Contents

Chapter 1 Introduction ----=-=-ssesee wsssmesssmsssssssssseesesssssssssnernes 1
1 . 1 Heterogeneous materials ................................................................... 1
1.2 Multifield coupling properties of heterogeneous materials -+ 3
1.3  Overview and structure of the DOk «-ss-reesssssrserirssnsssssaseasescnansaneacs 5
References .................................................................................................. 6

Chapter 2 Homogenization theory for

heterogeneous materials -s-=-s-seereerarmnnirinnninen, 7

2.1 Microstructure of heterogeneous materials 7
2.2 Periodic boundary COnditions -------s+-+srreresersracssessennisissssnssessesananncacs 9
2.2.1 General cONSIAETatIONS »=-+v+sessereeearemrserrensanisansacsacsoscaasecincenes 9

2.2.2 Symmetric and periodic boundary conditions =-+--+=+s+ssseeee 10

2.3 Implementation of periodic boundary conditions in FE analysis - 12
2.3.1 Multi-point CONSITAINES +-o++sserrrerremroremsenrnensieiscissinnsicaninaes 13

2.3.2  Polynomial interpolations - -sssssrssseessesessusesssensssnssesens 14
233 Specified Strain States -+ - wrssesessessrsarssersssssessssssesisnnans 14

2.4 Effective fields and effective properties - sereresssncesens 15
2.4.1  Average fields et 16

242 Effective properties == 17

2.43 Homogenization methods - 20

2.5 Direct homogenization 22
2.6 Indirect method ---eeressreresssssscsenssnssseniiecsiinsscensr s nisssicnsneens 23
2.6.1 Self-consistent and generalized self-consistent scheme -~ 24

2.6.2 Mori-Tanaka method --+e:-essseemserssssemsissnisssisnssrnnnssnsnenen 25

2.6.3 Self-consistent FEM and M-T FEM eeeresrseesvsnracssscncecnes 27

2.6.4 Differential method - sresssesssiiens 28

2.7 Variational method -30
2.8 Two-scale expansion method ------rseresreosrsosessceccacicnac 31

Bibliografische Informationen
http://d-nb.info/988161273



http://d-nb.info/988161273

viii Contents

2.8.1 Expansion of the displacement field----+-ss-ssseessseseeesreereense 32
2.8.2 Establishment of basic equations of elastic
microstructure ..................................................................... 33
2.8.3 Determination of effective properties of material with
microstructure ..................................................................... 34
284 Variational fOITrlS ................................................................. 3 5
2.8.5 Finite element formulation ---r-s=-=rsesrrereereerserseceicaisinceaenann. 37
2.9 An approximate estimation of effective properties «-«-=--s-ssseseseseee 38
2.10 Formulations and implementation for 2D problem «-:ssessesseveneasere: 39
2.10.1  Formulationsg - --r=-s--resesresereesssessrsocicsusrersecancssnssensssensossnass 39
2.10.2 FE implementation of homogenization methods «-------- 46
211 NUMELICAL FESUILG+--+-r--serserserserserseassonsarsarraesansasrastastosrassaseassensaseans 47
2.11.1 Effective stiffness of iSotropic compOsite s=ssstevsresssesssesenes 49
2.11.2 Effective stiffness of anisotropic COmposite ++:ts-eseeeses 52
2' 11 .3 Microstructural defon-nation .............................................. 53
RE{EIEIICES ++++++++esrerresresresresmessrsnessrsnaseessessestsssstasessnssssanesmassasessiessasanssesassns 56
Chapter 3 Thermo-electro-elastic problems ««:+:ssssemeeeseeee 59
3.1 INtroduction -« ss=ssermsrmrermrmnrreiirseeetiie i neeieeiene e s e ene e es 59
3.2 Linear theory of PiezoelectriCify -+ - +ssssssessssssssssssssssssssssssssssnsns 61
3.2.1 Basic equations of linear piezoelectricity -=-+s-ss-seseserscemereens 61
3.2.2 Two-dimensional simplification ---------ssssescescssemcrrcens 66
3.3 Two classical solution approaches for piezoelectricity ----»-«sseseseereee 67
3.3.1 Solution with Stroh formalism - A 68
3.3.2 Solution with Lekhnitskii formalism --+-se-sreseereessersranacacna 69
3.33  SOME IdENtities ---r-rre-rerrerererrssrsssrsesssssserssesensmnsessasssssssnacsrnns 73
3.4 Logarithmic singularity of crack-tip fields in homogeneous
PIEZOEIECITICLY ++-+rereessssessssssrssssssmssseserinssssnsassasssnssssassss s 75
3.4.1 General solution for crack-tip fields «--+-+e-e-ereesreeseresnrenanens 75
3.4.2 Moditied solution for p being a multiple root-«-----+ssseeseeer 77
3.43 Modified solution for 77 being a multiple root --+--+-+esveeeees 77
3.5 Treffiz finite element method for piezoelectricity =« --seseeseeeennseees 78
3.5.1 Basic field equations and boundary conditions -+ 79
3.5.2  Assumed displacement and electric potential fields -+~ 80
3.5.3 Variational principles--- 83



Contents ix

3.5.4 FElemental StINess MAtrix «--s--s-e-eseerersesesseesrsesscresseearesees 26
3.5.5 Application to anti-plane problem - w--ssseesssssssssssseneeees 87
3.5.6 NUMETICal EXAMpIes r+rrresrreermsssressesssssssssssssmassssmssssssissssssasss 94
3.6 Theory of coupled thermo-piezoelectriCity =+ r-ssseersssmssessssssnsees 95
3.6.1  BasiC EqUALIQNS -+ wrs+sssrrsrrrssesssssssssrisassisssssasrnssnsssnnasssasessssees 95
3.6.2 Uniqueness of the SOIULON =+ wsssessssssserssssssesrssssnssssssasnsnees 97
3.7 Solutions by Fourier transform method - -ssssssrsssssesssssssnnnes 99
3.7.1 Fourier transform method and induced general solution -+ 100
3.7.2  Crack-tip singularify -+ -ssssseessessessssessssnsessassesnsssssnssnsees 103
3.7.3 Griffith crack in homogeneous piezoelectricity -« 106
3.8 Penny-shaped Cracks - s wssssersssrsssssssmmessssssssinsssssnsasssssasessssssssas 111
3.8.1 Problem statement and basic equation -«---««=s-ssereseseseemens 112
3.8.2 Reduction of crack problem to the solution of a
Fredholm integral equation -+ s --ssesessssesrsssssssssmsssssrens 115
3.8.3 INUMETICAl ASSESSIMENL w++resrrerrsersrsermssrrssssersssessasssesesssesasses 126
3.9 Piezoelectric fibre composites -+ R I A R L 128
3.9.1 Theoretical model for piezoelectric fibre push-out---+++- 128
3.9.2 Stress transfer in the bonded interface-:----=ssseesrerseeserac 131
393 Fncnonal Slldmg ............................................................... 133
3.9.4 Partially debonding model - -wssseessessmrsssrmsssssssisnsnanninns 135
395 Interfacial debondmg criterion .......................................... 139
3.9.6 Numerical examples - --ssessseressssssissssnsisserissssssssses 141
References .............................................................................................. l 44

Chapter 4 Thermo-magneto-electro-elastic

prob'ems ....... vesmnesasssasananas [ sasssssssnnessnns veus 49

4.1 INtroQUCHION sos»sssessrrerrrermmrrmnree ittt sttt are s ec s naa et seaas 149

4.2 Basic field equations for magneto-electro-elastic solids «--+-++=s-ws 150

4.2.1 Basic equations of general anisotropy 150

4.2.2 Eight forms of constitutive equations =-«:----sssssssssmsesesss 152

4.2.3 Transversely isotropic simplification ---cseseresssssesnseeaceees 153

4.2.4 Extension to include thermal effect -ereeeseermreersiceneeca 154

4.3 Variational fOrmULation:----+--s+ssrrerrssrsssorsarsrmnsscstinissessscnsennasnnens 155
4.4 General solution for 3D transversely isotropic

magneto-electro-elastic solids «-------seeseseesrsesimrarensacinarecas 157



x Contents

4.5 Green’s function for half-plane and bimaterial problemsg-«-------=-=-- 160
4.5.1 Preliminary fOrmulations - -s-ssssssssssssssasssrassassssesscsaess 161
452 New coordinate variables - - --s-ssserssesessiscrsssessssessnasscans 162
453 Green’s function fOI' full Space .......................................... 162
454 Green’s function for half-gpace = +ssweessessssssssssssnascess 164
4.5.5 Green’s function for a bimaterial problem :«---seseserseeseee: 165

4.5.6 Green’s function for an inclined interface or half-plane
boundary - rreeernsesnesasssasssbs e st e sar e R R s ba s ea 166
4.6 Green’s function for wedge problems - 168
4.6.1 Basic formulations 168
4.6.2 Green’s function for a wedge or a semi-infinite crack -+ 169
4.7 Antiplane shear crack in a magneto-electro-elastic layer -+ 172
47.1 Statement of the Problem «----wsesssesseusmmsseussesseissennruscennes 172
4772 SoOMtON Procedure - - wswwsesessrsseremscusssasrussuesinsicnese 175
References .............................................................................................. 1 7 8

Chapter 5 Thermo-electro-chemo-mechanical

cou p“ng .......................................................... 183

5.1  INHTOQUCLION =+++errrevsesrsmserersrrensssesssssassssssssessssasesissasssnsssnsssnssssssensen 183
5.2 Governing equations of fields «+-rreereeseesenne Ceereeersensorsnsarsessasens 185
5.3 Free energy and constitutive laws - s 188
5.4  Variational principle --------smsesreseeseracssnensissisninnns - -190
5.5 Finite element formulation «-=---ss--+sssse-rereesrvererrrrssrsnvercssrssacsinrnnesne 193
5.6 Chemo-mechanical coupling -« 195
5.7 FE procedure and numerical examples - -+ --+sssessesssescusessesscacess 199
References ....................................................... . 203
Chapter 6 Themmo-electro-elastic bone remodelling----+--+--- 207
6.1  INtTOQUCHION =+eserersesversmmsrestosmisscssicrsssosesseissnsansssstanasssesasasssrsannnss 207
6.2 Thermo-electro-elastic internal bone remodelling -+oeevereseveccrernes 208
6.2.1 Linear theory of thermo-electro-elastic bong«--++--+=++s--s 208

6.2.2  Adaptive elastic theory -+ wssssssssessesssssessissusernsssssansesns 209

6.2.3 Analytical solution of a homogeneous hollow
circular cylindrical bone ................................................... 211



Contents  xi

6.2.4 Semi-analytical solution for inhomogeneous cylindrical

DONE JAYETS +++xrvsreesraressresssssessnesmnine sttt 215
6.2.5 Internal surface pressure induced by a medullar pin -~ 218
6.2.6 Numerical eXamples -+ -srssesssrssrrssiassssssnsossssassnasisssaees 221
6.3 Thermo-electro-elastic surface bone remodelling «:++se-eseeseereerseses 227
6.3.1 Equation for surface bone remodelling:«:-----=s=erresssessese 227
6.3.2 Differential field equation for surface remodelling rate --- 228
6.3.3 Approximation for small changes in radii ------s--sseerseeeee 230
6.3.4 Analytical solution of surface remodelling----------sc>+s++>2- 232
6.3.5 Application of semi-analytical solution to surface
remodelling of iNhOMOZENEOUS bone ++++++++++ressssesessssssseees 235
6.3.6 Surface remodelling equation modified by an inserting
MEAULIAL P esresseresrsrsssrestntannts ettt esnisnsees 236
6.3.7 Numerical eXamples -+ +sstesrsescuseuserssssssessemnnsnnsscnscaseses 238
6.4 Extension to thermo-magneto-electro-elastic problem «--«--ssveveess 241
6.4.1 Linear theory of thermo-magneto-electro-elastic solid---- 241
6.4.2 Solution for internal bone remodelling ---«-++sswsrssrerencsssess 242
6.43 Solution for surface bone remodelling -------:-sseserveseareress 246
RETETENICES =--orerrreneneessseonnmsneetmeeea ettt e caene et eb bt te s s bt ssssseanes 251

Chapter 7 Effective coupling properties of

7.1
72
73
74

7.5
7.6

heterogeneous materials - enssenas ceessransennsns 255
Basic equations for multifield coupling:----sss-sesseessmsnssnsensunsieeens 256
Direct method -+ B LR A IR AT 259
TNATECt MELhQd +++rereesrrssrersrsssnsassesssnserssssnssssnsssssnsassssassesnsssssssess 260
Two-scale expansion method -+« s swsersmssssesesscrarmumserusssnssneasscs 264
7.4.1 Asymptotic expansion of fields --:-ssoresrersrssssssesinssennnnnnns 264
7.4.2 Effective COUPIING Properties: - -« -wssssrssescescuerssessenass 267
FE computation of effective coupling properties::----s-sssveseeseseaces 269
Numerical examples ...................................................................... 271
7.6.1 Piezoelectric solid with vOIds ----er-srerersersssrencenannnnisninne 272
7.6.2 Rigid INCIUSIONS -++++++ssrmrrersrsrene st 273
7.6.3 Piezoelectric COMPOSILE -r#r-sreresmrsrserssrsrmemcsnssssiiasansianecnanes 275

References .............................................................................................. 2 77



xii Contents

Chapter 8 Effective properties of

themo-piezoe'ectricity .................................. 279
81 Introduction ................................................................................... 279
8.2 Micromechanics model of thermo-piezoelectricity with
micr()cracks ................................................................................... 28 1
8.2.1 Basic formulation of two-phase
thermo-PieZOElECtIiCIty - +srrssresssssescsssstsmsessesiarissscuneans 281
8.2.2  EffectiVe CONAUCLIVILY v ssrreersesrassesssssessssssasssssssssssasssns 285
823 Effective electroelastic CONSIAntg - --s-r-sersersrssssssrasness 292
8.2.4 Effective thermal expansion and pyroelectric
constants ........................................................................... 297
8.3 Micromechanics model of thermo-piezoelectricity
Wlth miCI'OVOidS ............................................................................. 298
83'1 Eﬂ‘ectlve ConductiVity ....................................................... 299
832 Effective electroelastic CONSLANES- -+ --s-s-sserssessesassssessras 299
8.3.3 Effective concentration factors based on various
micromechanics models .................................................... 301
8.4 Micromechanics model of piezoelectricity with inclusions-«--+ 302
8.4.1 Eshelby’s tensors for a composite with an
ellipsoidal INCIUSION »+++:wsserssseusesurensinsssesmriisine e 302
8.42 Effectlve elastoe]ecmc moduh .......................................... 305
8.4.3 Effective thermal expansion and pyroelectric
COCTTICIENLG woeevrererersnreermeeeranmmmiiiiiiiirsiissiitsiriaeteneteissaserens 306
8.5 Micromechanics-boundary element mixed approach -+ 310
8.5.1 Two-phase BE formulation - - -ssss-sssesssssrassssesnnssnsnasunene 310
8.5.2 Algorithms for self-consistent and Mori-Tanaka
APPrOACHES «reeererrresemssrets it 312
References .............................................................................................. 3 13
IndeX rreveerrmenrannanaes R 1 SR Ye— casmasamsmnusansn 317



	IDN:988161273 ONIX:04 [TOC]
	Inhalt
	Seite 1
	Seite 2
	Seite 3
	Seite 4
	Seite 5
	Seite 6

	Bibliografische Informationen
	http://d-nb.info/988161273



