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[lpoYHOCTL -  BenUYMHa,  XapakTepusyruiada
CNOCOOHOCTL  MaTepuana  WINM  KOHCTPYKLMK
COMPOTUBNATLCA  pa3pylUeHnio noa [OenCcTBUEM
BHELLHEWN Harpys3ku (BHELLUHMX cun).

ECTb Kak MUHMMYM [OBe nNpobriembl, KOTOpble
YCNOXHAKT OOHO3HAa4YHY0 WHTepnpeTauuto 3TOro
onpenerneHns, o0cobeHHO Aand KOMMO3ULMOHHbIX
MaTtepuanoBs. Bo-nepBblX, Bapuvauna BHeLUHEW
Harpys3kn. Bo-BTOpbIX, MHOXECTBO U KOHKYpeHUUd
Pa3nnN4YHbIX MEXaHU3MOB pa3pyLUeHUq.



Yacro yiaydieHue NPOYHOCTH MPHU OJHOM THIIE HATPY3KH NPUBOAUT K
yXyalueHuo npu apyrom. Hanpumep, 00b1MHO€ OKOHHOE CTEKJIO SIBJISIETCS
JT0BOJIbHO MPOYHBIM MATEPUAJIOM MPH MCEBIOCTATUYECKONM MeIJTCHHOU
Harpy3Ke, HO OHO JICTKO pa30uBaeTcd npu yaape. B Mexannke TBepaoro reJia
CYILIECTBYKOT NPEACTABJICHHUS 0 CTATUYECKOH MPOYHOCTH U BA3KOCTH
pa3pylieHusi, XapaKTepU3yiue COPOTUBICHUE PACTPECKMBAHUIO
marepuasna. CTek/io iMeeT 04YeHb HU3KYI TPEIMHHOCTOMKOCTh: B HEM JIETKO
pacnpocTpaHsieTcs TpemuHa. MeTaJuibl MOTyT 00J1a1aTh KAaK BbICOKOM
MPOYHOCTHIO, TAK M BHICOKOH BSI3KOCTHI0 Pa3pyllieHHsi. JTH XapaKTePUCTUKHI
BO MHOI'OM ONPeIesIIOTCH BO3MOKHOCTBIO IBUKEHUA TUCIOKanuii. Yem jerue
MepeMeaTCs TUCTOKALNNA, TEM HUKE CTATHYECKAS IPOYHOCTDH, HO TeM
BbIllIe BA3KOCTh Pa3pylIeHUsl, TEM TPYyJAHee PACIPOCTPAHAETCS TPEIUHA.
Ilo3TOMY BBe/leHHE CIeHUATBHBIX J00ABOK, NPENSITCTBYOIIUX JABUKEHUIO
TUCJIOKAUN (HATIpUMEP, YIVIEPOAA B kKeJie3e), IPUBOAUT K YBeJIUYEHUI0
CTATHYECKON MPOYHOCTH, A TAK)KE K NMOBBIIIEHUIO XPYIIKOCTH M 00J1erYeHII0
pacnpocTpaHeHus TPEIUH.

Ilpupoaa u yenoBeK, cjaeays eid, HAIJIMA BbIX0] U3 3TOT0 MPOTHBOPEYHS,
C0371aB KOMIIO3UTHbIE BOJIOKHUCTBIE MaTepPHAJIbl, TAKHE KAK IePeBO WIH
CTEKJIOIJIACTHK.
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Nanostructured artificial nacre
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(a) An SEM micrograph of the fracture
surface of an abalone shell showing the
Individual hexagonal aragonite tiles
comprising the microstructure. (b) An
optical micrograph of the mesoscals
laminate structure of the abalone shell in a
bend fracture sample showing the crack
deflection achieved in this multi-layered
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The microstructures
typical of Ti- Al3Ti
metallic-Intermetallic
Laminate composites
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graphene in metal-graphene nanolayered
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Figure 3 | Results of nanopillar compression test. Scanning electron
microscope image of a Cu-graphene nanopillar with 125-nm layer spacing
(a) before and (b) after compression testing. Scale bar, 200 nm. Stress
versus strain curves for (e) Ni-graphene and (d) Cu-graphene of various
repeat metal layer spacings. The flow stresses at 5% plastic strain versus
repeat layer spacing plots for (e) Ni-graphene and (f) Cu-graphene
nanolayered composites.

Schematic of metal-graphene multilayer system synthesis.



MAJOR FRACTURE MECHANISMS OF UNIDIRECTIONAL COMPOSITES
|. Tensile loading along fiber axis
1. Accumulation of fiber breaks

2. Crack propagation from stress concentrator (fractured fibers or yarn, notch,
hole, knot, etc.)

3. Splitting, unwinding

Il. COMPRESSIVE LOADING ALONG FIBER AXIS
1. Microbuckling of fibers

2. Splitting and consecutive buckling of splitted parts

3. Kinking, forming of the shear band at approximately 450 to the loading axis



|. Tensile loading along fiber axis
1. Accumulation of fiber breaks

2. Crack propagation from stress concentrator
(fractured fibers or yarn, notch, hole, knot, etc.)
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3. Splitting, unwinding
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. COMPRESSIVE LOADING ALONG FIBER AXIS

1.  Microbuckling of fibers
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2. Splitting and consecutive
buckling of splitted parts
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Splitting and consecutive shear band
formation (kinking) from the top of split
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EFFECT OF MATRIX PROPERTIES ON THE COMPOSITE STRENGTH
The strength of composite increases with:

|. TENSILE LOADING ALONG FIBER AXIS

1. Accumulation of fiber breaks

increasing of the strength or yielding point of
matrix;

2. Crack propagation from stress concentrator

decreasing of the strength, yielding point or
stiffness of matrix;

3. Splitting, unwinding

. COMPRESSIVE LOADING ALONG FIBER
AXIS

increasing of the toughness, fracture energy of
matrix and adhesion strength;

1. Microbuckling of fibers

increasing of the shear modulus of the matrix;

2. Splitting and consecutive buckling of splitted
parts

increasing of the toughness and the strength of
matrix and adhesion strength;

3. Kinking, forming of the shear band at
approximately 450 to the loading axis

practical independence of the composite
strength on the strength of matrix at the high
fiber volume content.

J1d kakIoro MexXaHH3Ma CBOH KPHTHYECKHE YCOIOBHA H CBOH TpeOOBaHHA K
CBOHCTBAM MATPHIIBI ( CBA3VIOIIETO ), TPaHHIlE pa3ierla BOJIOKHO - MaTPHIIA H IIP.
BaxHO NOMHHTE. 9T0 3TH MeXaHH3MBI MOTYT OBITE Pa3/IHYHBIMH 1711 KOHCTPYKIIHH
H BBIPE3aHHOTO 00pa3la 11 HCIBLITAHHH, 9T0 MOKET IIPHBOIHTE K OIMHOKAM IIPH
[epeHeCeHHH Pe3yIbTaTOB CTAaHIAPTHRIX HCIILITAHHH Ha pacdeT KOHCTPYKIIHH.



Mbl OCTaHOBUITUCb TOMBKO Ha ABYX MPOCTLIX crnocobax
CTaTU4YeCKOro HarpyxeHums ogHoHarnpaBfleHHOro BOJIOKHUCTOIO
KOMMNO3nTa — pacTaXXeHue U cxxaTtue BOONb HarnpasieHns
apMmpoBaHu4a. Bo3MOXHO 1 HarpyxeHue nog pasHbiMU
yrnamu K HanpasfeHUo apMUpPoBaHnS, NPOYHOCTL MaTepuana
CO CJTIOXXHOMN CXEMOMN apMUPOBaHUSA, NPOYHOCTb NMpu U3rnde
nnun ewle b6ornee CrioXkHbIM MPUIOXXeHNEM Harpysku.
Kpome Toro cyLiecTtByeT U AnHamMmnyeckoe unm ygapHoe
Harpy>xeHue, UMKNM4Yeckoe NpunoXxeHne pactarmearoLmx,
CXUMaKLWMX UITN N3TMOHBIX BHELLIHUX CUN, ONUTENbHasda
NPOYHOCTb MPU MNOCTOAHHOW Harpyske v np.

1 kaxkgbi BApUaHT XxapakTepusyeTcs CBOUM 3HAYEHMNEM
paspyLualoLLEero HanpaXXeHns, NPOYHOCTU MmaTtepuana.



YCTANNIOCTb MATEPUAJIOB

Eumle oqHa XapakTepuCcTHKA MPOYHOCTH MATEPHAJIA - ITO YCTAJIOCTHAA
MPOYHOCTh TNPH UHUKJIMYECKOM u3rude. Xopomo U3BECTHO, YTO
METAJJIMYECKAsA TMPOBOJIOKA JIETKO JIOMAETCHd MOCJe HECKOJIbKUX
m3ruoos. To ke camMoe mNpPoOU30IIET, HANPUMEpP, € ILJIACTHUKOBOM
pacueckoin. /lejio B TOM, 4TO NPH 00JbINUX MJIACTHYECKUX JedopManuax
TBepAbIe BeIeCTBA HAKAIIMBAKWT  JAe(eKTbl (IUCIOKAIUUA B
KPUCTAJUIMYECKHUX MAaTepUaJax, AWIATAIMA B CTEKJIAX, Kpeisbl B
MoJIMMepax M T. A.). OTH JAedeKThl NPeBPaAlIAIOTCA B TPEIIMHbI, BeTYIIHE
K paspyumieHu0 marepuaaa. B oriinuune ot TBepAbIX TeJl, B KUAKOCTAX BO
BpeMsa aAedopManuu (TeyeHHs) Ae(PEeKThl HEe HAKAMIUBAKWTCA WIM OHU
OBICTPO PEJIAKCUPYIOT M TEJ0 BO3BPAILNAETCHA B PABHOBECHOE COCTOSIHME.
Hass 0oabmux M3rHOHBLIX AedopManui, CKaKeM, KOCTed, NPUPOAA
u3o0pesa CHemuajJbHOE «YCTPOMCTBO» B KavyeCcTBe COYJICHEHUS,
coaepkaliero JKUAKYI0 CMa3Ky, KOTOpas CIOCOOHA BbIICPKUBATH
Oonbmue  gedopManMu. AHAJOIMYHO, CMa3Kka  padoraer B
MOAIIUITHUKAX.
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a - Local deformations of a granular system under uniaxial compression,
b - particles with paucity contacts (red marks) after yield point
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JlepeBo npeacrasJisieT 0CO0ObIA HHTEPEC M3-32 BHICOKOM
YCTAJOCTHOU NMPOYHOCTH. ZKMIKMI COK B :KUBBIX BETBAX, I0-BUIUMOMY,
NPUHUMAET Ha ce0s1 0osibInue u3rndHbIe nedopmanuu. Eciam 1epeBo
WM BETBb BBICHIXAI0T, OHM CTAHOBATCH JIOMKHUMM M JIETKO JIOMAIOTCH
npu crudanuu. [lIpu HU3KUX TeMnepaTrypax KUAKUHA COK, I10-BUIAMMOMY,
JT0JI5K€H 3aMEeP3HYTh, a IePeBO A0JKHO CTaTh JOMKHUM. J[a, 3T0 mpaBaa.
OaHaKO B TAKHX JAepPeBbAX, KAK JUCTBEHHUIA, KOTOPAsA MOKET BHI)KUTh
Jdaxke P CHOMPCKHUX MOPO03aX, €€ COK MpeACTABJIsAeT CO00M BOAHBIN
PacTBOp nmoJiucaxapuaa (apadMHOraJIaKkTaHa), KOTOPbIM 3aMep3aeT Nnpu
OYeHb HU3KHMX TeMIeparypax (3BTEKTHKA).

J1aCTOMEPBI U KAYYYKH - 3TO MATEPUAJIbI, KOTOPbIE TAKKe He
HAKAILUIUBAKOT e eKThl BO BpeMd AepopMannn. ITH MATEPHAJIbI
HAXOAATCH B 'KUJAKOM COCTOSHUM NPU HOPMAJIbHBIX ycaoBusx (T>Tg, T
- paboyas Temneparypa, Tg - Temneparypa CTeKJI0BaHUSA), U BpeMeHa
peJIaKCAlMM UX CTPYKTYPbI OTHOCUTEIbHO HEeBeJIUKU. MbIIIIbI
"KUBOTHBIX U JIKOACH WJIM IIUHBI M APYrde pe3uHOBbIe U3/ 1usl,
CO3JaHHbIE YeJI0BEKOM, BOT MPUMEPhI TAKUX 00bEKTOB.
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OnexTpoHHas MUKpodoTorpadus OAHOTO TOI0BOTO KOJbIIA, BKIIOYAIOUIETO CIOM
paHHEN (KpyIHBIE MOPbI, TOHKUE CTEHKH) U MO3IHEN (MEJIKHUE MOPBI, TOICTHIE
CTEHKH) JPEBECUHBI TUCTBEHHUILIBI MOCe 3KcTpakuuu Al

OCK (mBriar)
T a0

"Mk 18.8 °C, 5.909 BT

Nnouane: 89.45 [xir
-

-80 -60 -40 -20 0 T.°C S

O CK-kpuBble onusok gpeBecuHbl NMUCTBEHHULBbI U3 CpefHen YyacTun sapa
(a) n 26%-Horo BogHoro pacteopa Al (6).
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IlpupoaHbie MaTepuaIbl —
3HAYUTEJIHHO CJI0KHEE U
TAUHCTBECHHEE

. OHM cnNOCOOHbLI NogaBaTb CUrHarbl NMPU paspyLUeHUN,
Hanpumep, opraHu3m 4YyBCcTByeT Oonb

. MpupoagHbie maTepuanbl camo3ane4ymBaloTcs, CaMu
PEeMOHTUPYIOTCS.

. OHM MoryT noactpamBaTbCA K OKpyXKallLlieun cpege,
npunaraemoun Harpy3ke (“smart material’) .



Bynyuwiee:
1. icnonb3oBaHne NpupoaHbIX Matepuanos ("3ereHble” KoMno3nThbl) U,

BO3MOXHO, reHeTn4eckasa mogndukaums (Mnm cenekumnsi) NICTOMHMKOB
(pacTeHus1, oepeBbsi, NayTMHa K Np.)

2. HeopraHunyeckne ceasytoume (Heroprodme, TepMOCTONKME,
paguaumMoHHOCTONKME, Nerko nepepabarbiBaemMble 1 Mp.), NrnacTuyHas
Kepamuka.

3 UyBCTBUTESbHbIE K NOBPEXAEHUSIM, KaK YESTOBEK NN XXMBOTHOE K Bonw.
4 Camo3sanedmBaroime KOMno3uThbil.

5. KoMMNo3nTbl C BbICOKOW YCTanoOCTHOM MPOYHOCTLIO, KaK pacTyLuee
aepeso.

6. "YMHbIe" KOMNO3UTbI, NOACTPaNBYIOLLMECS NO4 BHELLHME YCIOBUA,
Harpysky temneparypy v np.

/. HoBble MeTOoabl NnepepaboTku: aganuTBHLIE U NP. U BTOPUYHOM
nepepaboTKkn.

8. Cnonctble KOMMO3uTLI, MeTann-rpaPeH u MHorve gpyrne Tuna
PaKyLLeK.

9. N'pagneHTHble MaTepuanbl N U3OeNNs Kak Urnbl, Nepbs 1 np.

10. bnopasnaraemble MmaTepuanbl 4ns ynakoBku, MeguunHbl 1 np.



