvement of the interaction between human tis-
sues and implants to promote the process of bone regen-
eration and healing. Zn-Li alloy implants have been
found to have a favourable effect on new bone tissue for-
mation [12, 13]. However, alloying alone is often insuf-
ficient to achieve the required mechanical properties.
Therefore, there is a need for deformation treatment of
the alloy. From this point of view, application of severe
plastic deformation and rolling is promising, which
makes it possible to harden metals and alloys due to the
formation of ultrafine-grained (UFG) structure. Thus,
development of new ultrafine-grained medical materi-
als based on zinc is of significant practical interest for
application in clinical practice.

RESEARCH METHODS

Zn-0.8%Li-0.1%Mn (wt.%) alloy samples with a diameter
of 20 mm and a length of 100 mm were taken as initial
state and subjected to homogenisation in a Nabertherm
muffle furnace at 300 °C for 72 hours with cooling in
water.

The initial samples were rolled on a 2-roll Hankook
M-Tech mill for section rolling in 2 stages: from the
diameter of 20 mm to the diameter of 15 mm at tem-
perature of 300 °C; with a change of cross-section from
a circle to a square of 10x10 mm? also at a temperature
0f 300 °C. The strain was 1.1.

The rolled specimens were subjected to equal-chan-
nel angular pressing (ECAP). Deformation was car-
ried out at temperatures of 300 °C, 250 °C, 200 °C, 150 °C
with 2 passes for each temperature. The total number of
passes was 8. ECAP of initial billets was carried out in
around channel, rolled billets in a square channel. The
angle of intersection of the channels was ® =120°, fol-
lowing the known route B. (after each pass the billet

Vor.17 No. 7-8 2024 NANO INDUSTRY
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0 CyIIeCTBEHHOM H3MeJIbYeHUU CTPYKTYPHOIO COCTO-
SHHS, CYIIeCTBEHHOTO yBeIHYeHUs Aonu BYT, uTo
MO>KHO OOBSICHUTH JocTpauBaHHeM MVYT Haboga-
eMBIX I10C/Ie IIPOKATKU. OLHAKO IIpHU 3TOM Habiio-
JlaeTCs HeKOTOpoe yMeHbIIeHHe IIpeJesa IIPOYHO-
CTH U IIpeJieia TeKy4eCcTH Ha ~4% U [IOBBIIIeHHe I1J1a-
cTUYHOCTH. HabromaeMoe moBeseHue CIiaBa MOXKHO
06Bs1cHUTD popMmupoBaHueM Ipu PKYII ocobort Tek-
CTYpbl, KOTOpas IIPUBOAUT K HEKOTOPOMY Pa3yIipoy-
HeHUIO CIJlaBa U OAHOBPEMEHHOMY IIOBBIIIEHHIO
IUIACTUYHOCTH, 33 CUeT OPHeHTHUPOBaHUS basuc-
HOI IIJIOCKOCTHU I10 HallPaBJIeHUIO AeHCTBUS COBUTO-
BBIX HanpsokeHUH [16]. ITogobHOe IToBeieH e LeMOH-
CTPUPYIOT 06pas3libl MarHUEBbIX CIIJIABOB, IIOABEP-
rHyThIX PKVII (17, 18]. TIoMmK MO 3TOTO, bostee OIHOPOJ-
HOe CTPYKTYPHOE COCTOsSHHEe JOJI’KHO JeMOHCTPH-
poBaTh 60jee BHICOKYI0 KOPPO3HOHHYIO CTOMKOCTH,
TaK KakK II03BOJISIeT CHHU3UTh BePOSATHOCTD rajibBa-
HHUYeCKOM KOppo3uu. OLHOPOLHOCTD IO pa3sMepy
3epHa HCKJIo4aeT GOpMUpPOBaHMe raJbBaHUYECKON
Iapbl MeXKAY KPYIIHBIX U IIPUJIETAOIIMX K HUM MeJl-
KHUX 3epeH [19]. YMeHblIeHHe pa3Mepa 3epHa BBULY
YMeHBIIeHH s BeJIMYKUHBL cBobomHOro mpobera guc-
JIOKAITHU [103BOJISIeT CHU3UTh HEOJHOPOAHOCTD B Telle
3epeH I10 JUCIOKALIMOHHBIM CKOIUIEHUSIM, YTO TaKKe
MO>KeT BBI3bIBaTh I'aJIbBaHHYeCKYI0 KOppo3Huio [20].
ChopMHpoBaHHOE CTPYKTYPHOE COCTOSSHHUE B XOfe
KOMOKMHUPOBAHHOM 06paboTKu obecrieurBaeT Heobxo-
IUMBble XapaKTEePUCTHUKHY, HeoOX0A I Mble ISl IIpHMe-
HeHMs 3TOrO CIIJIaBa B KaueCTBe MaTepHraja [JIs U3T0-
TOBJIeHU s 6Hope30pOrpyeMBbIX HMIIJIAHTATOB,

BbIBOADbI

Metomamu HIIJl BO3MOSKHO IIOBBICUTDH IIPOYHOCTHBIE
XapaKTePUCTUKHU, OAHAKO IJIACTUYHOCTD [IJIS Peainsa-
uuu geGopMallii MeTOAAMU HHTeHCHBHOH IIIacTHYe-
CKOM JepopMallMiK OCTAeTCsl HeY[0B/IeTBOPUTe/IbHOM.
[ToxkasaHo, 4To I1peiBapyUTeabHas feGopMallksi MeTOAOM
IIPOKATKH I103BOJIsSIeT IIOBBICUThH TeXHOJIOTMYECKYIO I1j1a-
CTUYHOCTb MaTepHala [JIsl IoC/IeAyIoLler peaar3allii
MHTEHCHUBHOMU IVIACTUYeCKOU JepopMallki. B pesyib-
TaTe KOMOMHUPOBAHHON 00paboTKH, a KMEHHO IIpo-
KaTka+PKVII, 6bl1a yBeaHueHa JIaCTUYHOCTb 06pas-
LIOB HCCJIe/lyeMOro CIIJIaBa, 3HaueHHe KOTOPOH JOCTUIJIO
¢ 0 (B ICXOZHOM COCTOSHUHU) A0 47%, UTO OUeHb BasKHO
IJ1s1 U3TOTOBJIeHH I 61Ope30pbrpyeMBbIX UMILIAHTATOB.
[TpoyHOCTHBIE XapaKTePUCTUKH B pe3yyibraTe paspa-
60TaHHON KOMOMHHUPOBAHHOM 06pabOTKH IIPEBBICHIIH
Heobxof 1 Mble 3HaUeHMU I, TpebyeMble [1/1sl U3TOTOB/IEHHU S
6rope30opbrpyeMBIX MeTa/UIMUECKUX UMIITIAaHTATOB.

B/IATOAAPHOCTHU

Pabora BBIONHeHA IpPH GUHAHCOBOH IIOJ-
IepkKe Poccuiickoro Hay4Horo ¢poHpa (IpoexkT
Ne 24-43-00154). HcciemoBaTeibcKas 4acTh pa6OTbI
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was rotated around its longitudinal axis by the angle
90°). For 8 passes of the ECAP, the final accumulated
strain of deformation was e = 5.6.

To reveal structure in the longitudinal direction,
the samples were immersed for 30 seconds in an
etchant with the following composition: 5 ml of nitric
acid (HNO,) and 95 ml of ethyl alcohol (C,H;OH). The
structure was analysed on a JEM-6390 scanning elec-
tron microscope (SEM) in secondary electron mode
at an accelerating voltage of 30 kV. EBSD maps were
obtained using a Thermo Scientific Q250 electron
microscope of (FEI) at an accelerating voltage of 30 kV.
The scanning step was 0.5 pm.

Mechanical tensile tests were performed on
an Instron 5982 tensile testing machine on small
specimens with working gauge dimensions of
0.6x1x4 mm? at room temperature at a strain rate of
1073 s7L. The test specimens were cut from deformed
billets in longitudinal section.

RESULTS

Structural studies

In initial state, a complex dendritic structure is
observed. The LiZn, phase (Figla.) forms the base
in the form of dendritic branches, the thickness of
which can reach 100 pm. Between these branches,
a eutectic of Zn+LiZn, composition is observed,
apparently crystallising a little later when the tem-
perature reaches ~403 °C during cooling [14].

EBSD studies indicate formation of a large num-
ber of subboundaries in the branches of LiZn, phase
dendrites. The fraction of low-angle boundaries
(LABs) reaches 87% (Fig.1c). In the eutectic mixture
of LABs phases are practically not observed.

After hot rolling, the structure acquires a banded
appearance and becomes refined. The average
transverse size of bands of primary dendrites of
LiZn, phase is 35+16 pm, with grain shape elonga-
tion ratio ~1:3. The eutectic also undergoes trans-
formation into a grain structure with grain size
of Zn and ZnLi, ~2 pm. EBSD analysis indicates
preservation of sub-grain structure in the body of
deformed grains. The fravtion of LABs is preserved
and amounts to 86%. Low-angle boundaries are
observed both in the bands of primary dendrites
and in the eutectic grains.

The structure after rolling and ECAP retains
a banded appearance, but the width of bands of
primary dendrites of LiZn, phase decreases and
reaches an average value of 14+7 pm. The bands
becomes elongated and the grain shape ratio is 1:6.
EBSD analysis shows an increase in the fraction
of high-angle boundaries (HABs), 54%. Grains of
2-6 pm in size are observed both in bands and in
the fragmented eutectic phase. The increase in the
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IIPOBOAMIACH C UCIIOJNIb30BAHUEM 06OpPyLOBAHUS
LleHTpa KO/JIEKTHBHOTO I1071b30BaHUS "HaHoTex"
(YOuMCKHI yHUBEPCUTET HayKU U TEXHOJIOTHH).

WHOOPMALIUA O PELLEEH3UPOBAHUK

Pemakuus 671arofapuT aHOHHMHOIO pelleH3eHTa
(pelLieH3eHTOB) 3a UX BK/IaJ, B peLleH31POBaHUe 3TOM
paboThl, a TakKe 3a pa3MelleHHe CTaTell Ha CaHlTe
SKypHaJIa U Ilepefady Ux B 3JIeKTPOHHOM BHU e B HOB
eLIBRARY.RU.

Jekaapauus o KoHpAuKmMme uHmepecos. Asmopbl 3a384at0m 06
omcymcmauu KoHMAUKITO8 UHMepecos UAU AUMHBLX OMHOLWeHUL,
Komopble mozAu bbl n08AUSMb HA pabomy, npedcmasAeHHyto 8 daH-
Holl cmambe.
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Mechanical tests

Fig.4 and Table 1 show tensile curves and summary data
on mechanical properties of Zn-Li-Mn alloy after various
deformation treatments. In initial (after homogenisation)
state, the curves were not obtained, as the samples are not
ductile and fail before reaching the yield strength. It was
shown in [14] that the fine-grained structure effectively
prevents crack propagation and significantly increases
ductility. Accordingly, the alloy was deformed by the
severe plastic deformation method of ECAP. According
to the results, it was found that this method did not lead
to the ductility changes, the samples, just like in initial
state, demonstrated brittle fracture. As a result of defor-
mation by hot rolling method, the specimens acquired
not only ductility, but also a high yield strength and
a high ultimate tensile. However, the ductility values
(8+2%) still do not reach the values required for implant
fabrication. The best combination of strength character-
istics (ultimate tensile strength 511+12 MPa) and ductility
(47+7%) was shown by samples after combined deforma-
tion by rolling and ECAP methods. The highest strength
in the alloy is observed after rolling and is is 530=17.
Conducting ECAP after rolling leads to a slight decrease in
strength characteristics to 511+12.

DISCUSSION

The constituent constituent phases of Zn-0.8Li-0.1Mn
alloy have a weakly plastic hexagonal close-packed
lattice (HCP lattice), and also the alloy was obtained
by casting and even after homogenisation anneal-
ing retains a dendritic structure, which additionally
embrittles the alloy. To increase the technological plas-
ticity it is necessary to incorporate new slip systems,
which is possible by increasing the deformation tem-
perature. Carrying out rolling at high homologous tem-
perature with a small deformation in 1 cycle, contrib-
uted to an increase in ductility up to 8%. It is most likely
that rolling produces mainly normal stresses [15] rather
than shear stresses, which lead to the crushing of the
dendritic structure. Also, formation of a fine-grained
structure in the rolling process allows realizing of shear
deformation due to a larger number of grains favour-
ably oriented to shear stresses during subsequent ECAP.
After rolling, an increase in the alloy strength up to
530 MPa was observed, which is most likely due to form
the fine-grained structure in the eutectic.

The analysis of the structure obtained after the addi-
tional operation of ECAP indicates a significant refine-
ment of structural state, a significant increase in the

fraction of HABs, which can be explained by the com-
pletion of the building of LABs observed after rolling.
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However, there is a slight decrease in the ultimate ten-
sile strength and yield strength by ~4% and an increase
in ductility. The observed behaviour of the alloy can
be explained by formation of a special texture during
ECAP, which leads to some softening of the alloy and
simultaneous increase in ductility due to orientation of
the basal plane in the direction of the action of shear
stresses [16]. Similar behaviour is demonstrated by sam-
ples of magnesium alloys subjected to ECAP [17, 18]. In
addition, a more homogeneous structural state should
exhibit higher corrosion resistance as it reduces the
likelihood of galvanic corrosion. Homogeneity in grain
size eliminates galvanic couple formation between
large grains and adjacent small grains [19]. Reduction
of the grain size due to decrease in the value of the
free path of dislocations reduces inhomogeneity in the
grain body by dislocation pileups, which can also cause
galvanic corrosion [20]. The formed structural state in
the course of combined processing provides the neces-
sary characteristics required for the application of this
alloy as a material for the fabrication of bioresorbable
implants.

CONCLUSIONS

It is possible to improve the strength characteristics by
plastic deformation methods, but the ductility to realise
deformation by severe plastic deformation methods
remains unsatisfactory. It is shown that pre-deforma-
tion by rolling method allows to increase technological
plasticity of the material for subsequent realisation of
severe plastic deformation. As a result of combined pro-
cessing, namely rolling+ECAP, the ductility of the sam-
ples of the studied alloy was increased, the value reached
from 0 (in initial state) to 47%, which is very important
for the manufacture of bioresorbable implants. The
strength characteristics as a result of the developed com-
bined processing exceeded the values required for the
fabrication of bioresorbable metallic implants.
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