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CEKIINA 14: KOMIIBIOTEPHOE MOAE/IHPOBAHHE H
MATEMATHYECKHE METO/Ibl OIIHCAHHA CTPYKTYPbI H
MEXAHHUYECKOI'O IOBEJEHHA MATEPHA/IOB H
HAHOMATEPHAJIOB
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INocne Havana JOKaJNM3alMd MCTHHHBIC JUArpaMMbl JeQOpPMUPOBAHUS CYMIECTBEHHO OTIMYAIOTCS,
npudeM JJisi 000JOYKH POCT YIPOYHEHUS MPAKTHYSCKH COOTBETCTBYET YPOBHIO JIO TIOTEPH YCTOHYHMBOCTH,
JUISL CIUTOLITHOTO CTEPOKHS YIIPOYHEHUE CHIDKACTCS M AUarpaMma CTPEMHTCS K UIealIbHOM TIaCTHYHOCTH;

B crmuiomHOM CTep)KHE pOCT MIapOBOi COCTABISIONICH 3HAYMTENBLHO BBINIC, YeM B O00OJIOYKE;
OTKIIOHEHHE IUarpaMM oOpaTHO TIPOMOPHHOHANRHO cTeneHn oObemMHOocTH HJIC B meHTpe medkw
CIUIOITHBIX 00pa3IoB.

4. 3axnroueHue

UccnenoBanne neopMalMOHHBIX W MPOYHOCTHBIX CBOMCTB YIPYrOIUIACTHYECKMX MAaTEepPHATIOB
HEOOXOJIMMO OCYIIECTBISITh HA OCHOBE JKCIEPUMEHTAILHO-PACUETHOTO Toaxoa. Pa3paboTaHHbIil moaxo
MO3BOJISIET MPOBOJMTH HCCICIOBaHHs 3aKOHOMEPHOCTEH MpOLECcCOB Ae(OPMUPOBAHHS M PAa3pYIICHUS C
y4eTOM BCEX HE0OXOIUMBIX (pakTopoB. B yacTHOCTH, pa3paboTaHHBIC paHee METOAUKH TO3BOJMIM BICPBHIC
OTIpeNIeNIUTh cTereHb BiausHus Buaa HJIC Ha mocTpoeHHne HCTHHHON TUarpaMMbl 1e()OpMHUPOBAHUSI BIUIOThH
70 paspyumieHusl Ui LHWIMHIPUYECKOH O000JOYKM M CIUIOIIHOTO CTEP)KHS, BBIOJHEHHBIX M3 psia
KOHCTPYKIMOHHBIX MaTepPHAIOB. DKCIEPHUMEHTAILHO-PACUYCTHBIE METOJbI UCCICAOBAHUS B 3TOW 00JIACTH
HEOOXOJIMMO DPa3BHBATh, T.K. OHH SBIISIOTCS OCHOBOW JUIsI OMpENCICHHS MapaMeTpOB M BepHUPHUKAIUU
MoJieielt 1eOpMUPOBAHHS U Pa3pyIICHUS MaTEPUATIOB.

Pabora BrimonHeHa mpu ¢puHAHCOBOM monaepkke Poccuiickoro Hayunoro ¢onaa (mpoekt Ne 15-19-
10039).
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MODELS OF COHESIVE AND BRIDGED CRACK FOR EVALUATION OF
MATERIALS SELF-HEALING
Perelmuter M.
Institute for Problems in Mechanics of RAS, Moscow, Russia, e-mail: perelm@ipmnet.ru

Models of a crack with interaction of its surfaces make it possible to combine approaches of
mechanics, physics and chemistry while analyzing processes of fracture. Different versions of such models
(cohesive or bridged) for analyzing brittle, elastic-plastic and viscoelastic fracture were proposed. In this
paper the models of cohesive and bridged cracks are used for the efficiency evaluation of healing and self-
healing of cracked structures.

During healing and self-healing of materials the following stages of these processes can be considered:

1) formation and growth flaws/cracks under external loading and aggressive environment;

2) activation of healing or self-healing mechanisms under external influence or internal agents;

3) healing of flaws/cracks with partial or total restoration of bonds between crack surfaces.

In the frames of cohesive/bridged approach is assumed: there are artificial bonds between crack
surfaces (the interface layer); any zone of these bonds is considered as a crack process zone (cohesive or
bridged) with distributed nonlinear spring-like ligaments between the crack surfaces. The bonds properties
variation define the stress state at the crack process zone and, hence, the fracture toughness of the material.
In a general case, the size of process zone of the crack is comparable to the whole crack size. The choice of
the process zone model (cohesive or bridged) depends on the materials type and the self-healing mechanism.
The transition between cohesive and bridged models is considered.

The main task of the modeling consists of the computational analysis of the bridging stresses
distribution and in the computing of the stress intensity factors which are the main characteristics of healing
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and self-healing efficiency. The mathematical background of the stresses problem solution is based on the
singular integral-differential equations (SIDE) and the boundary element methods (BEM) [1-3]. Different
self-healing methods (microcapsules filled with a self-healing agent, microvascular fibers, mendable
polymers) with various mechanisms of self-healing are analyzed. The thermo-fluctuation kinetic model [4, 5]
is used to evaluate the time of the crack bridged zone formation and regeneration. The healing time and
efficiency are dependent on the chemical reaction rate of the healing agent, the crack size and the external
loads. The non-local fracture criterion [1, 6, 7] is used to evaluate the fracture toughness and the critical
external loading in the frames of the bridged crack model. The model can be used for the evaluation of
composite materials healing and durability. Some results of self-healing processes analysis are presented and
discussed.

A straight crack on the interface between different materials under the external tension o, (normal to

the crack plane) was considered, see Fig. 1. It was assumed that at the initial time instant (when the surfaces
of a crack are free of constraints) some healing process is activated inside of a crack and ligaments between

crack surfaces are building, see Fig. 2, where d - is the built bridged zone size, u,., - are the components of
the crack opening at the bridged zone edge.

t i i t” (

2¢ - u, 4
Ha. V2 )
I ] ] r/
Ty
Fig.1 A crack on the interface between different Fig.2 Ligaments between crack surfaces

materials
The numerical calculations were performed for plane strain conditions and the following elastic

constants of the joint materials and bonds (Cu-epoxy polymer): E, =25GPa, E, =135GPa; E, = E, (elastic

modulus of bonds), v, =0.35,v, =0.3. The purpose of calculations is the dependence analysis of the self-
healing process efficiency (the measure of efficiency is the level of SIF at the crack tip) on the bridged zone
length (the crack filling with bonds) and on the bonds stiffness.

In Fig. 3 the dependencies of the SIF module versus the relative bridged zone length are shown for
different values of the relative bonds stiffness x = #/H (here / - is the crack half length, H - is the thickness
of the interfacial layer between materials). For bonds with relative stiffness more than 10 the healing
efficiency reaches the saturation if the crack has filled with bonds more than on the half of its length. The
saturated bridged zone size here is defined as the zone size above that the SIF is changed less than 5%.

The evolution of the healing process as the dependence of SIF module versus a relative bond
stiffness (in logarithmic scale) is shown in Fig. 4, whered - is the built bridged zone size. Saturation of the
healing effect is observed for bonds with rather big stiffness. In Fig. 3 and Fig. 4 values of SIF for cracks

with bonds were scaled by SIF for the same crack length without bonds, K, = O'O\W
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Fig 3. SIF module vs relative bridged zone length Fig.4. SIF module vs relative bond stiffness

Analysis of the healing process in finite size structures can be performed by boundary elements
method [4]. Growth prediction of healed cracks can be performed on the basis of the bridged cracks growth
criterion [5].

Aknowledgements

This research was partially supported by Russian Foundation for Basic Research, research project No.
17-08-01312.

References

1. R.V.Goldstein, M.N.Perelmuter, Modeling of bonding at the interface crack, Intern. J. of Fracture,
1999. V.99. no.1/2, P.53-79.

2.Perelmuter M. An interface crack with non-linear bonds in bridged zone, Journal of Applied
Mathematics and Mechanics (PMM), 2011, V. 75. no.1, P.151-172 (in English).

3.Perelmuter M. Boundary element analysis of structures with bridged interfacial cracks //
Computational Mechanics, 2013, V. 51. no. 4. P.523-534.

4.Goldstein R.V., Perelmuter M.N. Kinetics of interface cracks formation and growth, Mechanics of
Solids, 2012, V.47, no.3. P.87-102 (in English).

5.Perelmuter M. Kinetics of interfacial crack bridged zone degradation, Journal of Physics:
Conference Series. 2013. V. 451, no 1. P. 012—-020.

6.Perelmuter M. Nonlocal criterion of bridged cracks growth: Weak interface, Journal of the European
Ceramic Society. 2014. V. 34. no. 11. P. 2789-2798.

7.Perelmuter M. Nonlocal criterion of bridged cracks growth: analytical analysis, Acta Mechanica.
2015. V. 226, no. 2. P. 397-418.

AEAEKEAIXAXKXAKREAAAKAAKAITAAXAKRAAAAAAAAXAAAKRAAAAAAAAAIAAAAIAAAAAAhrhdhdhdrrrhdhihhiiihdhiix

WCCJEJOBAHUE KABUTAIIMOHHOM 3PO3UHU CTAJIA 20X13 C IOKPBITUSAMHU
bubauk U.B., Bakynenko K.B., Kazak U.b.
Hucmumym npobrem mawunocmpoenusi um. A.H. Iloocopnoeo HAH Yrpaunw,
Xapovros, Vipauna, miles@ipmach.kharkov.ua

XOpoImo H3BECTHO, YTO OCHOBHOW NPHYMHON pa3pylIeHHs BCJIEICTBUE KaBUTALIMOHHOM 3pO3HUU
SIBIIIIOTC MHOTOKPAaTHO TOBTOPSIOIINECS THAPABINYECKHE YAapbl, BO3HUKAIOUINE TMPHU «CXJIOMBIBAHUI»
My3BIPEKOB, KOTOPBIE 00pa3yloTCsi BOJIM3K MOBEPXHOCTH TBEPAOTO Tejla, OMBIBAEMOTO TIOTOKOM YKHJIKOCTH.
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UccnenoBanucey 06pas3upl u3 cranu 20X13 ¢ BakyyMHO-TUJIA3MEHHBIMU MTOKPBITUSIME MHOTOCTIOWHON
KoHCTpyKIMu Tpex coctaBoB: Ha ocHoBe Cr+CrN; aTi+TiN u Cr+(TiCr)N. Onpeneneuue pe3ysibTaToB
KaBUTAIIMOHHOTO BO3JEHCTBUS Ha 00pa3nbl OCYLIECTBISJIOCH HECKOJBKUMHM METOJAMH: IO IMapaMeTpy
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