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Nanomechanics of materials and systems

Lecture 10

Pa3pyLieHune
Failure



Pa3pywieHune Destruction

-penakcauuna ynpyrov aHeprum 3a cyer
HapyLweHna CNioLWHOCTU cpeabl
-Relaxation of elastic energy by
disintegration of the medium



TeopeTnyeckmn npegen npoYHOCTH

Theoretical limit of strength
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CTtaguun paspyLueHusd
Destruction stages

« 3apoXxageHue TpeLInHb
Nucleation of a crack

* Pa3sButne TpeLinHbI
Development of cracks



TpewmnHsbl Cracks
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Elastic field around an elliptical
crack

Cxema BO34enCTBUSA YCUITMN HA aTOMHbIE
CBA3M OKOJS10 BEPLUMHLI OCTPOW
TpewmHbl. [MyHKTUPOM YCNOBHO
NnoKasaHbl pa3rpy>keHHble obnacTu.
Schematics of tension of atomic bonds



OHepreTundeckun Kputepun 'pndpdutca
c (Griffith’s thermodynamic criterion for cracking, 1920)
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BbicBobOXXAaemasi aHeprus gedopmanum
Energy relealse
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cocTosiHus Exact solution for plane stress
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(For plane stress)




HanpsikeHnsa B6rnn3m kpasa TpeLmHb
Stress near the crack edge

OHEPreTU4ecknii KpuTepUn Griffith’s thermodynamic criterion is
SBNSETCA HEOOXOANMBIM. necessary for cracking.
S1BNsieTCA N OH AOCTATOYHBIM? But is it sufficient?
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Cunosou KpUTepun yCTOMYMBOCTU TPELLUUHDI
Stress criterion for crack stability
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Ecnun Ha Kpato TpeLLmHbl HanpsXKeHust
NPEBLILLAKT TEOPETUYECKUI Npeaern NPoOYHOCT!,
cucTemMa TepsieT MeXaHMYEeCKYH YCTOMYMBOCTb

O > Gmax
BOnunsn BepLUInHbI OCTPOW TPELLUHBI
Near sharp crack tip
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g KO3(PUUNEHT KOHLIEHTpaunmn ynpyrmnx
HaNpPsXXeHU 3aBUCUT OT POPMbI Kpas
TPEeLUUHbI
Stress intensity factor depends on the
crack tip shape



[Tlopa Pore, void
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KoadodpunuUMeEHT KOHUEHTpaUnmn
HaNpPAXXeHU paBeH 3.
Stress intensity factor is 3.

PacnpeneneHue HanpsiXeHUn y Kpasa Kpyrroro oTBEpPCTUS C paguycom a B
OeckoHeYHOoN nnacTuHe, NoaBepPrHyTon BO34enUCTBMIO 0QHOPOAHOIO
Hanps>KeHns1 o (NS1I0CKoe Harnpsi)KeHHOE COCTOSIHUE).

Stress field around a cylindrical crack in a plate.



Tunbl MmukpoTpewinH Types of microcracks
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nopa (Tynas TpewuHa)  ynpyrasa TpewunHa (octpas) OVCNOKaLWMOHHAaA TpeLunHa
pore, void elastic crack dislocation crack

Griffith's work was largely ignored by the engineering community until the early 1950s.
Griffith's theory provides excellent agreement with experimental data for brittle
materials such as glass.



dopmmpoBaHMe MUKPOTPELLMH NPU NMNacTUYeCKON

nedopmauymun. Crack formation due to plastic deformation
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MexaHunam CTpo Mexanunam Kotpenna
(Straw’s mechanism) (Cottrell's mechanism)



TpewuHbl B nneHkax. Cracks in thin stressed films
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Steady advance of a crack in the x-direction through a thin film. Crack growth is
driven by the residual biaxial tensile stress o _ existing prior to cracking.



PacnpocTtpaHeHne TpewnHbl Brnyob. Crack development

PaboTa no co3gaHnio HOBOW MOBEPXHOCTMW.
Work to create new free surface
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[BwxyLias cmna obpasoBaHNA TPELLUHBI.
Driving force for a crack formation.
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The solid curve shows the driving force G for insertion of a crack in the thin film
as a function of crack depth n. The dashed curve shows the corresponding
configurational force W  tending to extend the crack steadily in the x-direction.



Kpntnyeckaa TonwmHa gns obpasoBaHUs TPELLUH.
Critical thickness for cracking of a stressed film.
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The solid curve shows the driving force W _ tending to extend a film crack versus
the depth of penetration of that crack. The dashed curve shows the

material resistance to extension as the function of depth, drawn in this case for
r >2r..
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Maccue TpewinH Crack array
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MuHUManbHOE pacCToAHME MeXay TpeLwmHamm
Spacing between cracks

\sequential formation
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The minimum spacing possible for an array of cracks formed simultaneously, or
sequentially versus residual stress in the film. The arrow identifies the stress at
which cracking first becomes possible.



[Tpumep Example

In, ,.Ga, ,.As/InP, ¢ =0.02, E=76.8 GPa, v=0.32, =1.6 J/m?;

T = Mee,. = 2.26 GPa
2 [:Ef

—n2 2
I Ce O-I-rl

=13.6 nm
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Hwsth=2(h). A_. =100 nm
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Kpan TOHKOW NNEeHKU Ha NoASIOXKKe
Edge of a stressed film on a substrate

free edge

interface

Schematic diagram of a thin film with a free edge bonded to a thick
substrate. The equi-biaxial stress in the film is o _ at points far from the film
edge compared to h. . The planar edge of the film x = 0 is traction-free.



COBUroBble HaNpsXXeHnsa BONm3n Kpas nneHkn Ha

noanoxke. Shear stress near the film edge.
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A schematic diagram of a film with a free edge bonded to a substrate is shown in
the upper portion. The lower portion depicts the same system but with the film
and substrate separated to reveal the shear traction distribution q(x) through

which they interact across their interface and the internal membrane tension t(x)
in the film.



HanpsixeHus BONn3mn cBobogHOro Kpasi NieHKu.
Shear and normal traction near film edge.
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The solid curve labeled q(x)/ko  shows the shear traction versus distance kx=h_,
as determined from the numerical solution of the elastic membrane problem. The
dashed curve shows the asymptotic square root singular behavior of the shear
traction and the curve labeled t(x)/o_h. is the normalized film tension that is in
equilibrium with the shear traction q(x).



OTtcnoeHue (genamuHauns) Delamination
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Part (a) shows a delamination crack propagating along the film-substrate
interface. In part (b), the possibility that the crack edge defects out of the
interface is considered, with the new direction of growth being inclined at an
angle w, to the interface plane.



Kputnyeckasa TonwmHa Aans CNoHTaHHOM AenamMuHauum
Critical thickness for spontaneous delamination

Bbinrpoil B yrnpyrom aHeprum
Release of elastic energy
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LdenamnHauma n TpelmnHoobpasoBaHme B NIIEHKE
Cracking vs delamination for a film
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Plane of the dimensionless groups of system parameters, in the form of
02m h /ET. versus '/l , divided into ranges of fracture behavior. The diagram

applies for the case in which I'/l"_ < 0.26



[enamunHaumna v TpewmHoobpasoBaHMe B NOASIOXKKE
Cracking vs delamination for a substrate
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The plane spanned by two nondimensional combinations of system parameters,
with (o - oa)zhf/ZFEf representing crack driving force and I' /I representing
substrate fracture resistance, with both measures normalized by the same
interface separation energy. Based on the developments in this chapter, the plane
can be divided into regions in which no cracking is possible, only substrate fracture

is possible, only interface delamination is possible, and either interface or substrate
fracture is possible.



N3rnb npn genammHauymn. Bending when delamination.
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Schematic representation of the edge force and bending moment for an
axisymmetric buckle which forms on a circular region along the film-substrate
interface.



HenamunHauma kak cnocod nonyvyeHuda TpexmepHbIX MUKPO
N HAHOCTPYKTYP
Production of microinductors by delamination and bending
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The PARC inductor: (a) scanning-electron micrograph (SEM) of a five-turn

solenoid inductor (the locations of the sides of the turns before release are

visible); and (b) SEM close up of the tops of the turns where the metal from
each side meets, showing the interlocked ends. The etch holes have been

filled with copper.



BcnydnBaHue Buckling
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Penakcauunga ynpyron aHeprmm B reTepoCcTpyKTypax
Relaxation of elastic energy in heterostructures

BHYTpeHHNE Hanpsi>keHUs BO3HUKaIoT
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Change of the material shape Plastic deformation in the film  Fracture and delamination
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[omawHee 3agaHne (Homework) 9

Onpenennutb KPUTUYECKYIO TONWNHY 0O0pa3oBaHnAa TPELUVH Ans
anuTakcuanbHOW NNeHKM Si, BbipalwmBaeMon Ha nognoxke Ge ¢
opuneHTauunen (001).

Determine critical thickness for crack formation in epitaxial Si film
grown on Ge substrate with (001) orientation.



