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BBenenue

TepMUHBI  «YIBTPAAUCIIEPCHBIE TOPOLIKU» U  «YJIBTPAJUCIEPCHBIE CHUCTEMBI» BIIEPBBIE
omyonukoBaHo B 1977 1. B kHUTre «YIBTpaguCHepCHbIE METALIMYECKUE CPEebD», HAMMCAHHOW MOJ
pykoBonucteoM H./[.MopoxoBa Mo wmarepuajiam, HAKOIUIEHHBIM B MPOLECCE IIOUCKA PEUICHUU
pa3ziesieHusl U30TOIOB ypaHa.

Jlo 3TOrO0 HUKTO HE MyOIWKOBaJ JAaHHBIX O HAHOCOCTOSHHUHM. K 3TOMy BpeMeHH OBbUIM YKe
W3BECTHBI 30JIM OJIATOPOJHBIX METAJUIOB, YEPHU META/IOB W JIPYTHE KOJUIOMIHBIC CHCTeMBbl. [lo
kinaccudukaruu OctBaibaa (XVII Bek) pasmep udactun koiionaoB coctasiaseT or 10 mo 100 Hwm.
Ecnm xapakrepHsbiii pasmep dactuil < 10 HM, TO TaKWe YaCTUIIBI OTHOCST K KOJUIOHIAM.

B 1993 r. memenkuii y4eHbl 3uTeNb MPEMJIOXKHI OTHOCHUTH K HaHOMAaTpuajiaM BeIeCTBa,
COCTOSIINE U3 TIOPOIIKOB WJIM KPHUCTAUIUTOB, pa3mMep KoTopbix < 100 HM XoTs OBl 1O OJHOW OCH B
MIPOCTPAHCTBE.

B HaCToAIICC BPCMA HACT HAKOIUICHHUC HJAHHBIX O HAHOCOCTOSHHWH, HO YKC ceryac MMEIOTCS
YYC€HBIC, KOTOPBIC CYHMTAIOT, YTO HAHOCOCTOAHHEC — OTO pPaHEC HCHU3BCCTHOC COCTOSHHC BCIICCTBA.
IMPOMCIKYTOYHOC 110 CBOMCTBaM MCIKIY KUAKOCTBIO U TBCPAbIM TCIIOM
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OCHOBHBIC TOHATHS
HaHomopoiok — TOpOIIOK, CPeIHHWH TMOBEPXHOCTHBIM JUAMETP YacTHI[ KOTOPOTO He
npesbimaet 100 M.
HanomaTepuajl — KOHCOJMJIMPOBAHHBIM MaTepuaji, TOCTPOCHHBIH W3 (parMeHTOB
CTPYKTYphl (KpuctayummToB), uMmeromux pasmep < 100 HM, xorss Obl 1O OAHOW OCH B
IIPOCTPAHCTRBE.
Hano3zepno — oGnacte ( amamerpom < 100 HM )B CTPYKType KOMITAKTHOTO MaTepHaa,
UMeEIoNIasl ONpPEJEICHHbIA XUMHUUECKUI U (Da30BbId COCTAB M XapaKTEepU3YIOIIAsACs IIaBHO
MEHSIIOIIUMCSI COCTaBOM C OKPY’KAIOIUMHU HAHO3EPHAMM.
YiabTpagucnepcHblii MOPOMIOK — TIOPOIIOK, YaCTUIBI KOTOPOro XOTs Obl B OJHOM
HaIpaBJICHUM HMEIOT pa3Mep, CPaBHUMBIA € MacmTaboM Kakoro-HUOyIb (PU3MYECKOTrO
SIBJICHUSI WM Mpoliecca, HapuMep, ¢ JJIMHONH CBOOOHOrO mpodera 3JIeKTpoHa, ¢ pa3Mepamu
(boHOHA, MOJIAPOHA U T.].
HanococTtosinue BemecTBa — CTPYKTYPHO-DHEPreTMUECKOE COCTOSIHUE  BEILECTBa,
JUCTIEPTUPOBAHHOTO JI0 YPOBHS HAHOYACTHI], YCTAHOBUBIIEECS B pE3ylbTare B3aMMHOIO
BJIUSIHUS TIOBEPXHOCTHU U 00beMa B HAHOYACTHIIE.
3amaceHHasi JHePrUsi HAHOYACTHIIBI — d3Heprus ( TEIIoTa, JJICKTPHYECKHE ITOTOKH,
3JIEKTPOMArHUTHOE M aKyCTHUYECKOE M3IYUYCHHUE ), BBIJCIISAIONICECS MTPU HArpEeBaHUU, CHKATUU
WIM JIPyrOM BO3JCHCTBUM Ha 4YacTUIy B pe3yJbTaTe Mepexoja W3 METacTabWIbHOTO B
CTaOUJIbHOE COCTOSIHUE. 3anmaceHHasi JHePrusi HAHOMOPOIIKA — YHEPTUsl, BBIICIAIONIASACS B
pe3ysibTare Mepexojia OT/EIbHBIX YaCTHUIl U3 METAacTaOWIHLHOTO B CTAOMIIBHOE COCTOSIHUE U B
pe3ysbTare CreKaHusl YaCTHUIl C YMEHBIIIEHUEM UX IUIONIAU yAEIbHON MTOBEPXHOCTH. .
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3adeM HYKHbI HAHOIIOPOIIKH ?

HNHTepec kK HAHOIMCTIEPCHBIM MaTepuajaM CBsI3aH C TEM, YTO OHU HAXOJAT Bce Ooiee
IAPOKOE IPUMEHEHUE B KAUECTBE UCXOAHOIO ChIPhs IIPU MPOU3BOACTBE KEPAMUYECKUX U
KOMIIO3UIIMOHHBIX MaTepHuaioB, CBEPXIIPOBOJIHUKOB, COJIHEUHBIX Oarapei, GUiIbTpOB,
TETTEPOB, IMTPUCATOK K CMa30YHBIM MaTepHuajam, KpacsAlnux U MArHUTHBIX TMTMEHTOB,
KOMIIOHEHTOB HU3KOTEMIIEPATYPHBIX BBICOKOIIPOYHBIX ITPUNIOEB U 1p. 1o mepe BrIonHeHUs
(dyHAaMEHTaIBHBIX U NPUKJIAHBIX UCCIEIOBAHUM 3TOT IEPEYEHBb OBICTPO PACIIUPSIETCS.
MHorue u3 NpUMEHEHUH yKe pealn30BaHbl, IPyTUe HAXOASITCA Ha CTauu pa3paboTKH, HO
Oomblasg yacth BO3MOXHbIX mpumMeneHui HIT octaercst moka He TpoHyTON. OCHOBHBIE
JOCTHXKEHHUS M, 0COOCHHO, MepCHeKTUBBI ucnonb3oBaHust HII, cBa3anbl ¢ oTpaboTKOM
TE€XHOJIOTUHU MOTYy4YEeHUS MOPOIIKOB C "0COOBIMU" CBOMCTBAMU, HAITPUMEP, TAKUMHU KaK:
OYeHb HU3KME TeMueparypsbl cnekanus < 100°C;

BbICOKAsl XMMHY€ECKAsl aKTUBHOCTbD;

HAJIMYHME U30BITOYHOM (3alIaCeHHOM) I HEePIrUH.

N3meHeHune GpyHIaMEeHTAIbHBIX CBOMCTB TPAJULIIUOHHBIX MaTepruaioB B HAHOIUCTIEPCHOM
COCTOSIHMH (ITOHMKAKOTCS: TEMIIEPATYPa HadaJla IUIaBJICHUS, TEIUIOTA UCTIAPEHUS, SHEPTUs
MOHU3ALIMH, pad0Ta BbIXO/1a ANEKTPOHOB U JIpP.) OTKPHIBAET IIMPOUYANIIE BO3MOXHOCTH B
00J1acTH CO3aHUsI HOBEUIIINX MAaTEPHUAIIOB U TEXHOJIOTUH, IPUHIIUITUATIBLHO HOBBIX
puOOPOB U YCTPOMCTB.
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Kunaccudukanuss MeToaoB noJIy4eHUs HAHOMOPOIIIKOB

PaBHoOBeCcHBIE MeTOALI NmnyjbCHBbIE METOABI
Metoabl ucnapeHus JlyroBou paspsn
XUMHUYECKUE PeaKLIUU [ly4ykoBbIE TEXHOIOTUU

DJIEKTPUYECKUIN B3PBIB IPOBOJHUKOB
JlazepHoe ucnapeHue

JleTOHAIIMOHHBIE METOIbI
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IHosryyeHHEe HAHOIIOPOLIIKOB METOI0OM
IEKTPUUYECKOI0 B3pbIiBa NPoBoJIOK (IBII)

DTarbl pa3BUTHS AIEKTPUUECKOTO B3phIBA MPOBOIHUKA: |1 - MpOOOH C 3IIEKTpoIa
Ha MPOBOJIOUKY; 2 - 00pa30BaHME IJIA3MEHHOIO IITHYpa; 3 - €ro pacimpeHue; 4 -
Pa3IET paCIMPSIONIMXCS MPOAYKTOB B3pbiBa. HaBenuTe Kypcop Ha pUCYHOK,
4TOOBI YBHUJAECTH ATOT MPOIIECC B BHJI€ aHUMHUPOBAHHOT'O POJIMKA.
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IHosryyeHHEe HAHOIIOPOLIIKOB METOI0OM
3IEKTPUYECKOr0 B3pLIBA MPOBOJIOK (JIBII)
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N
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Hanbonee npocto IBI1 ocywecteutb B LC-KOHTYpe no cxeme, NOKa3aHHOM Ha
cneayowem pucyHKe. EMKOCTHOM HakonuTtenb sHeprnm C 3apAXaeTca OT MCTOYHUKA
sHeprum go HanpaxeHnsa UO u c nomowpto paspagHuka (GAP) kommyTunpyetca Ha
B3pbIiBaemMblii NpoBoAHMK (WE). OcHOBHYIO MHOpPMaLMIO O NpoLecce B3pbIBa
NO/IY4aloT U3 OCLUANOrPaMM TOKa U HanpAXKeHuA. MIX aHasin3 No3BONAET BblABUTL
oTaenbHble ctaanm IBI1.

HanomartepuaJibl



IosryyeHre HAHOMOPOIIIKOB METOI0M
ICKTPUUYECKOI0 B3pbiBa MPoBoJIOK (IBII)
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L 4 L 4

to scope t‘i tE tﬂ

I1pu 3ambikanuy Henu paspssaaukoM (GAP) Tok BHavyase onpenesieTcsi BOJTHOBBIM CONMPOTUBICHUEM
KOHTYpa, TaK KaK COIPOTUBJICHUE MPOBOIHMKA OUY€Hb MaJio. [lororas sHepruto, MPOBOIHUK
HarpeBaeTcs, IJIaBUTCS (HEOOJBIION CKauOK Ha OCIUJIJIOrpaMME HANpPsKeHMs) M JajIbllie HarpeBaceTCs B
AKUJKOM COCTOSTHUU J10 MOMeHTa t;. C 3T0ro MOMeHTa MPOBOJIHUK HAUUHAET OypPHO PACIIUPSITHCS 110
00beMY, TEPSAET METAJIMYECKYIO MPOBOJUMOCTh, €r0 COMPOTUBIICHUE OBICTPO BO3PACTAET HA HECKOJIHKO
MOPSIJIKOB, @ TOK B KOHTYPE YMEHbBIIIAETCH.

B MOMEHT t, TOK B 1Ienu MpeKpalaeTcs 1 HacTyMmaeT nay3a Toka. HanpsbkeHne koHeHcaropa BO BpeMs
1ay3bl MPUIOKEHO K MPOAYKTaM B3pbIBa, KOTOPHIEC PACIITUPSIOTCS, YMEHbIIAs CBOIO INIOTHOCTh C
TEYEHHEM BPEMEHHU.

B MoMeHT t; mpoucxoauT npo0oil MpoIyKTOB B3pbIBa U HACTYNAET AYTOBasi CTAINs U BTOPUUYHBIN
paspsia. Eciu ke ocTaTouHOe HaNpshKeHUE Ha KOHASHCATOPE MaJio MJIM PAaBHO HYIIO, TO AYroBas CTajaus
HE BO3HUKAET. B 3aBUCHUMOCTH OT yCJIOBUM B3pbIBA CTaAMs May3bl TOKA MOXKET OTCYTCTBOBATh, MPOOOM
IPOUCXOJUT B MOMEHT t, UJIM PaHbIIE.
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DJIIEKTPUYECKUH B3PbIB IIPOBOAHUKOB
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CTpYKTypHaH CXCMa YCTAaHOBKHU IJIA
IMOJIYUYCHHUA HAHOIIOPOIIKOB B YCJIOBUAX
SJIICKTPHUYICCKOT'O B3pbIBa ITPOBOJHHUKOB

1 — uCcTOYHUK IIMTAaHUA, 2 — HAKOIMUTEIb

[TapamMeTpsl JIEKTPUUECKOTO
B3pbIBa POBOJHUKOB

(OBII):

SHEPruu; 3 — MEXaHWU3M MOJIa4X MPOBOJIOKH; 4 U=16-26 B
y . =16 - 26 xB;

— B3PbIBACMBbIN oUTpe30K IPOBOJIOKH; 5 — |~2-5105A
BBICOKOBOJIBTHBIN 3JIEKTPOT; 6 — KOMMYTaTOp; 1-3

T~ 1 -3 MKC:
[ — HaKOMUTEJIb HAHOIIOPOIIKA; 8 — ’

V ~ 1,5 km/c

BEHTUWJIATOD; 9 - B3pbIBHAs Kamepa; 10 -
CUCTEMa BaKyyMHPOBAHUS U NIOJIAYM Ta3a.
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Hanonmopoumku, nojay4daemsie ¢ mnomoumbo IBII:

Ag, Al, Cu, Fe, Ni, W, Ni-Cr, Al-Cu, Al-B, W-Al, Cu-Ni, Ni-
Ti, ALO,, AIN, W,C, WC, TiC .

HaHonopowok antommnHua

CocTtaB: meTannnyeckmm antommHum — 88-93 % mac.;
OKCMAbl U TMAPOKCUAbI aNIIOMUHUA — 5-7 % mac.;
aacopbuposaHHble npumecn (H20,02,CO2,N2) — 5-7 %
Mmac.;

abcopbuposaHHbIN Bogopoa —< 1 % mac.;

NPUMECU MEeTaIZIOB — COOTBETCTBYHOT UX COAEPKAHMUIO B
MCXOAHOM NPOBOAHUKE.

HacbinHaA N1I0THOCTb HAHOMOPOLKA a/IlOMUHUA,
NO/IY4EHHOTO C MOMOLLLbIO 3NEKTPUYECKOTO B3PbIBa
NPoBOAHWKOB B aproHe, 0,1 r/cm3

1 — okcugHO-
TUIPOKCUIHBINA CIIOU
(AlI203, AI(OH)3)

2 — HACBIIICHHBII
IIPUMECIMHU CIIOU
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Oo0J1acTi IpYMMEHEeHUs MOPOIIKOB
TBepble pakeTHBIE TOIUIMBA U MUPOTEXHUYECKUE COCTABBI
[Tomyuenue BoAOpoOIa ISl BOJOPOAHOM SHEPTETUKH
AJIBTEpHATUBHBIN COCO0 MOTYYEHUS] aMMHUAKa
[Tomy4yeHue CBEpXMIACTUYHON KEPAMUKH

CUHTE3 HUTPUJOB Y MIOJTYYEHUE HUTPHUICOACPKAITAX
MaTeprUaioB

J0o0aBKH )15l TOTYyYE€HHUSI KAYECTBEHHON KOPYHIOBOM KEpaAMUKHU
MoOunbHBIC HarpeBaTeIbHBIC YCTPOMCTBA

[TosrydyeHne ra3onorjaoTUTEIEH.

HanomartepuaJibl
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Oco0eHHOCTH COCTOSAHHUS JIEKTPOB3PbIBHBIX HAHOMOPOIIIKOB

[Ipu maccUBUPOBAHUM AJIEKTPOB3PHIBHBIX HAHOMIOPOIIKOB 00pa3yeTCsl IBOMHOM

IEKTPUYECKUAN CIOM, UMEIOIIUNA BBHICOKYIO IICEBIOEMKOCTh U 00YCIaBIMBAOIIAMN

CIEAYIOIIME 0COOCHHOCTH HAHOMOPOIIIKOB.

1. Haxomnenue nzobsitounoi sHepruu (80-120 k[>k/M0b)

2. lloporoBeie IpoIECCHI

3.  YCTOMYMBOCTH IIPU KOMHATHOM TEMIIEpaType

4. BpIcokas peakiMOHHAs CIIOCOOHOCTH MPU TOCTHKEHUU MOPOTOBBIX

TEMIIEPATYP

Jlerko 00pa3yrOT HUHTEPMETAIUIUABLI U TBEPABIE PACTBOPHI

6. Jlo6asnenue 1 % HII cHmkaeT Temiieparypy CrieKaHusi rpyOOIUuCIIEPCHBIX
nopomkoB 0ojiee uem Ha 200 °C

/. TlonydeHue CIOXHBIX coequHeHn B ycioBusix CBC mpoTekaeT npu HU3KHUX
CTApTOBBIX TEMIIEPATypaxX U C BHICOKOW CKOPOCTHIO

o1
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O0beMHBbIC HAHOCTPYKTYPUPOBAHHbIE U
YJAbBTPAMEJIKO3EPHUCTbIE METAJLJIbI U CILIABBI

Four groups of biomaterials

Bulk biomaterials and biocoatings
1. Metals and alloys
2. Bloceramic materials
3. Bilopolymers
4. Carbon

All groups of biomaterials are intensively developed.
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Periodic Table of the Elements Vila

13 14 15 16 17
IIIA IVA VIA VlIA Ha

3 4 5 6 7
B IvB VB viB viB
6B

i ; 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Sehenide La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
I.ll'lhlllllm 140 1 15 140.90765 144.24 144 9127 Eumplum cholnlum Torblum Dytpfonlum '::'m 10126 13“0.10421 1 m L:;t.tlllm

Actinide
Series
| -
Halogens Ngg’h Lanthanides

Titanium, Zirconium, Niobium, Hafnium, Tantalum
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Titanium

Zirconium alloyed with niobium

The main positive features of pure titanium
High biocompatibility

Good corrosion resistance

Bioinert

Non-magnetic

Low thermal conductivity

Low coefficient of linear expansion

No toxicity

Relatively smaller mass density in compared to steel

HanomartepuaJibl
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O0beMHBbIC HAHOCTPYKTYPUPOBAHHbIE U
YJAbBTPAMEJIKO3EPHUCTbIE METAJLJIbI U CILIABBI

Nanostructured materials (metals and alloys) are materials
obtained with severe plastic deformation methods.

Mean size of structural elements (grain, subgrain, fragment)
IS~ 0.1 um and less.

The main oco6ennocTu of nanostructured materials obtained
with severe plastic deformation methods are following.

1. The large proportion of grain boundaries in structure.

2. Nonequilibrium state of grain boundaries.

Two features determine the different properties of
nanostructured metal properties, at first, the high level of
mechanical properties
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SEVERE PLASTIC DEFORMATION METHODS
Severe plastic deformation is plastic deformation of metals in

conditions of high level of mechanical stresses. In this case the
catastrophic decreasing of grain size takes place in the bulk of
metals and alloys.

There are a set of severe plastic deformation methods.

F + Pressing

D

Billet

Equal channel angle pressing (ECAP) abc - pressing
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SEVERE PLASTIC DEFORMATION METHODS

Billet

Double ECAP ECAP - conform

Extrusion with screwing
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Production of submicrocrystalline titanium
(the first stage)

N

1 — initial billet in press-mold, P — direction of pressing 2 — billet after the first step
of pressing, 3, 4 — iteration of the next steps of pressing with the change in

deformation axis

At the first stage the titanium billets were subjected to the multiple uniaxial pressing
with the change in deformation axis. The first stage included successive, step-by-step
decrease of temperature from 700°C to 400°C. Each cycle at predetermined
temperature included triple or fourfold pressing in a press-mold with the change

in deformation axis. A press-mold allowing to preserve the initial shape of the billet
for the next stage of pressing was used for the intense grinding of grains in titanium.
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Production of ultrafine grained (nanostructured) titanium

(the second stage)

1 — process of rolling in grooved rollers, 2 — billet in the form of stick after pooling

At the second stage the billets were deformed by rolling at room temperature.

The value of the accumulated deformation during the rolling was 80 %. After

the rolling the titanium billets were stick-shaped with the section of 6x6 mm? and
the length of more than 500 mm. Then the sticks were annealed at the temperature
of 250 and 300°C during 1 hour.
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Microstructure of nanostructured titanium
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Microscope Accelerating Voltage Acquisition Date Camera Length
JEM-2100 200 kV 07/06/11, 14:59 -

500 nm

Bright field images with microdiffaction patterns and
dark field images of the nano-structured / ultrafine
Grained titanium microstructure.

Hanomarepuaibl 21



Mechanical properties of coarse-grained and
nanostructured titanium
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2 — coarse-grained state

The microhardness and uniaxial tension tests have demonstrated the high mechanical
characteristics of the nanostructured titanium.

The microhardness values increase from 1800 to 3300 MPa. The tensile ultimate
strength 1s 1200 MPa and tensile yield strength is 1100 MPa for the titanium in
nanostructured state. At the same time for the coarse-grained titanium these values are
590 MPa and 300 MPa respectively.
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Mechanical characteristics of titanium (VT1-0, Grade2)
In different structural states, titanium Grade-4 and
titanium alloys Ti-4Al-6V and Ti-2Al-5Mo-5V

Substrate Armean: o, © %o

B, 0
am | MPa | MPA | Mpa | &% |H.MPa

Ti, coarse grained state 15 270 400 | 300 | 23 1700

Ti, nanostructured state 1000 - | 1100 -
0,1 1100 1200 580 6 3300
Ti (Grade 4) 25 >480 | =550 15 2200
Alloy Ti-4Al-6V 10 1010 1100 | 570 >6 3500
Alloy Ti-2Al-5Mo-5V - 1000 1050 : >10 3400

Table presents the information on mechanical properties (yield point, ultimate strength,
endurance limit under cyclic bend, plasticity up to fracture and microhardness) of
titanium samples in different state, titanium alloys and Grade 4 titanium applied in
medicine. It is clear that the mechanical properties of the nanostructural titanium
correspond to the properties of the high-tensile titanium alloys.
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Thermostability of Mechanical Properties of
Nanostructured Titanium

Initial state of nanostructured titanium

Thermostability zone o

nanostructured titanium
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Microstructure and mechanical properties of nanostructured titanium are stable up to 3000(2:4
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Microstructure of Zirconium after Severe Plastic

Deformation
50 S 50_ 1
sf § b 40} \
230 § e:\030-_ §
Syl § Q20 N
20 § - " §
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00 02 04 06 08 1.0 1.2 00 02 04 06 08 1.0 1.2
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A/ AISS D)

7

d/ pum

Microstructure of zirconium after severe plastic deformation. Bright field (a, c, e)
with SAD patterns and dark field images (f), the histograms of structural element size
(b, d, g); deformation value are 1.5 (a, b), 2,6 (¢, d) and 4.6 (e, f, g)

Hanomarepuaibl 25



Microstructure of Zirconium after Severe Plastic
Deformation

HanomartepuaJibl
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The Hall-Petch relationship for zirconium
deformed durind SPD
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Nanostructured titanium rods for dental implants

HanomartepuaJibl
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