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ABSTRACT

Application of polymer matrix composites in engirieg structures has been steadily increasing
over the past five decades. Multidirectional polyro@mposites are one class of continuous fiber
reinforced polymer matrix composites used in aexosp structures, where the desired
mechanical performance outweighs the cost. Theidulus and strength degrade with time
(known as creep and creep rupture) during the sgnowing to the viscos-elasticity of the
polymer matrix. Additional contribution to this deglation comes from various damage modes
developed in the plies of the composite with tinmel adentified in this thesis as TDD (Time
Dependent Damage). These damage modes may alslomele to process-induced residual
stresses, and during loading to the service lasehtified as TID (Time Independent Damage).
TID influences the TDD, the creep and the creegumgp The objective of this thesis is to
develop a model to predict the evolution of TID afdD in multiple plies of a laminate and
their influence on creep. The predominant damageentwansverse cracking, is modeled in this
study. The model consists of four modules, PIS, QSL, and VA. The PIS, QSL, and SL
moduli predict changes in ply stresses for increalechange in temperature, stress, and time
respectively, using lamination theory and assuniimgar elastic behavior of the plies during an
incremental step. In parallel, each module prediatsstored elastic energy in each ply after each
incremental step and compares it with a criticated elastic energy criterion to determine if a
ply would crack. If fracture is predicted, the VAodule based on variational analysis, is invoked
to determine the crack density and the perturbatiomply stresses due to cracking. The
perturbation stresses are used by the modulertkiaked the VA module to determine the ply

stresses after cracking during the current incréatestep. The model predictions for a [+45/90]



laminate, at two test temperatures°@@nd 180C) and four stresses in the range of 20-54 MPa,

compare very well with experimental results valinigthe model.



ACKNOWLEDGEMENT

| would like to express my sincere gratitude to aglisorDr. Raghavan Jayaraman for his

invaluable guidance and academic support throughguesearch work.
I would like to thankAbhishek Gupta for training me on composite manufacturing and wuayk
with various instruments in the composites labagatbwould also thaniMike Boskwick and

Kim Majury for their technical assistance during my research.

Finally, my very special thanks tmy wife, Dorrin, and my family and friends for their

constant support and encouragement during my Ph.D.



TABLE OF CONTENTS

CHAPTER 1. INTRODUCTION ...uiiiiiiiiiieiiiii sttt e et e e e e saen e e eeanns 1
1.1 YY1 1 1 1 ] o 1
1.2 LI S2ST 1S o0 = P 8
1.3 ORGANIZATION OF THESIS. .1t uiuiuitittitieet e te ettt et e et ea e et s e e et ebeanetaeaeeaetaererneenens 9.
CHAPTER 2. LITERATURE REVIEW ... 10
2.1 BACKGROUND INFORMATION ...tuititnititienetieteeaeestieaeeeseeteesnsensaesestesesaetaenseesseseeaeeasteenees 10
2.1.1 Damage modes and their effect On MOAUIUS...........oeveiiiiieiiiiiiiee e 11
2.1.2  Creep and CrEEP-TUPDLUIE. ... .uvtettettetiesieeseeeeseeeeeeteeeteeeeaeeeeaeteasaesssaaaasaaeaaeaaaeeeaseeeesesesnsesssrsnnes 16
2.2 PUBLISHED LITERATURE ONTID . ittt et e e e e e e e e e e e e e e naeans 22
2.2 1 ProCeSS-INAUCET TID.....uueiiiiiiiiei ittt e e e e e e e e st e et e e e e e e e s e snbbaraeeeaeaaeeeas 24
2.2.2  TID due to mechaniCal [0ad..............oiiiiiiiiieie e 26
2.2.3  MOAEIS FOF TID....e ettt iie ettt e ettt e e e e e e e s s s e bt be bttt e e e e e e s aasasbbsbeaeeeaaaeeesaaeaannn 27
2.2.4  Failure criterion for time-independent failure..........ccccoeiiiiiiiiic e 38
2.3 REVIEW ON PUBLISHED STUDIES ONCREEP ANDCREEPRUPTURE ........civviiiiieiiiecieeeeeeieeenn, 39
2.3.1 Creep and creep rupture without consideration afdge..............ccccevvveeeeeiiiiiccie e 39
2.3.2 Experimental studies of time-dependent damage............cooviiiiiiiiiiiiriee e 40
2.3.3 Modeling of creep and creep-rupture with considieraiof damage.............cceevvvvvvvvvviviiiiinnnn, 41.
2.3.4  Failure criterion for time-dependent failuLB............uuiiiiiiiiiii e e 43
2.4 SUMMARY OF LITERATURE REVIEW, KNOWLEDGE GAP, AND MOTIVATION FOR THESIS........ 44
2.5 THESISOBIECTIVES. .. etuetitttit et et e et e et et e et et e eee e e s eat e e et e ea e et ean e eaneean e e st e eaaeanneees 46
CHAPTER 3. MODEL FOR CREEP OF MULTIDIRECTIONAL LAMI NATES WITH
TIME-INDEPENDENT AND TIME-DEPENDENT DAMAGE ........ oooeiiiiiiiiiiiiieceieeeeeeennn 47
3.1 TN {0510 o [ ] 47
3.2 (@0 === 1Y L0 ] = 49
3.3 VARIATIONAL ANALYSIS (VA) MODULE ...uuuiiiiiiiiie e eeee e ee et e e e et s s enen s e e e eetaaaeeeeeananns 51
3.4 PROCESSINDUCED STRESS(PIS)MODULE ...ccvvviiiiiiiiiie e e ee et vee e et eeeeann e 71
3.5 QUASI STATIC LOAD (QSL)MODULE......ccuuuiiiiitiiiiseee e e e e ee s e e e e aee s e e araan s e e e eanan s e e eeeanenns 75
3.6 STATIC LOAD (SL) IMODULE ...ttt e ee ettt st e e et e e e et s e e e e e et e e e e ee s e e e e enannn s 81
3.7 FRACTURE CRITERION ....ituiitieiie et ee et e et e e e et e e e e et e et e e et e ea e e e et e e et e ean e e saneeaneeraannn 89
3.7.1 Determination of critical stored elastic energy fORCtUre.............cceveiiieeeeei i 93
CHAPTER 4. EXPERIMENTAL AND SIMULATION DETAILS .... oo 96
4.1 g =010 ox (o) N F TR 96
4.2 MATERIAL AND LAMINATE ...ttt ieei ettt s e ettt e e e e e se e s set e e e s ssebaaeeeseeesnnseessannnnees] 6.9
4.3 MANUFACTURING OF TESTCOUPONS.....uuiitieiit ittt et eetee it eesiaeean e e st eeaas et aeetnaeetaestneeanaaanaes 98
4.3.1 Manufacturing of COMPOSItE PANELS........cccieiiiiiie e 98.
4.3.2 Volume fraction determinatiQml.............cueiiiiiiiiiiieniiiiie e e 100
4.3.3  TeSt COUPON PrEPArALIQN........cccieiiiiiiieeieeiiiiiie e sres e e s e e s e e e e e e e eeeeeeaee e saes et e s aaeeaesaaeeaaeas 105
4.4 I S T PSPPSR 107
4.4.1 Thermo-mechanical analysis (TMA) teSIS ... ccooiiiiiiii e e e e e e e e e aeeaeaee 107
4.4.2 Dynamic mechanical analysisS (DIMA) tESIS.....uuuiiiiiiieiiii e eeeerse e e e e s e senenees 110
443 TONSIIE TESES. . .etiteeiite ittt ettt e e ekt e e et e e b e ee e s n e e e e n e e e nb e s 110
4.4.4  RePEtitiVe tENSIIE TESLS .....cii i et aaaaaaa s 112
4.4.5 Creep and time-dependent damage tESIS........ccvviiiiiiiiiiiiiiii e 114
G B = = W= (oo [ 8171 o o 117
Oy A B -V T Vo TSI 1 =1 LSS 117
4.5 SIMULATION DET AILS . ittt ettt e et e e e e e e et e e et e e et e e e et e e e eaa e e aneen e ennns 117



T R [ 0 o 10 1 (0T =] 12 111 F= 14T o S 118

4.5.2 Cure shrinkage and thermal eXpansSiQn.............cooiiiiiiiiiie e 124
4.5.3 Critical stored elastic energy for fraCtUre...........ccccuviiiiiiiiiie e 125
4.5.4  SiMulation USING MATLAB. ... ...ttt e e e e e e e e asse e e e areaeaeesessansnssrrneereeeneaeannnns 131
455 Details on MATLAB program of PIS, QSL and SL Moslofiethe Creep Model............cccvvveeeeee. 131
CHAPTER 5. RESULTS AND DISCUSSION ....ccuuiiiiiiimmeiieeeeeiiiie e e e 521
51 NI T T T\ U 152
5.2 PROCESSINDUCED RESIDUAL STRESS ANDDAMAGE ......ccuuiiiiiiiieiieeeieee e e e e 152
5.3 EXPERIMENTAL RESULTS FORTIME-INDEPENDENTDAMAGE (TID) EVOLUTION AND
REDUCTION INMODULUS DURINGQUASI-STATIC TENSILETESTING ...ucvveiieiieeieeeieeeieeeeeeaeeeanens 515
B5.3.1 TID MOOES ... iiiiieeei ittt ettt e e oo e ettt bttt et e e e e e e e e e s eannneeeeeeaeeeeae e e nbabanbeeeeaeas 155
5.3.2  TeNSIE tESE FESUILS....cci it e e e e e e e e e s bnn e e e e e e e e e e s e e aanees 158
5.3.3  Distribution in Crack SPACING........uuuuuuuiiiiieeiieei e e et ee e e s s e e e e e aeaaeteerseesereeeanes 158
LR T S N [ B =Y o] U] 1T o N PSPPSR PPUPTRTRN 162
5.3.5 Effect of TID on the laminate MOAUILS.............ocuiiiiiiiiiie e 174
54 PREDICTEDRESULTS FORTID AND MODEL VALIDATION ...vuitiiiiiiiiieiieieeteeeeieaeeneeneaeenen 176
5.4.1 Ply stress perturbation due to Cracking............cooioiiiiiiiiiiiiie e 177
5.4.2 Evolution of stress, strain, stored elastic enerdgyd TID of the plies and laminate during quasi-
5] = Lo [0 =T L1 s o TSROSO RSP PPPPPPRPPN 193
5.4.3  INFIUBNCE OF PIS.... . ittt et e e s e et e e s anbe e e e s 197
5.4.4 Validation of the model’s ability to predict lamieabehavior during quasi-static loading.......... 204
55 EXPERIMENTAL RESULTS FORTIME-DEPENDENTDAMAGE (TDD) EVOLUTION AND CREEP215
5.5.1  EXPerimental CrEEP MESUILS.....uuuuuuiiiiiiiee et e ee e ettt ettt s e s s s s e e e e e e e aeaaeeaeesesssenernnsennes 215
5.5.2 Experimental reSUILS fOr TDD.......uuuuiuiiiiiiiiiiii ettt e e e e e e e aa e e e eeaeeeeaeeeanes 221
5.6 PREDICTEDRESULTS FORTDD, CREEP, AND MODEL VALIDATION w..vviieeeeeieeeeeeeeeaeeeeenaenns 225
5.6.1 Time-dependent transverse crack density @VOIULON...........uvviiiieeerir i e e 225
Lo T O =T o PP PTSPPRPPPPPP 233
CHAPTER 6. CONCLUSION .. coiiiiiiiiiiiies ittt e et e s annm e e 242
6.1 B Y P 242
6.2 ORIGINAL CONTRIBUTIONS. ..t tittiteei ettt et e et e et e e e e et e e ae e e e e e e et e et e et e e e e et e e e e aaneeeanns 245
6.3 RECOMMENDATION FORFUTUREWORK ...cuiiiiiii ettt eee ettt e e eem e ae e ne et e e e 246
REFERENCES . ... o oottt a e e e e e e e et et rnrea e s e e e e e e e eee bbb e e e e e e e 248
APPENDIX A. LAMINATION THEORY ..couiiiiiiiiiiit et 262
APPENDIX B. EULER-LAGRANAGE EQUATIONS’ CONSTANTS.. ... 270



LIST OF FIGURES

Figure 1-1 Classification of polymer matriX COME@EOSL.......ccovveviiiiieiiiieeeeeee e 2

Figure 1-2: Progressive damage during quasi-diegiing and its effect on modulus of

POIYMEr COMPOSITES ... . e nennnennne 5
Figure 1-3: Various TID Modes in [F45/FQ[1] ....ccooriiiimiiiiiiiiieii e 5

Figure 1-4: Comparison of experimental and predicteep strain for a quasi-isotropic

oY 011 = L (TR 7

Figure 1-5: Time-dependent evolution of transversek density in [90] plies of [0/90/0]

laminate at different stress levels at 80°C [L] e .evurrrrrumrmmmmmimiiniiniiniinmnnnseeeeeenes 7
Figure 2-1: Laminate coordinate SYStem [1] . coeeeeeuevireeiiiiiiiiiiieiiiiiiieriniiinineniemneneeess 12
Figure 2-2: Transverse Cracks in [OZBQL] ........cuueuuermmmmemmriiniieiiiineieensmmmmm e 14
Figure 2-3: Transverse cracks in [-45] and [9@kpbf [+45/9Q]s........ccccvvvverieeeeeeenins 14

Figure 2-4: Transverse crack density evolutior9i@] and [+45] plies with applied stress

in [+45/9Q]sat temperatures of 80 °C and 180 °C........cooeeiiiiiiiiiiiiee e 15
Figure 2-5: Delamination between 45 and -45 pheltd5/90]s [1].....ccovvvevveeeeeeiiinnnee. 15
Figure 2-6 Transverse and vertical cracking inQeI1].........ccooovriiiiiiiiiiiiiiiiininneen. 17
Figure 2-7: Fiber breakage in [0] PES [L] . e «eeuurmmmmmmmmieiene e 17
Figure 2-8: Schematic of damage state in a comptasitinate [0/9Q]............ccceeeeeeee. 18

Figure 2-9: Axial modulus of cracked [0A0AS4/3501-6 laminate normalized with

intact axial modulus versus transverse crack Aefit...............evueveeeimimniiiennnnien 18

Figure 2-10: Schematic of (a) stress profile, (aytc behaviour and (c) viscoelastic

behavior (Figure 2-1 in Ref. [16])-Image removee ¢ copyright ...........cceeeeeererenennnn. 19

Figure 2-11 lllustration of creep and creep rupture: a) Appkteess profile, and b)
Measured strain and compliance as a function @jxctiene (Figure 1-9 in Ref. [16]) -

Image removed due to COPYNGNT ... 19

Vi



Figure 2-12 Creep-rupture: applied stress versus rupture tigufe 1-10 in Ref. [16]) -

Image removed due to COPYNGNT ... 21

Figure 2-13: Schematic illustration of Time-Tempgara-Superposition-Principle (TTSP)
(Figure 2-6 in Ref. [16]) -Image removed due toyaaht ...........ccooeeeiiiiiiiiiiiieieeee 23

Figure 2-14: Apparent transverse modulus of anvedemt [90] ply (normalized by
transverse modulus of intact [90] ply versus transg crack density in [0/9Q
AS4/3501-6 1amMiINALE) [6] ...eevveeeieiiiiiiiiiecmemeeee et eeeeeeeeeeeeeeeaeeaaeteesee e rrrrneeeeeeeeeeeeeees 29

Figure 2-15: Apparent shear modulus of equival®@i ply (normalized shear modulus
of intact [90] plies versus transverse crack dgnei{0/9%]s AS4/3501-6 laminate [6] 29

Figure 3-1: Process and load history considerd¢ddardeveloped model........................ 48
Figure 3-2: Creep model for composites with damage..............cccceeeeviiiiinenen, 50
Figure 3-3: a)§w/90n]slaminate with damage in various plies ... eeeiiieeeiieeenns. 53
Figure 3-4: (a) Strain energy, and (b) complemeamaergy.........ccccooeeeeeeeeeeeeneeeeen. 53.

Figure 3-5: The top view of the laminate showingoks spanning the width in [-45] and
[FA5] PlES e 55

Figure 3-6: a) An element near the crack zonetrbyses applied to the element in x-z

plane view, and c) stresses applied to the elemant plane view..........ccccccvvveveeene. 85

Figure 3-7: Stress-strain schematic for constaatrstate and constant load rate tests.. 68

Figure 3-8: A damaged [0/20pminate used in Hashin’s analysis .........cccccccvuvennes 70
Figure 3-9: The PIS Module...........oo e 73
Figure 3-10: Flow chart for QSL MOdUIe ......cccaaeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieneeeneeeee 77
Figure 3-11: Stress-strain curve for a constaairstiate test............cccceeeeeeeeeeeennn. 79
Figure 3-12: Flow chart for SL module ... 83
Figure 3-13: Stress-strain curve for a constard [gfress) rate test ......................... 87.
Figure 3-14: Schematic of the model proposed byhBean and Meshii [113].............. 91

4l



Figure 3-15: Schematic variation of modulus of &per composite as per model in
[0 [ = o O P PP PPPUPPPPPPPP 91

Figure 4-1: Manufactured [+45/9Q1amINAte .............evviiiiiiiiiiiiiiie e 97

Figure 4-2: Schematic of the mold assembly for &ea autoclave curing of the

COMPOSITE PANEIS ...ttt mmmmmem ke e e s s beeebenssnnsnnne 99
Figure 4-3: Carver hydraulic hot press used in rfeaturing of composite panels...... 101
Figure 4-4: Cure cycle used in composite panelSuid@iuring .........ccoeeveveeneieeeeeneeennn 101
Figure 4-5: DSC test result for a post cured [£8F9...........coooviiiiiiiiiiiiieeenie, 102
Figure 4-6: Sample geOMELIY ... .o 106
Figure 4-7: A strain gauged sample ... 108
Figure 4-8: TA Instruments’ Q400 Thermo Mechaniablyzer (TMA)................... 108
Figure 4-9: Cure shrinkage strain measured UsinTM............ccccoeeiiiiiinen. 109
Figure 4-10: TA instruments’ Q800 Dynamic Mechahiaalyzer .............cccccceunnnnes 111
Figure 4-11: DMA test result for unidirectional [88ample ...............euuvviiiiiiiiinininnnnns 111
Figure 4-12: Instron’s 8562 servo-electric framéwvanvironmental chamber. ........... 113
Figure 4-13: Instron’s 5500R screw- driven testi@e. ..., 115

Figure 4-14: Tensile test results for a)[0b) [30E, c) [45k, d) [60k, and €) [90]) at
different temperatures in the range of RT t0 220°C.......ccooiiiiiiiiiiiii e, 121

Figure 4-15: a) DMA test results [90] at multipteduencies, b) Arrhenious plot for [€0]
laminate, and c) Arrhenious plot for [43minate ............cccceeeiiiiiiniiiiin s 128

Figure 4-16: Variation of failure strain and stressa and with time for [99]aminate at

Figure 4-18: Variation of failure strain and stregth time for [45} laminate at 80°C 129

VIiI



Figure 4-19: Variation of failure strain and stregth time for [45} laminate at 180°C

Figure 4-20: Time-dependent critical stored elastiergy per unit volume for [99]

laminate along with the fitted CUNVES ........cooiiiiiiiiiiiiiiiiei e 130

Figure 4-21: Time-dependent critical stored elastiergy per unit volume for [45]

laminate along with the fitted CUNVES ........ocvvvviiiiiiiiiiiiiiiiiiii e 130

Figure 4-22: Simulation of damage progression|r{act Laminate, (b) FPF in [90]
plies, (c) Multiple cracks in [90] plies, (d) FRF[-45] plies, (e) Multiple cracks in [-45]

plies, and () FPF in [+45] PlIES .....cooiii e e s 135
Figure 4-23: Flow chart for simulation of VA module.................euviiiiiiiiiiiiiiinnnns 138
Figure 4-24: Flow chart for simulation of fractu@terion..............ccccvvvvvvvvivinnnnnnnn. 140
Figure 4-25: Flow chart for simulation of PIS Modul..............cccccvvvviiiiiiiiiiiiinnnen 143
Figure 4-26: Flow chart for simulation of QSL Modul..............coooooiiiil 146
Figure 4-27: Flow chart for simulation of SL module............ccoooiiiiiiiee. 149
Figure 5-1: Transverse cracks in [90] and [£458Pli........ccoeeriiiiiiiiiii e 156

Figure 5-2: Progressive damage in [+45]90uring quasi-static loading at 180°C...... 157
Figure 5-3: Representative results from repetitiresile tests at 80°C..........ccoevveveeeeen. 159
Figure 5-4: Representative results from repetitiresile tests at 180°C..........ccceeveeeee. 159

Figure 5-5: Crack spacing in [90] plies as a fumtf applied stress for [+45/g0at

Figure 5-7: Maximum, minimum, and average craclcspain [+45/9Q]s at 80°C..... 163

Figure 5-8: Experimental transverse crack densiojugion with stress in [90] plies of a
[245/90)s laminate at 80°C (SAMPIE 2) ...c.vveeueeeicmmem e eeeeeee e 163



Figure 5-9: Experimental transverse crack densibjugion with stress in [-45] plies of a
[£45/90)s [aminate at B0°C ........ueeeiiieeeiiiiiiieere e e e e e 165

Figure 5-10: Experimental transverse crack dersitfution with stress in [+45] plies of
a [£45/9Q]s [aminate at 80°C ........c..eiiiiiiiiiiee e 165

Figure 5-11: Transverse crack density evolutiof9d], [-45], and [+45] plies of sample
= LR S0 D PP PPPPT 167

Figure 5-12: Transverse crack density evolutiof9d], [-45], and [+45] plies of sample
2 AL BO°C .. niiiiie et ——————— ettt ettt e e e snne e e e be e e e e e annbaee e e aa 167

Figure 5-13: Transverse crack density evolutiof9d], [-45], and [+45] plies of sample
G B30 PRSP 168

Figure 5-14: Transverse crack density evolutiof90], [-45], and [+45] plies of sample
Y S0 SRR 168

Figure 5-15: Transverse crack density evolutiof98], [-45], and [+45] plies of sample
ST LN S0 PSPPSRI 169

Figure 5-16: Average transverse crack density @}, [B45], and [+45] plies at 80°C . 172
Figure 5-17: Average transverse crack density @}, [045], and [+45] plies at 180°C 172
Figure 5-18: Modulus of the [+45/9@ laminate as a function of stress at 80°C ...175
Figure 5-19: Modulus of the [+45/9Q laminate as a function of stress at 180°C .175.

Figure 5-20: Distribution of axial perturbationestses a) through the gauge length, b)
between two cracks in [90]- crack density in [9845] and [+45] of 2.6 cm, 0 cm?,
and 0 cmt respectively at 43 MPa and 180°C.........ccceeevuiieiiiiie e 178

Figure 5-21: Distribution of transverse perturbatstresses a) through the gauge length,
b) between two cracks in [90]- crack density in][§&15] and [+45] of 2.6 cm, 0 cmt,
and 0 cmt respectively at 43 MPa and 180°C..........cceeeciveiiiiie e 181

Figure 5-22: Distribution of shear perturbatioresses a) through the gauge length, b)
between two cracks in [90]- crack density in [90}5] and [+45] of 2.6 cm, 0 cm?,
and 0 crmt respectively at 43 MPa and 180°C..........cccoevieeiiiiie et 182

X



Figure 5-23: Parametric study to investigate theaat of values of a and b on axial and
transverse perturbations; a) a=1, b=0.5, b) a=@,%=<) a=3, b=0.5, and d) a=6, b=0.5

Figure 5-24: Distribution of normalized out-of-pashear stressy() a) through the
gauge length, b) between two cracks in [90]- cidethsity in [90], [-45] and [+45] of 2.6
cnt, 0 cmt, and O cni respectively at 43 MPa and 180°C..........ccccceevvveviiieeeennee. 187

Figure 5-25: Distribution of normalized out-of-panormal stresss¢;) a) through the
gauge length, b) between two cracks in [90]- cidethsity in [90], [-45] and [+45] of 2.6
cmt, 0 cmt, and O crt respectively at 43 MPa and 180°C..........ccccceeevveeeiiveeennee. 188

Figure 5-26: Distribution of normalized out-of-pBhear stressy;) a) through the
gauge length, b) between two cracks in [90]- cidehsity in [90], [-45] and [+45] of 2.6
cmt, 0 cmt, and O crt respectively at 43 MPa and 180°C..........ccccceevveeeiiveeennen. 189

Figure 5-27: Distribution of axial perturbationess a) through the gauge length, b)
between three cracks in [90] and one crack in [-4fdck density in [90], [-45] and [+45]
of 3.4 cmt, 0.6 cmt, and O crm respectively at 48 MPa and 80°C ...................... 191

Figure 5-28: Distribution of axial perturbationests a) through the gauge length, b)
between six cracks in [90] and two cracks in [-4B4 one crack in [+45]- crack density
in [90], [-45] and [+45] of 4.4 cth 1 cm?, and 0.8 cm respectively at 52 MPa and

Figure 5-29: Predicted stress-strain curve at [3@h{ at 80°C ...........cuvvvvvvvvrrrirrninnnnns 194

Figure 5-30: Predicted in-plane stresses in melghies as a function of the applied
stress in [x45/9)s laminate at 80°C .........ooiiiiiiiiiii e 195

Figure 5-31: Predicted in-plane strains in multiplies as a function of the applied stress
in [£45/90]s laminate at 80°C .......ccveiiieeiee e eeeee e eaeas 195

Figure 5-32: Variation of stored elastic energplies with applied stress in [£45/40
[aminate at BO°C ... ..cieeiiiiiii i —————————— e aaaaraaa 196

Figure 5-33: Predicted evolution of TID in multigdées [+45/9Q]s laminate with
appPlied SLreSS at B0 C......covvieiiii e e e 196



Figure 5-34: Comparison of predicted axial plyisisavith the applied axial laminate
strain in [£45/9Q]s laminate at 80°C ..........uuuiiiiiiiiiiieeee e 198

Figure 5-35: Comparison of predicted transversespgins with the applied axial
laminate strain in [£45/9s laminate at 80°C .......ccoooiiiiiiiii i 198

Figure 5-36: Predicted stress-strain curve at [3@h{ at 180°C ............euvvvvrererrrnennnnns 199

Figure 5-37: Predicted in-plane stresses in melfgbles as a function of the applied
stress in [245/9)s laminate at 180°C .........uui 200

Figure 5-38: Predicted in-plane strains in multiplies as a function of the applied stress
in [£45/9%]s laminate at 180°C ......cceiiiiiiiiiiiiiiieee e e ettt e e e e e e e e 200

Figure 5-39: Variation of stored elastic energplies with applied stress in [+45/40
[AMINALE At L8O C ... . eeiiiiiee ettt e e e e s e e e e e e e e e anas 201

Figure 5-40: Predicted evolution of TID in multipées [+45/90Q]s laminate with
applied StreSS At L180°C ... ... 201

Figure 5-41: Comparison of predicted axial plyisisavith the applied axial laminate
strain in [£45/9Q]s laminate at 180°C ....... .. 202

Figure 5-42: Comparison of predicted transversespgins with the applied axial
laminate strain in [£45/30s [aminate at 180°C ........ccoooiiiiiiiii e 202

Figure 5-43: Predicted stress-strain curve for [283s at 80°C with and without

Process-INAUCE SIrESS (PIS) ... ceemeemeiii e s enenenenes 203

Figure 5-44: Evolution of transverse crack densitgnultiple plies predicted with and
without residual stresses, as a function of thdieghstress in [£+45/9)s at 80°C ....... 203

Figure 5-45: Experimental and predicted stressrstnarves in [£45/9¢s at 80°C ..... 205
Figure 5-46: Experimental and predicted stressrstiarves in [+45/9§s at 180°C ... 205
Figure 5-47: Experimental and predicted modulug45/9G;]s laminate at 80°C ....... 206
Figure 5-48: Experimental and predicted modulufg45/90;]s laminate at 180°C. ..... 206

Figure 5-49: Experimental and predicted TID in [p0¢s of [+45/9Q]s during tensile
[oT=To 1 g0 = LR {0 A OO 208



Figure 5-50: The influence @Erron the evolution of cracks in [90] plies in [+464) at

Figure 5-51: Experimental and predicted TID evalntin [-45] plies of [+45/9§]s during
tensile l0ading at 80°C ... ..o et e e e 209

Figure 5-52: Experimental and predicted TID evalntin [+45] plies of [+45/9§)s
during tensile loading at 80°C ...........oiiiiiiiuiiiiiiiiiiiii e ——————————————— 211

Figure 5-53: Effect of experimental scatter inicat energy in TID evolution in a) [90],
b) [-45] and c) [+45] plies of [+45/9[; during tensile loading at 80°C ................... 212

Figure 5-54: Experimental and predicted TID evalntin [90] plies of [+45/9¢]s during
tensile loading at 180°C ..o 213

Figure 5-55: Experimental and predicted TID evalntin [-45] plies of [+45/9§]s during
tensile loading at 180°C ..o 213

Figure 5-56: Experimental and predicted TID evalatin [+45] plies of [+45/9¢]s
during tensile loading at 180°C ..........cuiiiiiiiiiiiiiiiiiiieieeiieireeeerrerrr e 214

Figure 5-57: Comparison of average experimentalpgadicted TID evolution in [90], [-
45], and [+45] of [+45/9€]s during tensile loading at 80°C.............ooeeeiiiiiiiiieeeeenn. 216

Figure 5-58: Comparison of average experimentalpgadicted TID evolution in [90], [-

45], and [+45] of [+45/9§)s during tensile loading at 180°C............cccceeeieeeeeeeeennnnns 216
Figure 5-59: Experimental creep strain at 45 MRA&OFC ...............ooeevvvvvvivvvvveen 121
Figure 5-60: Experimental creep strain at 54 MRA&OFC ..............ooevvvvvvvvvvvveeen 121
Figure 5-61: Experimental creep strain at 20 MRAEBO°C ..........coovvvvviiiiiiiiiiiiiinnnee. 222
Figure 5-62: Experimental creep strain at 25 MRAEBO°C ..........ocovvvvviiviiiiiiiiiiiinnee. 222

Figure 5-63: Experimental transverse crack dersitjfution with time in [90], [-45], and
[+45] plies of [+45/9@]s laminate at 80°C and 45 MPa...........coovuceeeeeiveviiiiciiee e, 223

Figure 5-64: Experimental transverse crack demsittution with time in [90], [-45], and
[+45] plies of [+45/9@]s laminate at 180°C and 25 MPa..........ccccovvvvveeivieeiiieeene 224

Xl



Figure 5-65: Predicted in-plane stresses with &spetime in [+45/9¢)s at 80°C and 45

Figure 5-69: Evolution of stored elastic energyhwtitne in various plies of [+45/9[3 at
80°C aNd 45 MPA....cccoi i, 229

Figure 5-70: Evolution of stored elastic energyiaas plies of the [+45/9)s laminate at
180°C ANA 25 MPA.....ceiiiiiieeii it ettt e e e e e e ettt e e e e e e e es s e nnnaee e e e e e nnneeees 229

Figure 5-71: Comparison of experimental and predi&volution of transverse crack
density with time in multiple plies of [+45/9)d at 80°C and 45 MPa...........cccccceeuneee. 230

Figure 5-72: Evolution of experimental and predidensverse crack density with time
in multiple plies of [+45/96)s at 180°C and 25 MPa ..........ccooviuviiiiscmmmemneeeeesiieeeeens 232

Figure 5-73: Comparison of predicted strain wittatexperimental strain, a) without
adding the thermal strain to the experimental stia) after adding the thermal strain to

the experimental strain, and c) after eliminating difference abtfor 45 MPa and 80°C

Figure 5-74: Comparison of predicted strain wittat@xperimental strain, a) without
adding the thermal strain to the experimental stia) after adding the thermal strain to

the experimental strain, and c) after eliminating difference abtfor 54 MPa and 80°C

Figure 5-75: Comparison of predicted strain wittat@xperimental strain, a) without
adding the thermal strain to the experimental stia) after adding the thermal strain to

the experimental strain, and c) after eliminating difference abtfor 20 MPa and 180°C



Figure 5-76: Comparison of predicted strain wittat@xperimental strain, a) without
adding the thermal strain to the experimental stia) after adding the thermal strain to

the experimental strain, and c) after eliminating difference abtfor 25 MPa and 180°C

Figure A-1: Layer kin the laminat@.[6...............cooii i, 271

XV



LIST OF TABLES

Table 4-1. Summary of fiber volume fraction testulés for the manufactured composite

12T L] £ PPPPPPPPI 104
Table 4-2. Tensile teSt Plan ... 113
Table 4-3. Repetitive tensile test plan.... e 115
Table 4-4. Creep and time-dependent damage testpla.............cccoeevivviiiieneenen, 116
Table 4-5. Mechanical properties of Toho G30-5(BB-7 COMPOSIte ..........ccevvveeen.e. 121
Table 4-6. Values of parameters of modified KWWEN ..............oovvviiiiiiiiiiiiininnns 123
Table 4-7: Instantaneous and rubbery moduli obtafream DMA..............evveeiiiiinnnnns 126

Table 4-8: Instantaneous, rubbery and viscous medlles at different temperatures126

Table 5-1: Predicted residual stresses for [90][dB¢Iplies of [+45/9Q]s laminate at

VaAlTOUS tEMPEIATUIE ......eiiiiiiieieeieeees s e s e e e e s e s e e e e e e e e e e e e e e s e ea e e e e saenaennnnnnsnnnnns 154
Table 5-2: Fracture stress and strain as well angreent strain at 8C and 180C.... 160

Table 5-3: Average FPF stress and maximum trans\eeesk density for various plies of

the laminate at two tested teMPEratures .....cccccvvviiiiiiiiiiiiiiiiiee e eee e 173

Table 5-4: Sum of transverse perturbations in 4&MRd 180°C for four different sets of

oI 10 [0 [ o RV 1 U (ST PR 185

Table 5-5: Transverse crack densitiy measured Ulgeading to creep load and unloading

at the end Of the CreeP tEST..... ... i cemmemee e 218

Table 5-6: The predicted axial stresses in mulghiles upon loading and unloading at

the end of the creep test (same creep period afai(S) ... 220

Table 5-7: Comparison of transverse crack densisamples subjected to time-

dependent damage characterization testing and t88Pg ...........coooeeeveeeeeeeeeeeeeenn. 23

XVI



LIST OF SYMBOLS

0 orientation of a fiber in a laminate with resptrthe loading direction (x-axis)
m: cos Q)

n: sin @)

oxx.a applied stress

Ocreep Creep stress

03 ®: stress in ply (k) where j, I=x,y, z or j, I=1, @

0;”®: perturbation stress in ply (k) where j, I=x, y, z

exx. laminate strain

g ®: strain state in ply (k) j, I=x, y, z or j, I=1, &,

g1®: unconstrained strain

o®: axial stress perturbation in ply (k)

n®: transverse stress perturbation in ply (k)

w®: shear stress perturbation in ply (k).

[Q]®: stiffness matrix of ply (k). [Q. along principal direction and [@Q] along global
directions

[S]®: compliance matrix of ply (k). [} along principal direction and [S] along global
directions

[A] xy: Stiffness matrix of the laminate along global iboates

[a] xy: Compliance matrix of the laminate along globabrinates

[T]: Transformation matrix

XVII



Niji: resultant force per unit length acting on theiteate, where j, I=x, y
M;: resultant moment per unit length acting on onléinginate, where j, I=Xx, y
al: half of the distance between two neighboring ksdn ply (k)

L: laminate length

h: half the thickness of the laminate

thy: thickness of ply (K).

A®: crack density in ply (k)

reg®: number of intact regions in ply (k)

n®: number of cracks in ply (k)

E;®: longitudinal or transverse modulus of ply (k) wég=I=1,2, 3 or j=I=x, y, z
G;j®: shear modulus of ply (k) where j, I=1, 2 or jx)¥, z

vj®: Poisson’s ratio of ply (k) where j, I=1, 2 olgx, y, z

aj: coefficient of thermal expansion where j=I=1, 2

ajl: Cure shrinkage coefficient where j=1=2

Eo: instantaneous modulus

Er: rubbery modulus

Ev: viscous modulus

Uc: complementary energy

UL complementary energy of uncracked body

U complementary energy resulting from perturbativesses

T: temperature

t: time

Eact activation energy.

XVIII



R: gas constant (8.314 J/K.mole).

O» O, @, & nonlinear parameters in Schapery’s nonlinear visstie model.

p: density.

XIX



Chapter 1. Introduction

CHAPTER 1. INTRODUCTION

A composite material consists of two or more numidfetonstituents and has properties
better than either of its constituents. Advancednposite materials have been used for
engineering structures for over 60 years. Their insstructural application has been steadily
increasing owing to high specific properties andistance to corrosion when compared to
metals. Polymer composite consists of polymer ima&inforced with high strength and high
modulus fibers. A large number of available chside fiber, resin, fiber arrangement and
manufacturing method has made these composites attrgctive for use in a variety of
engineering applications such as military, aerospaautomotive, wind energy, Ccivil

infrastructure, building materials, and recreatma sports equipment.

1.1 Background

Based on the geometry of the reinforcement, polyomenposites can be classified as
particulate, discontinuous, or continuous fiber posites, as illustrated in Figure 1-1. Randomly
dispersed reinforcements with aspect ratio, L/Df{lher length, D: fiber diameter) of 1 to 20
result in particulate composite. Discontinuous ffilsemposites contain short fibers with an
aspect ratio of 20 to 1000, whereas continuous filoenposites contain fibers with an aspect
ratio greater than 1000. Continuous fiber compesdee used in structural applications in
aerospace industry, where the desired mechanictdrpgnce outweighs the cost. Continuous
fiber composites are further divided into two catées based on the fiber architecture, non-
woven and woven (also known as textile) composite.

Aerospace composites are laminates made from lamvimah is a single layer of
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Polymer matrix Composite
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Multidirectional
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Figure 1-1 Classification of polymer matrix compesi
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continuous fibers impregnated with polymer resimiditectional continuous fiber composite
laminates may consist of more than one laminathribrientation of the fiber with respect to the
loading direction will be the same in all layersulitirectional composites are laminates of
unidirectional lamina layers; however, fiber oregidn in each layer varies, as illustrated in
Figure 1-1.

An uncured lamina is known as a pre-preg (pre-impaged). The multidirectional
composite laminate is made by stacking these prgspin desired orientations and laminating
them under heat and pressure in an autoclave fayspace applications). The pre-preg is
classified based on the fiber arrangement:

a) Tape Pre-preg: A tape pre-preg is a single laygaddllel fibers impregnated with

resin, as shown in Figure 1-1.

b) Fabric Pre-preg: A fabric pre-preg is formed by weg two fiber rovings (a roving
is a bundle of parallel fibers) in orthogonal dtrec and impregnated with resin, as
shown in Figure 1-1. Since the properties of uetional composites are
anisotropic, these types of composites are noteped in structural design. In
contrast, multidirectional composite laminates hguasi-isotropic properties and are
used in engineering structures including aerosgécetures This thesis focuses on
multidirectional polymer composites made from tppepregs.

The modulus and strength of a unidirectional lanwilabe maximum for an orientation
angle of O between the fiber and loading axes (denoted a&y@} or ply) and minimum for an
orientation of 90 between the fiber and loading axes (denoted dslg9@r or ply). Hence, the
modulus and strength of a multidirectional lamindepends on its stacking sequence (i.e.

orientation of fibers in each layer with respeckaading direction). During loading, the ply with
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least strength will fail first; however, the lamieawill not fail at that First Ply Failure (FPF)dd
since the failure will be constrained by the oytBes with failure loads higher than the FPF
load. This will result in a crack in that failedypl Despite this failure, the failed ply will
continue to bear load at locations away from thealtge and will fail again (with further increase
in load) until the crack density in that ply reasteeCharacteristic Damage State (CDS) when the
stress in that ply can no longer reach the terssilength of that ply. With further increase in
load, outer plies will crack in a similar fashi@tarting with the ply with next least strength. §hi
progressive cracking will result in progressiveugtibn in laminate modulus, as illustrated in
Figure 1-2. The laminate will fail at an Ultimatarminate Failure (ULF) load when the ply with
the highest strength fails. While the FPF resuits iconservative design, the ULF results in a
pragmatic design. However, the latter requiresliabie model to predict progressive cracking
and its effect on the modulus and strength of arlate.

This damage that develops during quasi-static f@pds known as Time-Independent
Damage (TID) in this thesis in order to differetgiat from Time-Dependent Damage (TDD)
that develops with time under constant creep load.

Various TID modes occur in multidirectional polymssmposite laminates. Figure 1-3
shows transverse cracking in [90] and [-45] pligslamination between [-45] and [+45] plies
and vertical cracking in [90] plies of a [t45@0aminate.

Polymer matrix composites (PMC) are viscoelasticnature; i.e., they exhibit both
elastic and viscous behavior, owing to the viscstedanature of the polymer matrix. Due to
viscoelasticity, time-dependent degradation in nhaglifcreep) and strength (creep rupture) of
multidirectional polymer composite laminates duriegrvice is a concern in load bearing

structures. Various damage modes, observed in é&iti®; can also evolve with time in polymer
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Figure 1-2: Progressive damage during quasi-disgiing and its effect on modulus of polymer

composites

Figure 1-3: Various TID Modes in [+45/90[1]



Chapter 1. Introduction

composites due to this viscoelasticity, contribgtadditionally to the degradation of modulus
and strength with time. Dillard et al. [2] observadliscrepancy between their predictions for
creep compliance and strength and the experimeesalts, which was reasoned to be due to
extensive damage that developed during testingr Shely was the first study to highlight time-
dependent damage evolution.

Balachander [3] demonstrated the influence of TDDocoeep of polymer composite
laminates by comparing the experimental creep tesuth predictions that assumed no damage,
as shown in Figure 1-4. The predictions based edamage (“Lami” in Figure 1-4) do not agree
well with experimental results. Since TID develomkding loading to creep load, he accounted
for its effect on modulus to explain the observaffiecence. Yet, the difference between the
predicted (“Discounted Lami” in Figure 1-4) and ermental results increased with time,
suggesting that the damage increased with creep taditionally, he also observed the effect
of TDD on creep by comparing predictions using “l’aamnd “Discounted Lami.” However, he
did not quantify this time-dependent damage evoiutBirur et al. [1] experimentally quantified
the evolution of one damage mode (transverse cergdki [90] plies) in different stress levels
with respect to time, as shown in Figure 1-5. Hosvethey did not model its evolution as well
as quantify its effect on creep and creep rupture.

Finally, FPF has also been found to be time-dep#r{dé The significance of this would
be in conservative designs based on FPF. A lamteatedevelop damage with time even if the
design stress is below FPF [4], resulting in furtbeterioration of modulus and strength with
time.

Previous research (both experimental and theoleticaTID and its effect on modulus

of composite laminates is extensive, and a googwegan be found in Ref. [5]. However, very
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Figure 1-4: Comparison of experimental and predicteep strain for a quasi-isotropic laminate
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little attention has been devoted to modeling mietidependent damage evolution and the impact
of both TID and TDD on creep and creep rupture aflticirectional polymer composite

laminates.

1.2  Thesis Scope
Hence, this thesis work is focused on addressirgykinowledge gap by developing a
model for time-dependent evolution of damage intiplel plies and its influence on creep of
multidirectional polymer composite laminates. ®irtbe creep of a laminate is influenced by
both TID that develops during loading to a creegrllas well as TDD that develops subsequently
during creep, the model developed in this thestowaats for the evolution and effect of both
damage categories on creep. This thesis is focosesimultaneous evolution of one damage
mode, transverse cracking, in multiple plies camihate. The developed analytical model uses
the properties of unidirectional lamina (indepertbermeasured) and is validated using
experimental results, generated under a wide rafigstress and temperature, for (I) time-
independent and time-dependent evolution of trasgveracking in multiple plies, (1) time-
independent and time-dependent modulus, and (BBresponse for a representative laminate.
To the best knowledge of the author, the followmigcomes of this thesis are the first in
this area:
(a) An analytical model for predicting time-independemblution of transverse cracking
simultaneously in multiple plies of a composite @#sdnfluence on modulus.
(b) An analytical model for predicting time-dependewblation of transverse cracking,
simultaneously, in multiple plies of a compositehisT model also accounts for

process-induced stress and any TID due to thissgmmduced stress.
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(c) An analytical model to predict the creep complian€ea composite with both TID

and TDD.

1.3  Organization of Thesis

Chapter 2 includes a thorough review of the publisivork on categories of damage,
creep, creep-rupture, and the effect of damagereepcand creep rupture and discusses both
experimental and modeling work. Based on this meyvinowledge gaps are identified to define
the objectives of this thesis. The model developedhis thesis is presented in Chapter 3.
Chapter 4 presents details on experimental proeednd simulation. Model predictions and
experimental results are presented, compared, &suwlissed in Chapter 5. Conclusions and

recommendations for further work in this area aesented in Chapter 6.
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CHAPTER 2. LITERATURE REVIEW

This chapter provides a concise review of publishikedature on creep, creep-rupture,
time-independent and time-dependent damage in olypomposites, all of which are relevant
topics to the research of this thesis. It shouleshdied that time-dependent damage development
(cracking) in a ply can be considered as creepdrapdf that ply. The intent is to identify the
knowledge gaps in the area of time-dependent ewolwf various damage modes and their
influence on creep of multidirectional polymer caysjte laminates, in support of the scope and
the objectives of this thesis.

First, background information is provided briefty support the understanding of various
terminologies and concepts used in this thesiss&ylently, various damage modes and their
influence on mechanical properties of compositespaesented. A review of previous efforts in
modeling TID and its effect on the modulus of cosif laminates is presented next. This is
followed by a review of published studies on cresq creep-rupture. Finally, a review of
previous efforts to model time-dependent damage imdmpact on creep is presented.
Following a summary of current knowledge gaps,ithebkjectives conclude this chapter.

While a large body of published literature in aregdgvant to this thesis was examined,
only selected papers are cited in the followingises. The rest are provided as bibliography at

the end of this thesis.

2.1  Background Information

Composites used in structural applications are llysuaultidirectional composite

laminates made by stacking together several lamlraasination theory is used to determine the

10
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property of a multidirectional laminate, shown imglte 2-1, using its lamina properties. Ply
stresses and strains are also determined usingh#osy. More details on lamination theory can
be found in Appendix A. The relationship betweercéoand moment resultants for the laminate

and the reference plane strains and curvaturebeanitten in the form of equation (2-1).

. (2-1)

Here, [A], [B] and [D] are laminate stiffness ma#s. Equation (2-1) can be inverted to

determine laminate strain and curvature in resptms@plied load and moment:

P I (2_2)

where [a], [b], [c], and [d] are laminate compkanmatrices and obtained from stiffness

matrices, as explained in Appendix A.

2.1.1 Damage modes and their effect on modulus

Polymer composites develop damage when subjected kwad. Damage modes in
polymer composite laminate can be classified asnsit or extrinsic [4]. Intrinsic damage
modes are those that occur within a ply of a lateir(ar a unidirectional lamina) and are not
influenced by the laminate stacking sequence. Micaxking, crazing and yielding of the
matrix, fiber fracture, and fiber-matrix interfa¢ailure (debonding) are examples of intrinsic
damage modes.

Extrinsic damage modes are those that occur wahuh between the plies of a laminate
and are influenced by the laminate stacking sequemtansverse cracking (due to in-plane

stresses), delamination (due to interlaminar st®ssertical cracks (due to out-of-plane

11
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Figure 2-1: Laminate coordinate system [1]
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stresses) are examples of extrinsic damage modesH#trinsic damage modes are easier to
detect than intrinsic damage modes. The effecktsfnsic damage modes will be manifested as
degradation in the modulus of the laminate (inaezfscompliance) and /or permanent strain in
the laminate, as shown in Figure 1-2.

Transverse cracks, shown in Figure 2-2 and FigeBe &e the most common form of
damage in composite laminates. Transverse cratd®,kaown as matrix cracks, occur in the
matrix and run parallel to the fibers, transversehie loading direction, and span the thickness
and the width of a ply. When transverse stress ply exceeds the ultimate strength of a ply
(022> 622Y), it fails. The fracture is constrained to thiy jbly the stronger outer plies and is
prevented from progressing along the entire thiskne the laminate. This results in transverse
cracks in that ply. Transverse cracks in [0] pkes known, in the literature, as longitudinal
cracks or splitting. Transverse cracks increaseraach the CDS (discussed in 1.1), as shown in
Figure 2-4. At this stage, all cracks have a charatic spacing. A number of analytical models
can be found in the literature correlating the $xaanse crack density in [90] plies with time-
independent modulus degradation [5].

Other types of damage modes can be initiated fioese transverse cracks or at other
locations such as free edges and ply-ply interfddetamination is one damage mode, nucleated
usually from the tip of transverse cracks [8-12Fld&nination, shown in Figure 2-5, has a
detrimental effect on the strength of compositdss Hamage mode occurs when interlaminar
stresses are greater than corresponding interlarsinengths, i.ec.> 62” or 6x*> oxY or
0y oyY.

Vertical cracks are nucleated due to out-of-planemal stressess{;) and are termed as

vertical cracking to differentiate it from delamiiten due to interlaminar shear stresses, as

13
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Figure 2-2: Transverse cracks in [0/R(1]

; 200 pm |

Figure 2-3: Transverse cracks in [-45] and [@6s of [+45/90Q]s
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shown in Figure 2-6. Whes.> 62V of the plies, this damage mode occurs. Fiber dracts
nucleated when the axial stress on the fiber excéeel axial fiber strength, i.€11> c11, as
shown in Figure 2-7.

The damage state is characterized by crack defasiyhich is equal to the inverse of the
distance between two neighboring cracks, 1/2ahawsis in Figure 2-8, wher2a is the crack
spacing. With increase in the crack density, theluhes of the laminate decreases, as shown in
Figure 2-9.

Time-independent and time-dependent evolutionarigverse cracking in multiple plies

of a laminate has been focused in this study.

2.1.2 Creep and creep-rupture

When a stress afo is applied to an elastic material, as shown inufég2-10a, it would
deform elastically to a strain @b, as shown in Figure 2-10b. This strain will remaonstant
with time and will return to zero strain state asrs as the applied stress is removed. In contrast,
a viscoelastic material would exhibit a time-depsntdncrease in straimsy, as shown in Figure
2-10¢ in addition to the instantaneous elastic stragnlJpon unloading, the elastic strain will
recover immediately while the viscoelastic straiitl vecover over a period of time. Hence, a
viscoelastic material would exhibit both elastiaddanscous behavior. In carbon fiber/polymer
matrix composites, such as the one studied inthigisis, the carbon fibers remain elastic and do
not creep. Hence, the observed creep and creepreupt these composites is due to the
viscoelasticity of the polymer matrix.

Creep is time-dependent deformation of a matemaleu a constant load or stress, as

shown in Figure 2-11 (a). The applied stress isllpwell below the ultimate tensile strength of

16
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Figure 2-6 Transverse and vertical cracking in(gl91]

Figure 2-7: Fiber breakage in [0] plies [1]
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Figure 2-10: Schematic of (a) stress profile, (ay&c behaviour and (c) viscoelastic behavior

(Figure 2-1 in Ref. [16])-Image removed due to aogiyt

Figure 2-11 lllustration of creep and creep rupture: a) Appleeess profile, and b) Measured
strain and compliance as a function of creep tifgufe 1-9 in Ref. [16]) -Image removed due

to copyright
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material. Creep results in increase in complianug @ecrease in modulus of the material, as
shown in Figure 2-11(b). While creeping, a viscetamaterial may suddenly fail as shown in
Figure 2-11(b) and this is termed as creep rupturbe time to failure would depend on the
applied stress as shown in Figure 2-12. Creep ssgpaupture are two concerns in application
of polymer composite materials in load bearing &treal applications. Possible excess
deformation due to creep or catastrophic failure thucreep-rupture in a structural composite
part necessitates the characterization of timequdgr® modulus and strength for a reliable
design and application of polymer composite stngstu

The continuous fiber reinforcement is the backboh@a composite, which determines
stiffness and strength of the composite. Sincdiblegs are much stiffer than the matrix, the fiber
properties tend to control the response of a laraloag the direction of the fiber axis; thus, the
longitudinal and in-plane transverse compliancesa®d 3. respectively, are fiber dominated.

On the other hand, the compliances along transwbreetion (perpendicular to the fiber
direction) and in shear,>5and $s respectively, are normally matrix dominated prdpsr
because they are closely tied to the responsesahttrix. Matrix properties are time-dependent
while the fiber properties do not vary with timedagare time-independent. Developing a model
for prediction of creep thus involves prediction tifhe-dependent degradation of matrix-
dominated properties, i.e.p8) and Se(t) of a unidirectional lamina. Only two out ofuio

compliances of unidirectional lamina are time-dej®sm, given in equation (2-3),

S; S, O
[S(t)]Lz = Slz Szz(t) 0 (2'3)
0 0 See(t)

Since it is time consuming to quantify this degtamtaexperimentally for the entire service life,

accelerated testing and modeling methodology enafised to predict this degradation beyond
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Figure 2-12 Creep-rupture: applied stress versus rupture tigrie 1-10 in Ref. [16]) -
Image removed due to copyright
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the experimental time window. A widely accepted moetis Time-

Temperature-Superposition-Principle (TTSP), as showFigure 2-13. TTSP assumes
that the creep curves at various temperatures glgtiztic loading of a PMC (Polymer Matrix
Composite) have similar shape but are shifted vaipect to time. Accelerated creep curves at
various temperatures within a short experimentaktwindow are generated and shifted along
the time-axis to generate a master curve, as showigure 2-13. The master curve generated by
TTSP represents the compliance of the materialratesence temperature over a period of time
much longer than the experimental time-window.

Various service factors that can influence creep@eep rupture are stress, temperature,
moisture and physical aging. The reader is refeadferences [13-16] for more information on
the influence of the various factors on creep ame rupture. This study focuses only on the
effect of temperature and stress on the creep dfidinactional composites. The compliance
matrix of a unidirectional lamina, represented Quadion (2-3), is input to the model for creep
of multidirectional composites developed in thisdst This compliance matrix has been already
developed by previous students of this researchpgf8, 15] applying accelerated testing and

TTSP methodologies mentioned above.

2.2 Published literature on TID

When the stress in a ply exceeds the FPF stresa ftamage mode, the ply would
develop that damage mode. The amount of damagedvdeylend on the magnitude of the stress
as well as the stacking sequence. This ply strassde process-induced or due to applied load.

This section reviews experimental studies on Ttllpfved by modeling studies.
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Figure 2-13: Schematic illustration of Time-Tempara-Superposition-Principle (TTSP)
(Figure 2-6 in Ref. [16]) -Image removed due toyraght
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2.2.1 Process-induced TID

The curing process of thermoset polymer compositeslves curing at a higher cure
temperature and subsequently cooling to room teatyes. Cross-linking during the curing
process results in shrinkage of the polymer maifithe composite. Also, the matrix contracts
more than the fiber during cooling. Hence, prodedsiced residual stresses develop in polymer
composite laminates due to mismatch in cure shgakand thermal contraction between the
fiber and the matrix as well as between plies ¢drainate. Additional contributions [17] may
come from a mismatch between the composite partt@ntbol used to manufacture the part, as
well as due to differential expansion during thenpaup stage (if gelation occurs prior to
reaching the cure temperature).

Process-induced residual stresses can result jpagarf17] and damage upon cooling from
cure temperature even before mechanical loadihd, 19]. Hahn [20] developed a
micromechanically based model to study the efféatesidual stresses in failure of2[845]s,
cross-ply and quasi-isotropic laminates and coreduthat the residual stresses resulted in early
failure of [90] plies in the studied laminates.eTkffect of residual stresses on strength of
composites was studied by Nimmer [21] and Wisnoi2] [@sing a micromechanical model
compared with finite element (FE) results and a rkédel, respectively. They showed that
existing residual stresses mostly affect the iatfbetween fiber and matrix, and this is
beneficial for the transverse strength of the cosripdoy inserting compressive stresses in the
interface. Formation of process-induced transveraeking in [90] plies during a thermal load
was experimentally investigated by Adams et al] jAross-ply laminates. They showed that

increasing thermal loading cycles led to increasihthe transverse cracks in [90] plies.
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Park et al. [24] developed a shear lag based maldely with critical strain energy to
predict transverse cracking in multiple plies afss ply laminates and quasi-isotropic laminates
under thermal loading. The predictions of transsensack density for thick [45] plies in quasi-
isotropic laminates compared fairly well with exipgental results. However, prediction of
transverse cracks for [90] and [45] plies did nmihpare well with experiments, especially in the
cases where the investigated ply group was tHerakovich [25],Zhao et al. [26] studied the
effect of residual stress on the failure of unidil@nal composites under transverse mechanical
loading using a micromechanical and FE model alitly a maximum stress failure criterion.
The prediction showed that the existence of residtrasses can be detrimental or beneficial
depending on what failure envelope the materiaAsadi and Raghavan [7] showed that the
residual stress built up in the composite during thanufacturing and cooling process can
nucleate transverse cracking in [90] and [45] pbéd+45/9Q]s and subsequently affect the
cracking progression in creep.

Fiber reinforcements are usually assumed to beielasd are not affected by the curing
process [27, 28]. However, polymer matrix is vidastc and depends on time, temperature, and
degree of cureHaving the capability to predict process-inducedndge would be useful in
designing a cure process to eliminate or minimiz&his requires a model to predict process-
induced residual stress and a criterion to prddikire. The former has been studied extensively
by a number of researchers in the context of poetuced warpage [27-38hd viscoelastic
models, [36-44] but rarely in the context of prazésluced damage. For example, Wheitsman
[36] studied the residual stresses during cool dénem cure temperature to room temperature
accounting for temperature dependence of complg@nadereas White and Hahn [38, 39]

developed a viscoelastic model to account for meichh properties dependent on time and
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degree of cure to determine the residual stress@sgdcuring and cool down procestowever,
while most of the papers have taken into consiaergirocess-induced residual stress, very few

studies have cited any process-induced damage efféct on failure of composites.

2.2.2 TID due to mechanical load

Extensive experimental studies have been completednderstand the effect of ply
thickness and stacking sequence on onset streas/&ir the appearance of a damage mode,
CDS, and sequence of appearance of various damagesnauring quasi-static loading. A very
good and concise review has been authored by N&tinMost studies have focused on
transverse cracking in [90] plies of cross-ply Iaates consisting of [0] and [90] plies. A handful
of them have focused on delamination [8-12, 45-88me of the earliest of these studies include
those of Garrett et al. [48], Bader et al. [49]rvPa et al. [50], Bailey et al. [51, 52], and Jenet
al. [53] who carried out experiments for observatdd transverse cracking in [90] plies and the
effect of thickness of [90] plies on transverseckiag in cross-ply laminates.

The laminate stacking sequence and thickness gblibe affect the damage onset stress

(orpp) and evolution of transverse cracking. The onsess for transverse cracking in [940

with thicker [90] plies is lower than the onsetest for [90/6)swith thinner [90] plies. Thinner
[90] ply groups can, therefore, develop higher cracksierbefore final laminate failure. The
thicker the inner [O] plies in [90/fxlaminates, the higher the onset stress for trasevaiacking

in outer [90] plies and the lower the CDS. This gegjs that initiation stress for transverse
cracking in [90] plies is lower for [9m]s than for [Pm/90y]s laminates. [996m]s have been
observed to exhibit a greater tendency for delation [5, 10], which often starts at the tip of
transverse cracks [54]. Thicker [98lly groups, in both types of layups are more deatatnon

prone as well. If the thickness is less than aiipe@lue, delamination would start sooner than
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the transverse cracking [5].

The effect of the thickness of [90] plies on tragrse cracking and delamination has been
studied by Wang et al. [8, 9, 11, 12, 55, 56] aririN[5, 10]. They found that the load at which
delamination starts depends on the laminate stgck@guence. If the neighboring plies of the
cracked ply are stiffer, a higher stress is requfige delamination. This is mainly because the
magnitude and sign of free edge stresses, whicheaponsible for delamination onset, depend
on the stacking sequence [56]. For instance, [F@4have been found to be exhibit negligible
delamination when compared to [+45/0/98¢cause of high normal out-of- plane compressive
stress, in contrast to tensile out-of-plane stiesthe latter. Stacking sequence of the laminate
can also affect the pattern of the transverse srfgK. Periodic transverse cracking imf@0]s
in contrast to staggered transverse cracking in/{8x has been reported by Nairn et al. [58].

Most of the studies in damage of composites aréddo transverse cracking of [90]
plies in cross-ply laminates, as mentioned aboeeth€ knowledge of the author, there are very
few studies in the literature focused on simultarsevansverse cracking in multiple plies of a
laminate [45, 59-61]. Simultaneous transverse engcknd delamination was in the focus of
some studies for laminates other than cross-plynates [8-12, 45-47 ]. The above experimental

observations have been used in developing varicedigtive models discussed below.

2.2.3 Models for TID

Previous research on modeling of TID evolution ¢Hpzally in [90] plies of laminates)
and its effect on modulus of composite laminatesxiensive and a good review can be found in
Ref. 5. Various approaches that have been usedeipdst to account for the effect of

TID on modulus during quasi-static loading can b®uged into three categories: Ply

27



Chapter 2. Literature Review

Discounting Models, Continuum Damage Mechanics (GDMdels, and Elastic Analysis based
Models.

Ply Discounting Models reduce the modulus of trecked ply to near zero value and use
it within the framework of lamination theory to demine the modulus of the laminate. Many
studies cited in Ref. 62 and 63 fall under thiggaty.

In the CDM approach, the damaged ply is modeleahasquivalent undamaged ply with
an apparent/in-situ modulus/compliance [6]. Theelas obtained, as a function of crack density,
by fitting the experimental data with the model, skown in Figure 2-14 and Figure 2-15.
Alternatively, a damage parameter is defined amd s determine the apparent modulus of the
damaged ply [64, 65]. The damage parameter isrdeted as a function of applied stress/strain
by fitting the experimental data with the model.e$a two modeling approaches were not used
in this thesis since they lack the predictive cafgb

Elastic Analysis based models determine the peatimb in ply stresses and strains due
to damage and use the new stress/strain statetéordiee the modulus of the laminate with
damage [5]. These models employ appropriate fractuiteria for ply failure, which can be
grouped into three categories, strength basedriasitpolynomial criteria, and energy based
criteria. Elasticity based models are either aizdl or numerical. Analytical models are based
on shear lag analysis [48, 66-68] and variationalysis [69, 70, 85]. Numerical models
involve finite element analysis [8, 9]. Since aralgtical model is developed in this thesis, prior
research on analytical models is reviewed here.

2.2.3.1Shear lag analysis based models

Shear lag analysis is associated with the stressfer from one ply to another near a

crack by means of interlaminar shear deformatidwa®lag method was originally proposed by
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Cox [7]]. In the shear lag analysis it is assumed thahd)fiber and matrix behavior is linear
elastic, 2) the interface between fiber and masrigerfect, and 3) no load is transferred through
the fiber ends. Assume that a strairz & applied to a fiber embedded in a matrix. Ssicain is
maximum at the fiber end and minimum at the fibenter (zero for a sufficiently long fiber),
there will be a shear stress distribution at tHeerfimatrix interface and a tensile stress
distribution in the fiber. The rate of load transie proportional to the difference between the
axial displacement of the fiber, and corresponding displacement of the matrikefé was no
fiber, Wi, as follows:

dF
—= -W
d)< y(Wf m)

wherey is the shear lag parameter which depends on gepwiefiber arrangement within the
matrix and material properties.

Shear-lag analysis was first introduced in compssior cross-ply laminates by Garrett
and Bailey [48] to predict transverse cracking3f][plies. Nuismer and Tan [72] used shear-lag
analysis to determine the reduction in stiffnesa minate. However, they neglected to analyze
out-of-plane stresscf;) and variation in the transverse displacement d&snation of x-axis
coordinate (i.e. along loading direction) to eliati® the variation ofxx along the z-coordinate,
i.e. thickness of the ply. The model predictions f@dulus compared well with FE results for
[£0m/90n]s laminates with pre-existing cracks in [90] plieaws and Dvorak [73] used the same
assumptions in their shear-lag analysis along gfithin energy release rate criterion to predict
stiffness loss as a function of transverse craadksithe in [90] plies and crack density as a
function of applied load in a cross-ply laminatéeTpredictions of their model for transverse
crack density in [90] plies of cross-ply laminatesa function of the applied load was validated

through experimental results.
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McCartney [74] developed a model based on sheamafadysis to predict the stress
transfer and displacement distribution betweer0Othand 90° plies with transverse cracks in [90]
plies, as well as the dependence of mechanicalepiiep on transverse crack density. He
assumed that the tensile stress was independéme pfy thickness. Plies were divided into sub-
plies of smaller thickness to improve the accurafyanalysis. The model predictions for
reduction in modulus with respect to the applieadian cross-ply laminates with cracks in [90]
plies compared very well with experimental results.

Flaggs [75] assumed linear variation of the impladisplacement along thickness
direction in his shear-lag analysis to predict $kgrse cracking of [90] plies of §#90] laminates
in conjunction with strain energy released ratéegon. He also indicated that the lamina
strength in the laminate was dependent on the hergig plies in the laminate. By comparing
the predictions and experimental results for ossetin and stress for transverse crack in [90]
plies of [#m/90,]s, he demonstrated that a failure criterion basedt@insenergy release rate
provides better results compared with predictioaseld on strength based failure criteria. Han
and Hahn [76], Lee and Daniel [67] and Daniel asdiT68] assumed quadratic dependence of
the in-plane displacements along the transversectthn in their shear lag analysis. They
developed closed form solutions for stress distidoy transverse crack density and time-
independent degradation of laminate modulus in geomin-situ modulus of the [90] plies in a
cross-ply laminate with transverse cracking in [pés. The change in load partitioning among
layers due to damage was simply interpreted in gevfinchange in the in-situ modulus of the
damaged layers.

Fukunaga et al. [77] and Lim and Hong [78] devetbpemodified model based on a

shear lag analysis to predict the transverse adaokity and stiffness reduction of the cross-ply
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laminates. Fukunaga et al. [77] incorporated a Weitistribution in the strength of [90] plies.

In their model, it was assumed that the shear saseslue to transverse cracking acted only
within a thin resin-rich layer adjacent to [90]gdi Critical strain energy release rate was used as
the criterion for cracking. Their model predictée@ dependence of the first cracking in [90] plies
on the [90] ply thickness as well as the reductiomodulus by progressive transverse cracking.
Considering the thin layer adjacent to [90] plied to better predictions compared to those shear
lag models which assumed the entire [90] layehashear layer [49-51, 75, 76].

Lu and Liu [79] developed a modified shear lag gsial for cross-ply laminates, called
interlayer shear slip theory, to investigate thieafof interfacial bonding on the behaviour of
cross ply laminates. In this model, they assurhedekistence of an interlaminar shear layer in
contrast to other methods that assumed perfectihgihetween plies. The results determined by
this model for transverse deflection of a compobiéam in-plane displacement and normal
stress in cross-ply laminates were in good agreemigim numerical results.

Berthelot [80] applied analyzed stress distributiorcross-ply laminates with transverse
cracking in [90] plies. The longitudinal displacemalong the transverse direction was assumed
to be quadratic in [90] plies and linear in [O]gdi The displacement along the thickness in [90]
plies was assumed to be a function of distancegabath longitudinal and thickness directions.
Model predictions for stress and strain distribatio [0] and [90] plies yielded a good agreement
with FE results.

Fan and zZhang [59] proposed a model, called ECMii{iedent Constraint Model), to
predict the stress distribution in a cracked lat@nbn this model, the cracked layer was replaced
by an equivalent layer with in-situ mechanical mdies. The model used shear lag analysis

along with strain energy release rate criteriorptedict the stress transfer from one layer to
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another layer and hence stress distribution ifagkrs. This model was able to analyze only
transverse cracking. The model predictions for céda of longitudinal, transverse and shear
modulus as a function of crack density of [90] plie cross-ply and B/90,] laminates were in
good agreement with experimental results. Also, pinedictions for onset strain of crack
compared very well with experimental results. Kafan and Soutis [60, 61, 81] extended this
work for other damage modes such as splitting agldntination. In contrast with the models
reviewed above, this model [60, 61, 81] focusedhenprediction of various damage modes in
multiple plies. Stiffness reduction due to transeecracking and splitting in cross ply laminates
[60], delamination induced by transverse crackingd aplitting in a cross-ply laminate [61], as
well as transverse cracking in angle-ply laming8i3 were modeled and predicted. An in-situ
damage effective function was introduced. Theseahpdedictions have been compared with
experimental results in references [68, 82, 83k Predicted longitudinal, transverse and shear
moduli agreed well with the results published irf.R82 and 83 but not with those published in
Ref. 68. Also, the predicted Poisson’s ratio ditlagree well with experimental values.

2.2.3.2. Variational analysis base models

Variational analysis is an extension of the maximamad minimum theory of ordinary
functions. The goal of variational analysis (calsubf variations) is to provide upper and lower
bounds for a set of exact solution. The mathemlapicablem of minimizing an integral is the
aim of the variational analysiSA tentative path which differs from the actual pagexact
solution) in an arbitrary but still infinitesimaletjree is called “variation” of actual path and
calculus of variations investigates the changesthe value of an integral caused by such

infinitesimal variations of the path{84].
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Calculus of variations deals with maximizing or miizing functionals. Functionals are
dealing with mappings from a set of functions te teal numberand usually referred to as
functions of functions. Functionals are often espesl as definite integrals involving functions
and their derivatives. The interest of calculuvafiations is to find the functions that make the
functional a maximum or minimum.

Suppose that y(x) minimizes the following integral.

X
Lyl = j[ PO (Y)? +a(x) y* +2 f( ) yidx
X
Y(%) = Yo, ¥(X%) = Vi,
where p, g, and f are given continuous functionsg x<Xx and p>0, and g>0. The value of

I[y] is a functional (function of a function) witargument y. If the first variatioaf I[y] is equal
to zero, the value for y(x) is determined. Thetfulerivative of I[y] results in the following

Euler-Lagrange equation:

“[PY(Y)] +a(x) y+f(x) =0
The solution to the above differential equationl wrovide values of y(x) that would minimize
I[y].

Variational analysis, applied to predict damagelgian, determines the change in the
stress state due to cracking using a perturbagion in stress, which is calculated by minimizing
the complementary energy using calculus of vametioriginally proposed by Hashin [69]. A
solution based on finding an admissible stres® stahich would minimize the complementary
energy, results in an upper bound for strain energysolution based on an admissible strain
state will provide a lower bound for strain ener§yudies using both methods can be found in

the literature and are reviewed below.
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Hashin [69] was the first to use variational analy® develop a model to predict
transverse cracking in [90] plies of a cross-plyilaate using critical strain energy release rate
criterion. In his model, the stress state was takebe a function of distance along loading
direction (x-axis) but independent of distance gltime out-of plane z-axis. In other words, the
stress was assumed to be constant through thehigknéss Minimizing the complementary
energy (using the principle of minimum complementanergy), the two dimensional elastic
stress state was determined. This was subsequesgty to calculate strain energy release rate,
which was subsequently compared with fracture toegh to determine if fracture occurred.
Hashin’s predictions for reduction in modulus wig#spect to crack density compared well with
the experimental results.

Nairn et al. [10, 46] extended Hashin’s work [6@]aredict both transverse cracking and
delamination induced by transverse cracks in [9@fspof cross-ply laminates. Thermal residual
stresses were considered in their analysis. Trassweacking was observed to continue until the
transverse crack density reached a critical cramhsidy at which delamination started; i.e.,
transition from transverse cracking to delaminataocurred. The predictions for transverse
crack density were in good agreement with expertaiaesults. This model did not focus on
prediction of transverse cracking or damage mauaddsa plies other than [90] plies.

However, Lim and Li [47] showed that Nairn and HLD] underestimated the energy
release rate, and hence, the predicted transitem avcoincidence. This is mainly because the
critical strain energy release rate for delamimatwas much higher than that of transverse
cracking in many materials, and such a transitromftransverse cracking to delamination was

almost impossible. Nairn [46] also derived uppet Bnwer bounds for the energy release rate for
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transverse cracking in composite laminates. Heroeted the admissible stress state in the
laminate for the upper bound and the admissibérsstate for the lower bound.

Varna and Berglund [85] also used Hashin’s modédlthe failure criterion of the critical
strain energy release rate to predict the transveracking in cross-ply laminates, assuming a
ply-thickness dependent stress function in theiilati@nal analysis compared to Hashin’s model
in which the stress distribution was independerthefply thickness. Anderssen et al. [86] also
used the principle of minimum potential energy glomith the critical strain energy failure
criterion to determine the stiffness reduction ioss-ply laminatesThis study accounted for the
crack opening displacement (COD) as a part of thglatement field in the variational analysis
and thus the advantage of minimizing the strainrggnevith respect to the crack opening
displacement function. They compared the predictmnstiffness reduction as a function of
crack density with FE results and results by Ha$b@} and Varna [85]. Their model predicted
well the stiffness reduction for carbon/epoxy cosif@s; however, it underestimated the
stiffness reduction for glass/epoxy. Zhang and Migan [87] used the principle of minimum
potential energy to estimate the effective modwiusracked §/90n]s and [9Q /6im]s laminates
with transverse cracks in [90] plies. They assu@@D to be a function of distance along both
the out-of-plane (ply thickness) and loading di@ticompared to the model of Anderssen et al.
[86] in which COD was only dependent on out-of-gatirection. They demonstrated the effect
of neighboring plies of the cracked ply on the madueduction of the laminate by varyifig
They showed that a lower crack densiiyw/P0n]s had a higher modulus compared ton[3h]s
with the same crack density. However, this trend weversed at a higher crack density. The
model predictions for stiffness reduction compaseti with experimental results for AS4/epoxy

and glass/epoxy composites. Farge et al. [88] axgeatally studied the COD dependence of
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transverse cracks in graphite/epoxy cross-ply lates using an optical measurement of
displacement field. They showed that the averag® @Onot dependent on stress level, and
linear elasticity is still valid for a cracked lamaite provided that the reduction in stiffness is
considered.

Rebiere and Gamby [45] extended the variationalyaisabased model developed by
Hashin [69] and used it with a critical strain emerelease rate criterion to analyze transverse
cracking and splitting as well as delaminationrioss ply laminates. In addition to predicting the
order of occurrence of these damage modes, it vasrsthat the sequence of damage modes
strongly depended on ply thickness, fiber orientain layers sandwiching the cracking layer,
and properties of fiber and matrix. The predictedis for initiation of longitudinal cracking did
not agree with experimental results obtained bydyast al. [51]. However, the predictions were
in good agreement with FE results for transveraeking and delamination.

Recently, Vinogradov and Hashin [89] used Hashariginal method [69] for cracking
of angle-ply Pr?/ 0n]s laminates. They rotated the laminate by the anfjide cracking plyq-
90)° about the out-of-plane axis to yield a crogstaminate [Pm?-0n1+90°)m /90:°]s, and they
used the original method for analysis of crackifig3®] plies of a cross-ply laminat&he
stiffness reduction as a function of crack densiys in good agreement with experimental
results.

Although shear lag analysis is very simple to penfovariational analysis has a number
of advantages. First, it does not have to makasisemptions used by shear-lag analysis. Unlike
shear lag analysis, variational analysis does sstirae the presence of an interlaminar layer for
stress transformation from undamaged ply to damabedSecondlyshear lag analysis assumes

a certain mathematical function to define the e of stress with distance from the crack
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location. In contrast, variational analysis need mwake any such assumption. Thirdly,
variational analysis can be extended easily tcetdimensional analysis, while shear lag analysis
requires additional assumptions with regards tesstifunctions. In view of these advantages,

variational analysis is used in this thesis.

2.2.4 Failure criterion for time-independent failure

Time-independent failure criteria, used in the nidiscussed in 2.2.3, can be broadly
classified into three categories: strength basetkriom, polynomial criterion, and energy
criterion. The strength-based criterion predicthifa of a ply when the stress (strain) of the ply
reaches the maximum stress (strain) for that plyoubh the strength-based criterion can
explicitly predict the fracture mode, it is unaldeaccount for the effect of the multi-axial stress
state in the lamina of a laminate since strengtia ¢& mostly generated using uniaxial tests.
Additionally, it cannot account for the constragftect of outer plies on the failure stress of the
cracking ply, manifested as variation in ply faélistress (magnitude of which is different from
the experimental strength value) with laminate fagaquence. Hence, the strength-based failure
criterion cannot predict accurately the damage woayin a ply within a laminate.

Polynomial failure criteria such as Tsai-Hill orai4Vu can be applied to multi-axial
stress state; however, they cannot explicitly mrteithe failure mode.

The energy based criterion predicts failure whentthal energy (or strain energy release
rate) of a ply reaches a critical energy (or citstrain energy release rate) for that ply. Sihee
energy in a ply is determined using all stressethat ply, this criterion inherently takes into
account the multi-axial stress state and is useahdnyy researchers [8-12, 45, 46, 55, 56, 58, 69,
70, 85, 87, 89]. Nairn et al. [90] evaluated thgiedictions based on energy and strength failure

criteria, carrying out a wide range of experimemms21 different layups, which all had [9fljes
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(some of them in the middle and some of them onstimace). The results showed that a
criterion based on the strain energy could prowadéetter prediction when compared to a
strength criterion [48, 91- 93] for failure.

A recently concluded world-wide round robin exeec|62, 63] has evaluated 19 failure
criteria by applying them to predict FPF and ULFvafious types of laminates under various
multi-axial stress states. While the accuracy @dpmtions varied with the model, some model
predictions were better than others under certaadihg conditions. Overall, the Tsai-Wu
criterion was better than others. Despite thisrgneriterion is used in this thesis due to the

need to differentiate the failure (i.e. damage) enod

2.3  Review on Published Studies on Creep and Creep Rupt

This section includes a review of studies on cream creep rupture without
consideration of damage, experimental studiesé-tilependent damage, modeling of creep and
creep-rupture with consideration of damage, andllfin failure criterion for time-dependent

failure.

2.3.1 Creep and creep rupture without consideration ofrdage

The published literature on the creep of polymetrimes of both unidirectional and
multidirectional composites is extensive, and aitled review can be found in Ref. 3, 16. Most
of the studies focused on the creep of unidireafitaminas.

Dillard et al. [2, 94] developed a creep model,dolhsn lamination theory, to predict the
creep of laminates using the creep properties eflémina that makeup the laminate. They

recorded extensive damage in their samples testeléruconstant load, which caused the
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predictions to be lower than the experimental datey also studied experimentally the creep
rupture of the multidirectional composite laminaéesi modeled using the Tsai-Hill criterion and
creep-rupture strength of unidirectional laminasddépancy was observed between the model
predictions and experimental results due to norsicemation of time-dependent damage. Their
work highlighted the influence of time-dependenimdge on creep and the need of its
consideration in any creep model for multidirecéiblaminates. Using Dillard’s approach [2, 94]
along with a modified Kohlrausch-Williams-Watts (KM) equation, Viswanathan [15] and
Balachander [3] generated the creep compliance afattae unidirectional lamina in the linear
viscoelastic region, given in equation (4-3) (désmat in chapter 4 in details). These creep
compliance data were used in this thesis. Alsahis thesis, the focus is on time-dependent
damage in creep, and hence, the review for muditivnal laminates is narrowed to those with

time-dependent damage.

2.3.2 Experimental studies of time-dependent damage

There are only about 10 to 15 published paperssfoguon the experimental study of
time-dependent damag®&loore and Dillard [95] were the first to record eximentally the
increase in transverse crack density in [90] pbéscross-ply laminates over time at room
temperature at stress levels greater than FPFsstigaghavan and Meshi [4] showed
experimentally that the FPF stress was also tinpeigent and that the creep of cross-ply
laminates increased with the increase in transvenaek density. They carried out experiments
with various strain rates to show the dependendena-dependent matrix crack density as well
as first ply failure on the strain rate at a givsettess level. Nguyen and Gamby [96]

experimentally concluded that a linear viscoelabtbavior of the undamaged material and a
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load-rate dependent critical energy criterion caplan the loading rate dependence of FPF and
cracking.

Birur et al. [1] experimentally studied the evotutiof various damage modes with time
in multidirectional polymer composite laminates jsgbked to a constant load at elevated
temperatures. They investigated the influence operature, thickness of inner plies, and outer-
ply constraint on damage evolution in six laminaté$ different stacking sequences by varying
the layup sequence. It was observed that the seguarevolution of the damage modes varied
with the laminate stacking sequence, stress, angermture. The different damage modes also
influenced one another as well as the creep rugiome. These studies establish that polymer
composite laminates develop TDD and that the cesepcreep rupture of polymer composite

laminates are influenced by both the viscoelagtwitthe polymer matrix and the TDD.

2.3.3 Modeling of creep and creep-rupture with consideiat of damage

Only a handful of studies (10-12) have focused adeling the effect of TDD on the
creep of multidirectional laminates. The modelsduse these studies are based on either the
continuum damage mechanics (CDM) [97-99] or elaatialysis based models [96, 100-105]
discussed in previous sections

Schapery [97-99] developed constitutive equaticsetd on a continuum damage model
for linear viscoelastic lamina within a laminatelwgrowing (time-dependent) transverse cracks;
however, his model did not focus on the predicbbtime-dependent damage growth as well as
creep of the laminate. He concluded that the homagd constitutive equations [98] developed
for linear viscoelastic unidirectional fiber comgesi with damage are practically the same as
those for linear elastic material, regardless oétlubr the damage is constant or time-dependent.

For specified strain histories, the current stresegend on the current damage, but not on the
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strain history. Balachander [3] modeled the crefeguasi-isotropic laminates by discounting the
modulus of damaged [90] plies within the framewofla lamination theory. Figure 1-4 shows a
comparison of experimental creep compliance witadfmted compliance. Even though his
predictions correlated reasonably with experimergallts at shorter times, they diverged with
increase in creep time due to the increase in cdadsity with time, which was not accounted
for in the model.

Ahci and Talreja [100] developed a thermodynamieseld model along with FE
modeling for predicting the non-linear creep of wovpolymer composites with pre-existing
damage. Time-dependent damage evolution was noelethdn this study. They fitted the
experimental data with their model to obtain thendge parameteilhe predictions for creep
strain compared well with experimental resultsT660-35/PMR-15 composites.

Ogi et al. [102-104] developed a model based omrslag analysis to predict the creep
response of a laminate with cracks in [90] plied ased it to predict and validate the creep of a
cross-ply laminate with time-dependent transveraeking [102, 103] as well as the creep and
recovery behavior of a quasi-isotropic laminatenvpite-existing transverse cracks [104]. In their
studies, experimental crack density was used arappoopriate model was developed to predict
time-dependent increase in damage. They fittedetigerimental data, for transverse crack
density obtained as a function of stress and timiag a probabilistic failure model and used the
latter to simulate the transverse crack densityutiom with time. The model could not predict
the strain in the initial portion of creep due tooaeous predicted modulus. However, the
increment of creep strain during the loading waseasonable agreement with experimental

results.
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Akshantala and Brinson [105] and Nguyen and Gan9®} fleveloped models based on
variational and shear lag analyses, respectivelypredict the loading rate dependence of
transverse cracking in [90] plies of cross-ply laates during tensile testing. These studies used
maximum stress and maximum strain failure criteriespectively. Akshantala and Brinson
[105] did not validate the predicted crack densigplution with any experimental or numerical
results. Nguyen and Gamby’s model prediction fackrdensity as a function of the applied
stress at different strain rates compared well viib experimental results for cross-ply
laminates. Both studies have not been extendedalitthted for creep.

All the above-mentioned models, both in TID and TDBquirea priori knowledge on
crack density for a given stress, and hence didoredict the crack evolution. Using the given
crack density as input, the above models can gréducmodulus or creep or stress-strain curve
[45, 59, 61, 69, 70, 102, 105]. In other words, gieposed models in the literature cannot
predict crack density, modulus, and strain at @mistress or time unless one of these parameters
is given to the model, thus suggesting a curvengttather than predictive capability. Further,
although there are attempts to predict simultan@@nsverse cracking in multiple plies [45, 59-

61], none of the reviewed models can do so.

2.3.4 Failure criterion for time-dependent failure

A comprehensive review of published failure criiefor creep rupture of unidirectional
lamina can be found in Ref. 106. While there igdabody of published literature on models for
creep rupture of unidirectional laminates with @mdion of a wide range of failure criterion,
only a handful of studies have focused on predictire time-dependent failure of a ply of a

laminate. The criteria used in these studies aeudsed below very briefly.
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A maximum strength or strain criteria (using expental creep rupture data along
principal material coordinates, B0 or 90) does not yield accurate creep rupture predictions
for unidirectional laminates under off-axis loadidge to a multiaxial state of stress. Similarly,
these criteria cannot be used to predict time-dégenfailure of a ply within a laminate. Dillard
et al. [2, 94] applied the Tasi-Hill criterion algprvith experimental creep rupture data to predict
ply failure within a laminate. Once the first faduwas predicted, they discounted the properties
of that ply to negligible value, and hence did padict further progressive cracking of that ply
or other plies (as observed experimentally). Thevabapproaches require experimental creep
rupture data for unidirectional laminates testedngl principal material coordinates.
Additionally, experimental data measured under xialaloading may not be suitable for
prediction under multiaxial loading even if eithitie Tsai-Hill or Tsai-Wu criterion is used.
Akshantala and Brinson [105] and Ogi et al. [102]1@sed maximum strength as the criterion
for transverse crackindRaghavan and Meshii [107] have developed and walida critical
stored elastic energy criterion (that is consistgith the fracture mode) for creep rupture of
unidirectional lamina under uniaxial normal andahleading. This is preferred over the strain
energy release rate criterion used in Ref. 8-1058569, 70, 75, 85-87, 89, 102, and 104 since
the latter requires priori knowledge of initial flaw size, which is an unknoewThis critical

stored elastic energy criterion is used in thisithe

2.4  Summary of Literature Review, Knowledge Gap, and Mavation for Thesis

Based on this literature review, the following censummarized:
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Literature Review

(@)

(b)

()

(d)

Based

In addition to TID due to process-induced stress quasi-static loading to creep
load, various damage modes evolve with time undsrstant creep loading in
multidirectional polymer composite laminates.

These damage modes evolve in multiple plies se@ligras well as simultaneously
depending on the loading conditions.

Evolution of a single form of damage (namely trarse cracking), with stress, in
[90] plies and its effect on time-independent maduhas been modeled. There is
one study each on transverse cracking in [45] phesl sequential damage
development (transverse cracking followed by detetion) in [90] plies.

The effect of pre-existing transverse cracks in j@es on the creep of composite
laminates has been modeled in a couple of studdese of these has used
experimental time-dependent transverse crack dedsita to model the effect of
time-dependent cracking on creep.

on this literature review, the following kregge gap can be identified in the area of

creep of multidirectional composite laminates.

1)

2)

3)

The time-independent and interactive evolutionaaus damage modes in multiple

plies of a laminate, due to process-induced st@adsloading to creep stress, and its
effect on subsequent creep is the least understood.

Time-dependent and interactive evolution of varidamage modes in multiple plies

of a laminate, during creep, and its effect on plieeequally least understood.

A model to predict both categories of damages,tified in (i) and (ii), and their

effect on creep is non-existent.
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2.5 Thesis Objectives

Hence, the goal of the thesis is to address the/lenlye gap, identified in 2.4, in the area
of time-dependent evolution of various damage madektheir influence on creep response of
multidirectional polymer composite laminates. Sititis is a vast and very challenging area, this
thesis is focused only on one damage mode (trass\eacking) and its simultaneous evolution
in multiple plies of a multidirectional laminateh@ objectives of this thesis to realize the above
goal are as follows:

1. To develop an analytical model to predict the preesponse of a multidirectional
polymer composite laminate with simultaneous tinepe&hdent evolution of transverse
cracking in multiple plies. This model should belealbo predict time-independent
evolution of transverse cracking in multiple plehgring ramping up to the desired creep
load, as well as due to process-induced stresstoaacdcount for its effect on subsequent
creep.

2. To characterize experimentally a) the evolutiotrafhsverse cracking with stress (during
loading) and time (during creep) in multiple plieka composite laminate, b) time-
independent and time-dependent modulus, and ¢p.cree

3. To validate 1 using 2.

Based on the literature review, variational analysombined with a critical stored elastic
energy fracture criterion, is used to model thel@wian of both TID and TDD. A modified
lamination theory framework, incorporating the miedior damage evolution, is used to predict
creep of multidirectional composite laminates. Rssiniom quasi-static tensile tests and tensile
creep tests, done at two different temperatureg {an different creep stress levels) are used to

validate the model.
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CHAPTER 3. MODEL FOR CREEP OF
MULTIDIRECTIONAL LAMINATES WITH TIME-
INDEPENDENT AND TIME-DEPENDENT DAMAGE

3.1 Introduction

The stress state in the plies of a laminate dependte curing process and loading
history. Aerospace composite laminates are curdugattemperature (177°C for the composite
used in this study) and cooled to room temperaRiecess-Induced Stress (PIS) develops in the
plies due to mismatch, among plies, in cure-indwtaihkage and CTE (Coefficient of Thermal
Expansion). This PIS state in the plies would bered during loading to creep load and the
stress in the plies at the start of creep wouldeddoth on the PIS and the applied creep load.
Finally, during creep under constant load, thiesst state would be further altered when the
stress in the most compliant ply would graduallycrdase with time (due to change in
compliance with time) and that in the least conmmgliplies would gradually increase with time
(due to transfer of the load from the former). Jén¢hree zones of process and load history are
illustrated in Figure 3-1. This stress state ifyagan be further modified due to cracking of that
ply when the stress state in that ply reachesithi# for fracture. In this thesis the cracking
appearing in zones | and Il due to PIS and applked is called TID (Time-Independent
Damage), and that cracking appearing in Zone Idrdime due to creep is called TDD (Time
Dependent Damage). Therefore, a creep model shmuklble to simulate the evolution of ply
stress state, TID and TDD for a process and lositiyi to predict the creep of a multidirectional

composite, reliably. The model developed in thesth has this capability.
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Figure 3-1: Process and load history considerd¢dardeveloped model
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3.2 Creep Model

A block diagram of the creep model consisting afrfmtegrated modules developed in
this thesis is provided in Figure 3-2. The PIS meduredicts the process-induced stress for an
imposed process history. The QSL (Quasi-Static Jeaddule predicts the stress state for an
imposed load profile with initial values input froRIS module. The Static Load (SL) module
predicts the stress state as a function of timb mitial values input from the QSL module. All
these modules use lamination theory, discussedpeAdix A, to predict the stress state in the
plies during each incremental change in the vagiablevant for a given zone, indicated in
Figure 3-1. Incremental change in temperat&€),(load QAo), and time 4t) are the variables
corresponding to the PSI, QSL, and SL modules,edsly. This incremental analysis is
required to take into account the change in mdteraperties along with the change in the
magnitude of identified variables as well as pdyation in stresses due to TID and TDD.
During each incremental step, each of these modviledetermine the stored elastic energy and
compare it with a critical stored elastic energyitito predict if a ply would fracture during that
step. If a fracture is not predicted, the variablehanged by a pre-determined magnitude and the
simulation procedure is repeated. If failure isdiceed, a fourth Variational Analysis (VA)
module, shown in Figure 3-2 is accessed. This neodkilthe core of this creep model and
predicts the perturbation in the stress state plfyadue to cracking and the new crack density,
which would be input to the module that invoked Yh& module. Using this data, the module
that predicted fracture recalculates the averagssttate in the plies of the laminates, average
stress and strain on the laminate, and modulus/kance of the laminate. These along with
crack density are output by the PIS, QSL, and SHutes as a function of simulation variables

used in those modules.
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Figure 3-2: Creep model for composites with damage
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The damage mode considered in this model is trassveracking in multiple plies.
Among various damage modes discussed in Chaptand 2, this is the primary damage mode
that occurs first and that continues to develomiitiple plies for a wide range of applied stress
(during quasi-static loading) and time (during @edefore other damage modes develop
resulting in ultimate laminate failure.

The features of this model, which differentiatdradm published work in this area and

highlight new contributions from this thesis, astdd below.

. Prediction of TID evolution in multiple plies oflaminate

. Prediction of TDD evolution in multiple plies oflaminate

. Prediction of creep of laminates with TID and TDD

. Prediction using independently measured laminaeptegs and without using any

fitted parameter.
The five important components of this model arefthe modules shown in Figure 3-2

and the fracture criterion. These are discusseetail below, starting with the core VA module.

3.3 Variational Analysis (VA) Module

This module extends the variational analysis apgrateveloped by Hashin [69] for TID
in a ply. Differences between the current modekpgproach and Hashin’s approach will be
highlighted by the end of this section.

When a crack occurs in one ply, the stress staaé plies of the laminate will be altered.
The main goal of the variational analysis is toed®sine an admissible stress state that satisfies
the equilibrium equations, interface continuity dtions, and traction boundary conditions.

The following assumptions are made while developimg model.
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1) A transverse crack forms in a ply spanning thtgre thickness and width of that ply.

2) A new crack always forms in the middle of th&aot portion between two cracks in
that ply, resulting in a crack spacir&f?, that is half of the previous valugg®, shown

in Figure 3-3.

3) Axial stressesokx) do not vary along the width, and z-axis (indeparicf ply
thickness), i.e., constant thorough width and théds direction.

4) Transverse cracks irf]-and [40] plies are assumed to be at the same location.

In order to derive the admissible stress field \utgatisfies the equilibrium and boundary

conditions, the principle of minimum complementagergy was applied. Complementary
energy density of a material is the area betwemssistrain curve angtaxis, i.e. b#oa edo, as
shown in Figure 3-4, in contrast with the strairergy density which is the area under stress-
strain curve, i.e. afff ode, as shown in Figure 3-4. The principle of minimgeomplementary

energy will be explained further in this section.

Consider afw/90y]slaminate a crack density®, AC) andA®® in [90], [-0], and [0]
plies respectively, as shown in Figure 3-3. Co@tdicsystem of the laminate is also shown in
Figure 2-1. Suppose that this laminate has reatthedlamage state at a given load. The damage
state of the ply is characterized by crack deridiy which is equal to 1/(29). 2a¥ is the crack
spacing for the corresponding ply (k), as showikrigure 3-3. this the thickness of each ply,
and h and h are the distance of the top surfaces 6f §nd [+0] plies from the symmetry line.
Although the cracks in all plies are aligned in Uiy 3-3, the laminate would not fail, since
cracks propagating along the width of [-45] andH}+ayers are perpendicular each other. The
alignment of cracks in [-45] and [+45] layers, doehe assumption of the location of cracking

(Figure 3-3), may not happen in reality, as
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shown in Figure 3-5. However, it was assumed taaisiverse cracks inf}land [+0] plies are at
the same location. The impact of this assumptiotheraccuracy of prediction will be discussed
in 5.4.1. It is worth mentioning that the number a&cks shown in Figure 3-3 is just for
demonstration purposes.

Since crack density in various plies is the notdame at any given stress, the entire gage
length of the laminate, shown in Figure 3-3, isdusemodeling. Suppose that the total number
of intact regions ind], [-0], and [90] are re§), red™®, and ref® respectively. In other words,
the total number of cracks i8][ [-0] and [90] are () = red” -1), (9 = red? -1) and (% =
red® -1) , respectively. It should be noted that the amds of the laminate were not considered
cracks since they are transferring the load thrahghwhole laminate. When there is no crack,
the plies of the laminate are in plane stress ¢mmjiand longitudinaldy), transversedyy) and
shear §xy) stresses are determined using lamination th&ugpose that a new crack forms in a
ply (e.g., [90]) of Pn/90n]s laminate. This could happen in zones | or Il dindlFigure 3-1. The
analysis below is for cracking in zone Ill undec@nstant creep stressckey; however, it is
applicable to other zones too. Suppose that thekdams during a time stefst from t.1 to t.
The stress distribution among the plies will charnidee new stress state for each ply at tine t
given by:

O-J(|k) (t)= Oflk) (ty)-o jT(k) (3-1)

where Of-f)(ti) (.) = x,y,z; k =0,-0,90) are the stresses in th& layer at it Oflk)(ti_l) are the

stresses in the"kayer at t1, and JJ-F,’(k) is the perturbation in the stresses of theldyer due to

damage at.tThe general form of equation (3-1) can be reemifor each ply, as follows:

0 (.X) =0 (t.1)=0,.° (0 =03 (t.1) =4 (¥ (3-2)
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Figure 3-5: The top view of the laminate showingotis spanning the width in [-45] and [+45]

plies

55



Chapter 3. Model

¥, =02 ) -0 () =05 ()~ (%) (3-3)
gy (.9 =0y ()~ 0y, (%) =0y (t1) 7" (%) (3-4)
where e®(x), y®(x), andn®(x) are the stress perturbation terms in ply (lkngl global axial,
transverse and shear directions, respectively.

Once the crack occurs in a ply, the bonding betwkanply and its adjacent ply vanishes
at the tip of the crack. This will introduce outyglne normald;;) and shear stresses{in the
X-z plane andy; in the y-z plane) as shown in Figure 3-6 for dmitesimal element near the

crack. The equilibrium equations for force balaatmg X, Y and Z directions are:

Along X-direction

5} 0

(Oxx + =2 dx) X (dy X dz) = 04y X (dy X d2) + (04y +

Ox
. yy dy) x (dx x dz) — oy, X

5]

(dx X dz) + (0, +°

“22dz) X (dx X dy) — 0y, X (dx X dy) = 0 (3-5)

Along y-direction:

(ayy + 22 dy) x (dx X d2) = Gy X (dx X d2) + Gy X (dy X d2) = (0 + 22 dx) X

(dy x dz) — 0y, X (dx X dy) =0 (3-6)

Along z-direction:

0 2

(045 + U;z dz) X (dx X dy) — g,, X (dx X dy) + (0, +

5 U;Z dx) X (dy X dz) — 0, X

5}

0

(dy x dz) + (0, + ";Z dy) x (dx x dz) — gy, x (dx x dz) = 0 (3-7)

p)
Rewriting equations (3-5)-(3-7) will result in tleguilibrium equations for a given ply (k), given

in equations (3-8)-(3-10):

00% 00Y g%
0Xx oy 0z

=0 (3-8)
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Figure 3-6: a) An element near the crack zonetrbyses applied to the element in x-z plane

view, and c) stresses applied to the element irphaze view
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gl ool acl
L ) s LY o' (3-9)
(64 oy 0z

ocY doy) o
Xz 4 Y. + 7z :o (3_10)
0X oy 0z
The boundary conditions are presented accorditigeteoordinates system, shown in Figure 3-3.
The boundary conditions on the crack surface of(kjyi.e x= +2 & &% are given in equations

(3-11)-(3-13).

o #2nYa®, 29 =0 or g%, ., =o¥(t.) (3-11)
Oii;/)(ﬂn(k) a(k)’z(k))zo or w)t)ﬁ,{k)aw) zaf(;(/)(ti—l) (3-12)
ol (x2nWa, 29y =0 (3-13)

where 9 is the number of cracks at ply (k), as definedierain this section (% =1,2,...,n). The

boundary conditions at the traction free surfaee ar

o (xh)=0 (3-14)
oy, (xh) =0 (3-15)
o2 (xh) =0 (3-16)

Symmetry with respect to the (x-y) plane requireat tat the mid-point of two neighboring

cracks in [90],

g8 (£n®a® 7=0)=0 (3-17)
and
Ufi@ #En®a® 7=0)=0 (3-18)

Traction continuity at the two interfaces (betw&@nand 6 as well as betweed and6) requires
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that shear stresses and normal stresses in threctioin are equal across the interface atge=th

and z=h. At z=thyo

a7 (xz=thy) =057 (x 2 =thy,) (3-19)
a? (xz=thy,) =al? (xz=thy,) (3-20)
a7 (xz2=thy) =0, (x 2 =thy,) (3-21)
At z=hy

o7 (xz=h)=0(xz=h) (3-22)
al?(xz=h) =0 (xz=h) (3-23)
o.” (xz=h)=03) (xz=h) (3-24)

Substituting the general form of stress distributgiven by equations (3-2)-(3-4) into
equilibrium equations (3-8)-(3-10) and applying timundary conditions given in (3-11)-(3-24),

the stress state in each ply reduces to the fatigwi

[90] plies:

5 (%) =05 (t.) -4 (%) (3-25)
a5 (6,9 =05 ()~ () (3-26)
0'53@ . ¥ =0 ;(/?/0) (to)-n % (3-27)
05" (t,%2) = w z (3-28)
0-;30) (t| X Z) = % Z (3_29)

d269 7> +h d24? h-t

Al R e R e (330

60



Chapter 3. Model

[-4] plies:

a2 (6. = 0. (6) =477 (0
0,7 6% =07 )~ ()

g, .9 =07 t.) -7 (%)

(_g) (g)
-6) (t,x2)= w(z— h,) —wthg
(-6) 0
0'5;9) (ti , X Z) = W(z— hl) —Wthg

a0 (h-2° A

(=6) —
Jzz ti 1 XZ) =~
t.x2) dx? 2

[4] plies:

gLt X)) =03 (t4) - ¢ (%)
gy (6,9 =0 (t2) ~¢ (%)
Uf,? (t;, %) = 0'§/§) (t) _’7(9) (X)

o, x2) = —%(h— 2)
oD (. %2) = ﬂ(h 2)

dx? 2

(3-31)

(3-32)

(3-33)

(3-34)

(3-35)

(3-36)

(3-37)

(3-38)

(3-39)

(3-40)

(34

(3-42)

The stress state derived in equations (3-25)-(3eéB}ains three unknown perturbation

functions for each layer, resulting in a total aferunknowns. In order to determine these

perturbation terms, i.ep®(x), y®(x) and n®(x), the principle of minimum complementary

energyis applied. The principle of minimum complementanergy states [84] that, “among all
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the sets of admissible stresses which satisfy tpeateons of equilibrium and boundary
conditions, the sets of actual stress componentee rttee complementary energy an absolute
minimum.” Calculus of variation is used to minimizee complementary energy function. The

complementary energydJin absence of displacement boundary conditiangivien by (3-43)
1
U, =[[&dojdv="[s, 0,0,dv (3-43)

wherecjj and S« are the stress and the compliance tensors, résggcaind V is the volume of
the intact regions along the gauge length of thmepés shown in Figure 3-3. Hashin [69] has
shown that the complementary energy for any craddaety is equal to the summation of the
complementary energy of the uncracked body’)(dnd the complementary energy resulting
from perturbation stressesd{\l
Uc=UZ+U¢ (3-44)
The perturbation stress state, given by equati8f&b}-(3-42), is plugged into equation (3-43)
and (3-44) to determine the perturbation functitret minimize the complementary energy of
the cracked laminate. Due to symmetry with resp@ehid-plane, z=0, only half of the cracked
region, i.e., 6 z<h, is analyzed
UCP =n® T _TW“”dzdx+ nt® T rj'lW('9>dzdx+ n®o ajzo thJ%OW 0 dzdx (3-45)

“a hy —ag thy ~8 0
where WK is the complementary energy associated with geation stress state in one intact
portion of ply (k), and ¥ is the number of intact regions in ply (k). Eqoati(3-45) can be

written in terms of stresses in various plies &f lminate, as follows:
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3

U CP = % n(G) :L i{[ O.P(H) (ti )] x’y[s(ﬂ) (ti—l)] x’y[a.P(H) (ti)] x’y}dZdX"'

ag h
200 [ L0787 ()], [0 (L), Yz (3-46)
—a—g thyg

0 th’BO
2000 T o™ 000,15 (1)1, 10" (1),

2 —ag 0

where[g™(t)],, and S‘(t,,)],, are the perturbation stress matrix;artd compliance matrix

at t1, respectively. The terms of the matrices are pieyibelow. The relationship between

stress and strain is given by equation (3-47).

e 7 [sWt) S¥ ()  S¥ () 0 0 S¥(tn) |[o7]
e | 1S90 S¥.  SY. 0o o 9, |0,
Eul_ S>(<Iz(>(ti—1) Sﬁ? (tiy) Silz() (tiy) 0 0 Sils()(ti—l) Ufz
Vel | O 0 0 SW(t) S (t) 0 oy,
z 0 0 0 SW(tL)  SP(t.) 0 al
ol 80t S¥t.)  S¥(t.y) 0 0 s¥(t,) |[o% )
(3-47)

where Sflk)(ti_l) (k=6, -0, 90 and |, I=x, vy, z, r, q, S), where g=yz, r=xadas=xy, are the
transformed compliance in global coordinates ofglyecalculated using equation (3-48):

[SY(t)] T LS9 )] i [T (3-48)

[S¥ (t)];, is the unidirectional creep compliance at timeatong material coordinates of the

ply, given in equation (3-49). [Tand [T;] are transformation matrices given in equatio®b(3-
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soosy sy 0 0 o
S5 SH(t.) () 0 0
[Sgk)] - Sl(g) (g) (tiy) (g) (t) 0 0
"o 0 0 Siw(t) 0 0
0 0 0 0 () 0
_0 0 0 0 0 ('g) (t_) |
[ 1 —p® —p® i
Ei(k) Ei(lkz) El(lks) 0 0 0
1 1 1
(lkz) (®) ® . 0 0
Ell E22 (ti—l) E22 (ti—l)
_y,® _,®
S ey 0o o
= Ell E22 (ti—l) E33 (ti—l)
0 0 ; 0
G (t_y)
1
0 0 0 -
G (t)
1
° 0 0 0 ISOI)
L 12 (I—l) a
 m n®> 0 0 0 2mn| M n? 0 0 O
P m 0 0 0 -2mn n> m O 0 O
[T]= 0 0 1 0 0 0 (T,] = 0 0 1 0 0
0 0 0 m -n 0 0 0 0 m -n
0 0 0 n m 0 0 0 0 n m
l-mn mn 0 0 O m*-n?] -2mn 2mn 0 O

0 n?-n?|

(3-49)

(3-50)

Ei (tia), Gi (tia) andvy (tia) (j, I=1, 2, 3 ) are Young's modulus, shear modudund Poisson’s

ratio along principal directions at tima.tm, andn are sin (k) and cos (k), respectively, where k

is the orientation of the fiber in the ply with pest to the global x-axis . k =906, or +6 for

the three ply groups of the chosen laminate.

Substituting equations (3-25)-(3-42) and (3-47pB(B-in equation (3-46) results in
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:¢-(90) ¢.-(—6) th5 +i1' (¢- (90))2th3 10 I/f;o) (t,_1)¢"(90)l7(90)th3
EPt,) 369, 3 Ey’ ()
(8°)th, (1*)*th , 9 (#'7)"th°  ¢r**)’th
Ey” (t-) "4 Ey)(t) G ()

W(go) B (go) J‘ [47 (¢ll(90)) th5
15 EP(1.,)

10 Vf;o) (t _1)¢ (90)¢(90)th3 +i" (w. (90))2th3 .

3 EQPL) 3G, EL ()
(90) t_ (90) (90)th (90) t_ ©0) 5'(=0) {13

(t-1)¢ B2 ARV AL

ES(t) ES(t)

a )530) (t _1)/7 (90)¢u( 9) th3
Ey’ (t)

(3-51)

i ¢'(-6) ¢-(€) '[h5 +} (¢-(-6) )zths _} V;S) (ti_l)¢--(-9),7(-9)th3
24 ELO(t,) 6 GLA(t,) 6 ELP (L)
1(¢“)%th L1 (79)%th
6 2 E>(<>_<9) (ti—l) 2 E§;9) (ti—l)

+E (¢'(6))2th5 +} (lﬂ(_g))zth +}¢"( e)w ©) th? +£¢|(—6) ¢.(a) th® +} (w.(a))zths
24 ESO(t) 2GL7() 2 GRP(t,) 2 GL2(t.,) 2GR
1(g)%h® vi? (t)g @ n™th® vif ()" @ ¢ th® v ()¢ nOth?
2 G (t,) Ey,” (ti.l) ECY (to) ECY (to)

(3-52)

WED = 9 .[ L 1 (¢"?)%h® N
40 E( & (t._)

V( 0) (t| 1)¢ (= 9)¢( 9)th3 } (w-(—a))zths .\
ESY () 6 G (t._y)

WO = @ I (L @)t (VR (GOt 1v P ()" 9Ot 1 (4%t
40 EP(t,) 6 Ey (t) 6 EL (tiy) 6 G (ti)
L@ 1@0)h 1)t V68 1 @),

6 G)(ty) 2EQ(.) 2ED () E () 2GJ (1)

(3-53)

In deriving equation (3-51)-(3-53), it is assumédttthe thicknesses of all plies are the same

i.e., tho=the=thy, and equal tah. It is also assumed that the laminate is transWeiisotropic

and the properties in the x-z plane are the sanigoas in the x-y plane, as follows

Ess(tiy) =Ex(tiy)

(3-54)

Gia(tis) =Gpo(tin) (3-55)
Via(tig) =Vio (i) (3-56)
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_ Exn(tiy) }
Gpsltin) = m (3-57)
where
Valtig) = 2450,(t,) (3-58)

Equation (3-58) derived as per according to Ré§].[B order to calculate the stress perturbation
terms, o®(x), y®(x), andn®(x), the complementary energy given by equation§1(3(3-53)
must be minimized. The first variation of energyatpns (3-51)-(3-53) with respect to each
perturbation stress, i.ep®(x), y®(x), and n®(x) will provide Euler-Lagrange differential
equations [109]. Since there are eight unknownupleation stresses (no in-plane shear in [90]),
eight Euler-Lagrange differential equations wereivégl. The solution to the derived Euler-
Lagrange equations will minimize the complementmgrgy. The Euler-Lagrange equations for

the functionsp®(x), y®(x) andn®(x) are given in equations (3-59)-(3-66)

A.L ¢(9°() Az ¢(90(X)+A3¢(90(X)+A4 ¢( 9)()+A5 ¢“’() Ay 2/7(90)()

AT =0
(3-59)

AL ¢<9°>(x)+A7¢<9°)(x)+A7 809+ A 09 =0 (3-60)
(-9) (-6) (-6) () (6) (90)

A.;dxm 09+ Ar 04000 + A (x)+A2dX4¢ 9+ A 9900+ AL 90

+A 5900+ a, L0+ An A 00 mp 04 A, Ly =0

(3-61)

Ae D900+ A0+ 6 0000+ A L0000 + AW =0 (3-62)

Ao g 900+ Ay 09900+ A0+ A D00+ A g0 00 4, Lo
+ A1+ Ay, Wf/“’)w A w000+ A, T o009 =0

(3-63)
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d2

A 787 (0 + A () + A () + Ay (%) = 0 (3-64)
A, ;—;l//(“’)(X) + A O (x) + %43—;1//“’)@) + A (x) + Ase(;j—;w")(x) =0 (3-65)

A, 3_);[/,(9)(@ + AP (X) + Ay g—;w(‘f’)(x) + A40§—;¢(9)(X) + A7 () + A ? (x) = 0

(3-66)
The coefficients, AAs, are groupings of various terms and are giveiménAppendix B Since
y®(x) is equal to zero (no shear stress in [90] pliélse system of the above differential
equations has eight unknowns and eight differertalations.

In order to solve the derived differential equasiomppropriate “imposed boundary
conditions” were applied. Here, imposed boundarpddmns mean constant stress rate or
constant strain rate used during loading to theired creep load. Figure 3-7 shows the changes
in the stress-strain curve for a finite amount afrack growth during constant strain rate and
constant stress rate loading. For a constant stagenoading, represented by ABD in Figure 3-7,
the stress drops to D when the cracking occurs atddvever, for the case of constant stress rate
loading, the stress remains unchanged and then sh@ieases to C when cracking occurs. In
view of this, it is important to use the appropiabnditions to have accurate results.

In our experiments, constant strain rate was usddad the sample to the creep load.
Hence we used contant strain rate conditions in @8Hdule. In contrast, the load was constant
during the actual creep test and hence, constasisstate condition was used in SL module.

Due to the complexity of the derived differentigjuations, these equations were solved
numerically using MATLAB functiorbvp4¢ which has been developed to solve the boundary
value problems for ordinary differential equatiofsis function is capable of solving a system

of non-linear differential equations by definingrd on which the solution is computed and
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Stress

»
>

Strain

Figure 3-7: Stress-strain schematic for constaatrstate and constant load rate tests.

ABC refers to constant load rate, and ABD refera tmnstant strain rate test.
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compared with an initial guess. Further informatmm the solution procedure is provided in
Section 4.5.5.1.

Once the unknown perturbation stress terms arerdeted, they can be substituted into
equations (3-26)-(3-43) to completely define thest state of each ply at a given temperature or
applied stress or creep time upon formation of\a cgck in a ply. This result is input to PIS,
QSL, and SL modules, depending on which modulekaddhe VA module.

In order to highlight the differences between therent approach and Hashin’s approach
[69], a very brief introduction to Hashin’s apprbas given below.

Hashin used a 2-D variational analysis to deternti@estress state of each ply due to
transverse cracking in [90] plies of a cross-plyilsate, shown in Figure 3-8. Since the cross ply
laminate has two ply groups ([0] and [90]), sixess perturbation terms are required to
determine the stress state. However, there is @ar sfoupling in cross-ply laminates; hence, two
perturbation terms associated with shear vanishalde assumed zero perturbation in stress
along the y direction. Hence, he considered only perturbation terms to address the change in

axial stress in both plies, due to transverse angck [90], which is given in equations (3-67)

and (3-68).
g9 = g% _ GPO = 5000 _ 7 () (3-67)
J(5) _ 00(6) O.F;(é) 0(6) ~Z,(X) (3-68)

0(9)

whereg2®? and g2 are initial stresses before cracking, affk) and (x(x) are stress

perturbation terms for [90] and [0], respectivetie assumed a constant load rate condition (i.e.
stress on the laminate before and after crackinghés same) which allows writing one

perturbation term based on the other using fortanlba, as follows:

g thy + 057 thy = 00 thy + 0. thy, =0, h (3-69)
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Figure 3-8: A damaged [0/90hminate used in Hashin’s analysis
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where, th, thoo, and h are the thicknesses of [0], [90], and lateirraspectively. Substituting
equation (3-69) in (3-67) and (3-68) results in:
o0

t 0 > xx
$,(X) :_% J)?)EO) &%) (3-70)

In contrast, the present analysis considers crgdkirall three plies of the laminate, i.e.,
0, -0, and 90 wher® is not equal to zero. Also, the current analysissaders perturbation in in-
plane normal, transverse and shear stresses indkgndue to cracking at each ply. In other
words, Hashin used one stress perturbation termplyeand determined the stress field by
minimizing the complementary energy. However, ia turrent analysis three stress perturbation
terms per ply are defined, and hence, a total né ninknown stress perturbation terms are
determined based on the principle of minimum commgletary energy. In addition, while
Hashin’s analysis solves for a constant load ratedition, the present analysis solves for a
constant strain-rate condition during ramping ugreep load (as well as during thermal loading
in Zone |) and for a constant load rate conditifieraeaching the creep load. Furthermore, while
Hashin’s analysis can be applied only for TID pe#idn, the present analysis can be applied for
prediction of both TID and TDD.

Finally, while the current analysis is capable o&dicting the crack density, the
corresponding stress state, and the laminate meddlashin’s approach merely determines the

stress state for a given crack density and modulus.

3.4  Process-Induced Stress (PIS) Module
This module calculates the process-induced resgtuedses and transverse crack density

in each ply during cooling down from the processgerature to room temperature, as illustrated
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in Figure 3-9. The variable in this moduleA3. Due to the influence of temperature on the
properties of the lamina, as well as the possybditply cracking due to induced residual stress,
the temperature is decreased incrementally anglthstress state is determined after each step
decrement in temperature.

Using lamination theory, the unconstrained therstedins of each ply are determined
using equation (3-71)

e, =a,(T-T,.) j=1=12 (3-71)

ejI = ECureShrinkage J =1=2 (3-72)
where ¢ in equation (3-71) is unconstrained thermal sfr@inis thermal expansion coefficients

and T is temperature, angdia equation (3-72) is the unconstrained cure &hage strain. Having

(K

xy: thermal stresses and moments of

transferred these strains to global coordinatesbtaine;]

the laminate are subsequently calculated usingdhations (3-73) and (3-74).

n

M1, = Y 1QI% 1% 2.th (374)

where th and z are the thickness and the distance of the midtmdithe ply from the reference
plane, respectively. [Q]® in case of thermal part is dependent on temperahawever, in the
case of a cure-induced part it is calculated a& ¢cemperature. The residual stress due to cure
shrinkage strain along the transverse directionaaszilated using the transverse modulus of the
composite at dure and the cure shrinkage strain. This stress wasdattdthe transverse residual
stress due to thermal strain. This procedure wagptad since residual stress due to cure

shrinkage would be cured-in at the cure temperatndeshould not change during cool down.
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— > PIS Module

Stored elastic
energy>
Critical stored
elastic energy

T=T+AT

Calculate crack density

VA Module

A

A

Stress and strain sta
crack density of each pl

YES
If T=desired temperature

<

!

END

Figure 3-9: The PIS module
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The longitudinal residual stress due to cure slagekwas assumed to be negligible due to the
large difference in the fiber modulus and resin olosl at cure temperature.

Due to the axial of loading [D] matrix is zero. Ehar, due to symmetric laminate used in
this thesis, [B] is also zero, and only [A] and [ahtrices are non-zero. [A] and [a] are the
stiffness and compliance matrices at the currenipérature and are calculated using the
relationships explained in Section 2.1.1. The sgraif the laminate are calculated using equation

(3-75).

[Eo]xy :[a]x,y[NT] X,y (3-75)
Thermal strains and residual stresses in an ing@igly are determined using the equations (3-

76) and (3-77).

[£d%, =[£°1%, ~[e]%, (3-76)

[odl, =[S [E- (3-77)

Equations (3-76) and (3-77) are applied to thentla¢érand cure-induced parts separately to
provide process-induced strain and stress that gsespboth cure-induced and thermal parts.
Figure 3-9 depicts the procedure of predicting kidensity and final stress state of each ply and
laminate strain during cool-down. During coolingwdo from the cure temperature to room

temperature, at eadil (AT=Ti-Ti.1» where Tand T.1 are the current and previous temperatures),
the stress and strain state of each ply is detexhusing equations (3-76) and (3-77). Then, the
stored elastic energy in each ply is determinedcamadpared with a critical stored elastic energy
criterion to determine if that ply would fail or nndf the calculated stored elastic energy is equal

to or greater than the critical stored elastic gnecracking is deemed to have occurred. If failure

is predicted, the crack number of the failed plynisreased by one crack, i.8™ =n' +1and

74



Chapter 3. Model

the new crack density of() is determined where*) are the crack numbers of the ply at T
and A are the crack density of the ply at Then, the VA module discussed in Section 3.3 is

invoked using the new crack spacing (Len™) to determine the perturbation in the ply stress

state as well as the final stress state of theaftgr cracking. Then, the stress state of the ply i
averaged, and the stored elastic energy usingvitiage stresses is re-calculated and compared
with the fracture criterion. This procedure is rafgel until the stored elastic energy of each ply
reaches a lower value than the critical storedielasergy of that ply. Details on this procedure
are presented in 3.5. The imposed boundary conditiothe VA module is constant stress rate
loading.

The output of this module is process-induced steesk crack density at each ply and
laminate strain which is input to the QSL moduleshswn in Figure 3-2. It is worth mentioning

that the output laminate stress will be zero, wthikelaminate strain is not zero.

3.5 Quasi Static Load (QSL) Module

This module predicts the change in ply stress aadkcdensity during loading to creep
load under constant displacement (i.e. strain). rake variable in this module i&c where
Ac=0xy, i - Oxx, i-1 (Oxx, i-1 refers to the previous stress angd i is the current stress). The laminate
strain, ply stress states and cracking, due to faatwring-induced residual stress, predicted by
the PIS module are input to this module. The modelapproach for the case of no process-
induced cracking is discussed first, followed bg thpproach for the case of process-induced

cracking.
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Figure 3-10 shows the flow chart of the QSL moddensider a laminate without any
predicted process-induced damage at the startdirig,oxx, i-1, i.€., a load per unit width ofjiN
i-1, where j, | = x,y. Using lamination theory, repeted by equations (2-4) to (2-13), the load
per unit width-strain relationship for the laminatéth process-induced stress is given in

equations (3-78) and (3-79).

N, Ax Ay As] |8 | [Bu By Byl |4 Nt
NW = A<y A\/y A\/S ,S‘Sy + BXy Byy ByS KW, - Nyy,T (3-78)
[Ny i 1A As As Vg |, [Be By Beo | [ Ky |, [N
My | [Bu By Bo] [&x| [Du Dy Dl [Ku| [Mur
M, | =|B, B, By| |&,| +/Dy Dy Dy| |k, | —|My: (3-79)
My Jia [Be By Boo ]| Vg |, [Pis Dys Dss || Ky |, [Mur

where Ejﬂ”i_l and K iy (j, I=x, y) are the mechanical strains. {[N,, [Mt]xy ) represent

thermal load per unit width given in equations &@-and (3-74). Since [B}, i1 is zero due to
symmetric lay-up, the strain of the laminate foplane loading is

[Eo]x,y,i—l :[a]i—l{[ N]x,y,i—l +[NT] x,y} (3'80)
and the stress in each ply is given by

0

(k) (k) £ e
Uxx Qxx Qxy st XX XX T
- 0
Ty | =|Qy Qy Qs €y | 7| Eyyr (3-81)
Doy Jia Qs QYS Qs i-1 ng Cor

where [@1] (j, I=X, y) are transformed unconstrained thershins and unconstrained strains
induced in curing, given in equation (3-72). Therstl elastic energy in each ply is determined

and compared with a critical stored elastic energgrion to determine if that ply would fail or
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Figure 3-10: Flow chart for QSL module
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not. If no cracking is predicted, the stress, tlee, load per unit width, is incremented such that
the new stress i$%, i = oxx, i1+Ac, as shown in Figure 3-11. The increment of strain

corresponding tado, i.e., increment in load per unit width, is detered using equation (3-82).
[A‘EO] XY :[a]x,y,i—l[AN]xy (3'82)

Then, the stress state at each ;ity‘)d(x")yl) corresponding to the increase of laminate stsin

determined and added to the previous stress dt#te ply, as given in equation (3-83-a) and (3-

83-h).
[A01®, =[Q 2], (3-83-a)

[0°1%),, =[0"1%) ;4 +[Da]®,

(3-83-b)
The stored elastic energy is, subsequently, cdkuilasing the stress state in a ply, given
in equation (3-83). At each step, if the calculageated elastic energy in a ply is equal or greater
than the critical stored elastic energy, cracksigeemed to have occurred in that ply. The crack
density of the ply aby, i1 is A which is equal to zero. The new crack densif§ of the
cracked ply ab%y i is calculated by adding one crack to the existiracks of that ply (i.e.,
n® =nl +1). The new crack density and stress state of tlyane input to the VA module to
determine the perturbation in the stress statdaifly due to this cracking and the new stress
after cracking. Since the new stress state of hegries along longitude and thickness of that
ply (see equations (3-25)-(3-42)) depending ondistance from the location of the crack, the
stress is averaged. Thethge stored elastic energy for each ply is re-cateal using the new
stress state determined by the VA module and caedpaith its critical stored elastic energy to

see if any of the plies would fail again under thésv stress state. This procedure is repeated
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GO XX. i+1
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Exx.i-1 Exx. i Exx. i+l

Figure 3-11: Stress-strain curve for a constaafirstate test
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until all plies reach an energy level lower thaa tnitical energy. The above procedure ensures
that no more cracking will occur.

Subsequently, the overall laminate stress afteckang of a ply or plies needs to be
calculated. Since the imposed boundary conditioriekeé VA module is a constant strain rate, the
stress of the laminate would drop after crackimgnfe®«, i to ox, i at a constant laminate strain
of &x, i as shown in Figure 3-11. After the stress stateach ply has been determined using the

VA module, the equivalent axial stress of the Iaaltﬁianstressaa‘gqﬁh)va,er (oxx, i), corresponding to

the new ply stress state (predicted by the VA medahd constant strain efy i, is determined

using equation (3-84).

n
Ty =Y =ihz h (o +0% + o) (3-84)
k=1

XX, i equwalent

The ply stresses in equation (3-85), i (j, | = X, y, ) in the above equation, correspond
average stress in the ply obtained by averaginglisteibution in the ply stress state predicted
by the VA module over the length of the ply or feagth of the intact portion. The average

stress of a ply (k) is calculated using equatioB33
z +th, 2(n®)a®

0._(|k)_ — i 1 g (Ik)
M th, 2a® o

7o 2 2)a®

(% z)dxdz (3-85)

where ®9 and 2& are the total numbers of intact regions and distanbetween two
neighboring cracks in ply (k), respectively, aswhon Figure 3-3.
The modulus of the cracked laminate is determingdguthe equivalent load given in

equation (3-84) and (3-85) and the laminate staaifollows.

gxx.i(l-)
Exxi — — equivalent
B = e (3-86)

XX, i
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During the next stress incremenig will be added to this equivalent stress to obth&
new laminate stress%, i+1. At this stress, the intact regions between teigitboring cracks in
a ply are considered for further analysis. Thenfajrix is updated with the new modulus for the

cracked laminate, i.e,xfEas per equation (3-87), and then input to equdB8e8?).

1
hE, 8y s

[a]x,y,i+l= axy a‘yy ays (3-87)
&s Ay 8

The above procedure is repeated until the deshesgbdoad is reached.

If there is process-induced damage, a very sm@insts applied to the laminate. The
crack density and stress state of each ply aretitpuhe VA module. Subsequently, the
perturbation in the stress state due to crackinthe new stress of each ply after cracking are
determined. Then, the equivalent load and the madaf the cracked laminate are determined
using equation (3-84) and (3-86) respectively. Thalulus will be assumed to be the modulus
of the cracked laminate at load equal to zero. Ttienabove procedure will be repeated.

The laminate strain, modulus, crack density, anesststate of each ply will be input to

the SL module.

3.6  Static Load (SL) Module

This module predicts the creep of the laminate el as the TDD. The laminate strain,
ply stress state and crack density (TID), predittgthe QSL module at the end of loading to the
desired creep load, are input to this module, edd are taken as the value at the start of creep

(creep time, t=0). The variable in this moduleAis The creep for a desired time period is
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simulated in incremental time steps=ti-ti.1 (ti-1 refers to the previous creep time ant tthe
current creep time). Two assumptions were madbigngrogram: 1) ply stress remains constant
during a time stept and corresponds that of the previous timg,(&nd 2) ply compliance for a
time-step At corresponds that of the previous timey)(t Two possible cases are that a) no
cracking will be predicted by the QSL module, andckacking will be predicted by the QSL
module. Both cases are discussed below.

The flow chart for this module is provided in Figus-12. Consider a laminate without
any damage at the start of creep=® (creep time starts at end of loading to creepl)o Let the
time be incremented bt to t. The total laminate strain ati$ determined by calculating the
creep duringAt and adding to the strain ati.t The creep duringit is determined using
lamination theory as discussed below.

Dillard et al. [2, 94] developed the first modekbd on lamination theory to predict the
creep compliance of multidirectional laminates gsthe creep compliance of unidirectional
laminates and the orientation of fibers in thegliath respect to the loading axis. This modeling
approach has been adapted in the model develogh ithesis to determine the laminate strain,
as well as ply stresses and strains due to creemnf undamaged ply or intact regions of a
cracked ply.

Assuming that the change in the ply stress dufings not large enough to change the
creep compliance (note that the material is noedlinviscoelastic, and the creep compliance
changes with stress), the creep of the laminatenglust is determined using the creep
compliances of the plies attThe latter is determined using the creep modeufodirectional
lamina provided as input and the ply stress stiata.a The compliance matrix of the ply given

in equation (A-1) is updated to correspond to thielivectional creep compliances at &long
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ti=ti1+1

SL Module

'

Calculatt creep complianci
in un-cracked regions

Stored elastic
energy> Critical
stored elastic
energy

YES ¢

Calculate crack density

VA Module

A

NO

L

Laminate creep strair,
modulus and stress state off

each ply

If t=desired creep time

YES

Creep strai, modulus
of the laminate and
crack density of each

ply

:

END

Figure 3-12: Flow chart for SL module
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principal coordinates and is given in equation §3-8

S, S, o
[S(t_).." =| S, Sn(t) O (3-88)
0 0 Slt)

For creep of a unidirectional lamina with fiberseoted at an angle (k) to the loading axis, the

above equation is modified as follows.

So(t) Sy(t) Salt) | s, s, 0 ¥
Syta) S,(t) Set) | =[TI7S, Sutu) 0| [T] (3-89)
Se(t) Splt) Salt) 0 0 Syt

where [T] is the transformation matrix given in (3-90):

m? n? 2mn

[T,]=| n* m* -2mn (3-90)

-mn mn m?-n?

mandn are sin (k) and cos (k), respectively, whetig the orientation of the fiber in the ply with
respect to the global x-axis . k =°9@, or +6 for the three ply groups of the chosen laminate.
Due to the difference in the orientation of theeftoin various plies, the unconstrained
creep of various plies of a laminate would be défe; however, they are constrained to deform
together as a part of the laminate. The differelpe®veen the actual laminate strain and the
unconstrained strain results in residual stredhamh ply and alters the ply stress state, which is
predicted as follows. First the equivalent load thauld result in unconstrained strain in all plies
is determined using equation (3-91).
[AN],,, =Z[Q(t I [Ae],, (3-92)

where AN and Ae are corresponding to the equivalent load and wstcaned strain of the

(k)

xyis the stiffness matrix

laminate with respect to the global axes duiigespectively[Q(t._,)]
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of ply (k) at time t1. The unconstrained strain with respect to theggpad axes is calculated as
per equation (3-92).

[Ael,, = [0t DISRIAS],, (3-92)

where [J(ti_])](lkz) is the ply stress in the principal axes at timeand AS] 2 is the difference in

compliance between timeand t1. [Ag]xy is calculated by transforming§]1 - to the global axes

using equation (3-93).

gll ‘gxx 3 93
822 = [T3] Eyy ( ) )
1 1

5 Ves 5 Yy

The increase in laminate strain due to this eqanaload is determined using equation (3-94)
and added to the laminate strainiatd get the laminate strain aes per equation (3-95).

[Ae],, =[alt;;)],,[AN],, (3-94)
£(t) = &(ty) +[Le],, (3-95)

where[a(t-1)] is the laminate compliance ai.tThe ply stress at ts determined using equation

(3-96).
[o(t)]12 =[Qt_)Iial&(t)]5s —[Ae]5) (3-96)
where[ &(t; )](lkg is the transformed form of strain calculated inatopn (3-95) with respect to the

principal axes of the ply, ar{(ﬂé‘]ikz? is the unconstrained strain of the ply given inapn (3-

92).
The stored elastic energy at each ply is calculbte®d on the ply stress state, aiven

in equation (3-96), and creep compliances aalculated in equation (3-8 @nd compared with
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the critical stored elastic energy. The criticalstic energy is determined as a function of time as
per the procedure discussed in the next sectionirgmd to the model. If the stored elastic
energy is less than the critical elastic energycfacking atit then no failure is predicted. The
time is incremented bt to ti+1, and the above procedure is then repeated.

If the calculated stored elastic energy is equalrtgreater than the critical elastic energy
for cracking atitcracking in that ply is deemed to have occurreds Will lead to a sudden
increase in laminate strain at(#xx, 2iin Figure 3-13) in addition to an increase in strdue to
creep during the duration from o § (exx, 1# in Figure 3-13). This would also alter the plyess
state determined using equation (3-96). Both tloeedse in laminate strain and change in ply

stress state due to cracking are predicted asmMslicsing the VA module. The number of cracks

of that ply is increased by one, i.e}’ =n! +1, to obtain the new crack density of the cracked

ply att,i.e., A . The new crack density atand the current stress state of the pliesgitén by

equation (3-96) is input to the VA module to detiexenthe perturbation stress and new stress
state for the plies at &fter cracking. Using the latter, the stored &ashergy for each ply is
calculated again using the average stress statbeoply calculated in equation (3-85) (as
explained in Section 3.5), and is compared withdtitical elastic energy at to determine if it
would fail again. This procedure is repeated uhg stored elastic energy of that ply reaches a
value lower than the critical elastic energy toueaghat no further cracking would occur at that
time. The crack density correspondingitis recorded.

The ply stress state determined by the VA modulssésl to determine the laminate strain
after cracking atit(exx, 2i in Figure 3-13) as follows. Since the load is rneiimed at a constant
load or stress rate during creep, the increaséramsdue to cracking should occur at constant

load, i.e., from A to C in Figure 3-13. Howevercén also be reached by following the path
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Figure 3-13: Stress-strain curve for a constard [g#ress) rate test
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ABDC, i.e. allowing the stress to drop first at stant strain due to cracking at point B and then
increasing the load back to the creep load leveis T similar to the procedure used in the QSL
module to predict the composite response undemnataot strain rate, and is used to determine
the increase in strain due to cracking.alt is worth mentioning that increase in the striiom
A to B is due to creep and from B to C is due t&xkmng.

When a ply fails at a constant stragx (1 in Figure 3-13), the stress on the laminate
drops fromocreeptO oxx, i, &S Shown in Figure 3-18xx, i is obtained by determining the equivalent
axial stress of the laminate using the ply strés® atit as determined by the VA module as per

equation (3-97).

X

1 n
T = Ohinlt) = - S0 [0 40 + o) (3-97)
k=1

The average ply stress in equation (3-97) is obthiny averaging the distribution in ply stress
state predicted by the VA module over the lengthhef ply or the length of the intact portion
given in equation (3-85). The modulus of the lartenes determined using equation (3-98)
obtained by substituting equation (3-97) into etpma(3-87) as given in equation (3-95).

0—('—)_ t
E: = “g—"() (3-98)

xx,1i

The drop in stressirop (=ccreep- Oé:)uivale,(ti)), is added to the equivalent stress to bring I
back to creep load, and the increase in straintalweacking atitis determined as per equation
(3-99).

(L)

O reen™ Oecuivatenkli

Ag = —creep etQU|vaIen(l) (3_99)
E,,

This is added t@iy to get the total laminate stragm, at t. Using this strain, the compliance

matrix of the laminate is updated according to &équa(3-87). Subsequently, the next time
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increment is applied, and the procedure is repeaitithe desired creep time is reached, and
thus laminate creep strain and TDD are obtainethidesired time period.

If there is damage predicted by the QSL module ntbelulus and strain of the laminate,
the stress state, and crack density at each pheatlesired creep load are input from the QSL
module to the SL module at creep time equal to.ZEnen, the above procedure will be repeated
until reaching the desired creep load.

The laminate creep strain, modulus, crack densitysaress state of each ply will be the

output of the SL module.

3.7  Fracture Criterion

A critical stored elastic energy criterion is usedhis model for predicting fracture and
thus damage in a ply. This was developed by Raghaval Meshii [110-112hnd applied
successfully to predict creep rupture of unidi@tél laminates at various stresses and
temperatures. Note that this criterion, developzgredict time-dependent failure, is equally
applicable to predict time-independent failure. Bor sake of completeness, the details of this
criterion, developed by Raghavan and Mefli0-112]are presented below.

According to this criterion, there exists a catizalue for the stored elastic energy in a
composite lamina, and the latter would fail wheis thmit is exceeded during loading or creep.
A polymer composite is a viscoelastic material,ibiting both elastic and viscous deformation.
Hence, the total energy at fracture (for exampéeatea under the stress-strain curve obtained by
tensile testing) would be the sum of the elastergy stored in the material as well as the energy
dissipated in deforming the material to fracturecérding to the above criterion, the value for

stored elastic energy at fracture would be thécatitvalue, and the model framework, developed
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by Raghavan and Meshii [110-11@] extract this value from tensile test resultspissented
below.

Far below glass transition temperaturg(glass transition temperature is a temperature
below which a polymer behaves like a brittle s@itd above which it behaves like a rubber), a
polymer matrix of a polymer composite has a veghhiesistance to chain segmental motion and
consequently behaves like a brittle solid. Withiacrease in temperature from a temperature
below Tg, the polymer becomes progressively softer duevémamming of the viscous resistance
to polymer chain motion. At temperatures aboyetfie polymer matrix approaches a rubbery
state. This behaviour was modeled by a framewodwshin Figure 3-14. The two resistive
elements 1 and 2 represent the elastic and viseEsistance, respectively, to polymer chain
motion, while the dash pot represents viscous dedtion within a polymer. The stiffness of the
element 1 that represents elastic resistancenseteras rubbery modulus {E The stiffness of
the element 2 that represents viscous resistarteen®d as viscous modulusyjE Both can be
measured by dynamic mechanical thermal analysisTiRMas follows. A DMTA test result
(storage modulus as a function of temperaturehawa in Figure 3-15. Well belowglthe
modulus corresponds to a glass solid).(Above Ty, the modulus reaches a constant value
(plateau), k. During the transition from a glass solid to abebthe modulus of the polymer
matrix drops by a magnitudey Eas shown in Figure 3-15. It should be noted thatdirections
and indices corresponding t o global coordinatéesysare left out to make it easier for reading.
This procedure is applicable to any loading anddation.

At the instant of application of a constant cretpss (if it is applied instantaneously),
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Figure 3-14: Schematic of the model proposed byhBagn and Meshii [113]
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Figure 3-15: Schematic variation of modulus of &per composite as per model in Figure 3-
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there is no chain segmental motion (creep), andngtantaneous modulusdjEof the composite
will be given by

B =E:+E (3-100)
The applied creep stress is partitioned into aariatl stressi in elementl, and effective stress
o in element2. Viscous deformation (creep) progresses with tumeler the influence of
effective stress” and temperature. As creep progresses, the effestiess decreases while the
internal stress increases. The relationship amppgeal creep stress, and internal and effective

stresses satisfies the following relationship,
o, =0,(t)+0 (1) (3-10)
whereo, is applied creep stress.

The fracture criterion developed by Raghavan andhil¢l10-112] predicts the fracture
of a polymer composite when the total stored edastergy in the two resistive elements 1 and 2
is equal or greater than the critical stored edastiergy. At a given creep stress, internal and
effective stresses are determined as a functidima, using k&, B/, and creep strain as per
equations (3-102) and (3-103).
a,(t) = Ex x(t) (3-102)
o' (t)=0,-0,(t) (3-103)
The total elastic stored energy in the compositérat t is the sum of the elastic energies stored

in resistive elements, as per equation (3-104):

_[a@) _[o" )P ]
Ug(t) = 2E. and U, (t) 2E, (3-104)
The total stored elastic energy at time t is gilvgn
U.(t) =UR(1) +U, (1) (3-105)
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At any given creep time, this total stored elastiergy in a ply is compared to the critical stored
elastic energy for that ply to determine if that plould fail or not.
If the time-dependent terms in the above equatimaseplaced with time-independent

terms, we get equations to determine stored elasgcgy in a ply in QSL or PIS modules

3.7.1 Determination of critical stored elastic energy féracture

The critical stored elastic energy is determinedgithe results of the tensile tests at the
desired temperature(t) in equation (3-102) is replaced with fractuteam V), while c4(t) in
equation (3-103) is replaced with fracture stres3, (as follows.
0’ =E x&’ (3-106)
o' =0"-c" (3-107)

Substituting equations (3-106) and (3-107) intal@®) and (3-105), the critical stored
elastic energy at the desired temperature is detednwhich is subsequently compared with the
stored elastic energy of the ply to predict theckirag in the PIS and QSL modules.

In the SL module, critical stored elastic energpudtl be determined as a function of
time. In other wordsg(t) in equation (3-102) is replaced with fractuteaim EY(t)), andoa(t) in
equation (3-103) is replaced with fracture stres$ (t)). Consequently, the time-dependent

internal EiY(t)) and effective €'V(t)) stresses required to calculate critical stagkstic energy

are determined using equations (3-108) and (3-109).
g () =Egxe” (1 (3-108)
a’t)=a"(t)-a (1) (3-109)

Since the creep rupture time would vary from a feeurs to a number of years

depending on the creep stress and temperatusenat ipractical to obtain strain corresponding to
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creep rupture using creep tests. Instead, it wéasiren using constant strain rate testing. The
time to reach a fracture strain is obtained bydihg the strain rate by the fracture strain. The
practical boundary of the usable strain rates §irtotthe range of 10s?! to 10* s*. In order to
expand this range, tests were done at temperatigher than the reference temperature in the
range of 1¢ s! to 10* s'. Subsequently, these strain rates were convestedjuivalent strain
rates at the reference temperature using the #otivanergy (&) and Arrhenius relationship
between the strain rate and the temperature giveguation (3-110).

Bt
E=AeRT (3-110)
where & is the strain rate, A is the pre-exponential camistR is the gas constant, and T is the
temperature in kelvin.

Activation energy was measured using dynamic machhntesting at multiple
frequencies (1-100 Hz), while ramping the samplaperature at a rate oP@Q/min to 320C.
The glass transition temperaturey)(Tor each frequency was obtained from these restilhe
slope of the plot of the natural log of frequeneysus 1/§ (1/K) is equal to —&/R, and Ecis
determined from it. The strain rates at differeamhperatures were converted to equivalent strain

rate data at a reference temperature using equaibhl) derived from equation (3-110).
. . - 1 1
ETref =& eX{% (ﬂ _?):l (34:0

where & and é"Tref are the strain rates at the desired temperatuyea(d the reference

temperature (&), respectively. The experimental fracture strairthe Ter was divided by the

equivalent strain rate atefto yield the time to fracture and thet4t). Time dependent critical
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stored elastic energy is calculated by substitugiqugations (3-108) and (3-109) into equation (3-

104) and (3-105).

U gaire®) =UR (0 +Uy (1) (3-112)
where

P Ol o Lo (O

Ug (t) T and  UY(@)= 3E, (3-113)

In order to determine rubbery modulus at the ddsiemperature, equation (3-113) is used

EX T

_ ref

3-114
E: T, ( )

where E¥ is the rubbery modulus at temperatuke Using dynamic mechanical analysis results

(DMA), the temperature dependence of the instaotamenodulus (B is determined. Using

this and equation (3-100), the viscous moduluseatsTdetermined.
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CHAPTER 4. EXPERIMENTAL AND SIMULATION DETAILS

4.1  Introduction
This chapter presents details on material, composiianufacturing, test coupon

preparation and testing procedure, and simulatigpssfor the model developed in Chapter 3.

4.2  Material and Laminate

F263-7 epoxy resin reinforced with Toho G30-500boarfiber composite was used in
this study. This material is used by aerospace emimp to manufacture composite parts. The
composite material was supplied by Hexcel Corporatn the form of 42” wide unidirectional
pre-preg tape, which was used to manufacture watlmal and multidirectional composite
panels. [+45/9€]s laminate was chosen for this study for model \ai@h, as shown in Figure
4-1. The laminate layup most widely used in aerospparts is the quasi-isotropic layup,
[0/x45/90]s. Presence of [0] layers reduces the creep ratettendreep magnitude during an
experimental time window (days to weeks) that iasomably accessible. Hence, [+45]90
without [0] layers was used in this thesis in orderrecord a magnitude of creep, during
experimental time window, that is sufficient for deb validation. Additional unidirectional
laminates were used to generate critical energg, daput to the model. Creep data for
unidirectional laminates, input to the model, wanerated by previous two students [3, @b]
the Composite Materials and Structures ResearchuflG(@€MSRG) of the University of

Manitoba.
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Figure 4-1: Manufactured [+45/9Q laminate
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4.3  Manufacturing of Test Coupons
4.3.1 Manufacturing of composite panels

Various steps in manufacturing of composite paasdsas follows:

a) Hand layup First, the pre-preg, packed in a vacuum-sealedabdgstored in a freezer
at - 25°C, was removed and allowed to thaw andhreaem temperature. Then, it was cut into
12"x12" sheets. Cut sheets were manually stackedeasdesired stacking sequence to yield
unidirectional ([0}, [30]s, [45]s, [60]s and [90]o) andmultidirectional laminates Pe/904]s (€.0.
[£45/9(]s). Orientation of the fibers in each ply with respéo global reference axes is
illustrated in Figure 2-1.

b) Vacuum bag AssemblyTwo aluminum tool plates were cleaned with alcoaod
coated with Frekofg a silicone-based release agent supplied by Dé&aeporation, USA or
SAFELEASE 30 supplied by Airtech International, USAfter enough time was allowed
between two coats to enable drying, stacked layktise prepreg were placed between two steel
tool plates and bagged, as shown in Figure lr2rder to enable easy removal of the cured
panel a release film, WL5200B-P3-001-48"-100'-SKiipplied by Airtech, was used between
the pre-preg and the tool. Peel plies, RELEASE ERSETFP 38" supplied by Airtech, were
used between the pre-preg and the release filmarder to prevent transfer of silicone from the
release film on to the panels as well as createrface texture, which aided in subsequent
bonding of the strain gages and the end-tabs. Atlhee cloth was used to provide a path for air
and volatiles from the stacked pre-preg to escagbe vacuum port. This stack was placed on
the bottom plate of a two-part mold and coveredhwitsilicone pad to create a vacuum bag as
shown in Figure 4-2

c) Autoclave curing:The vacuum assembly was held and heated betweg@hatikeas of a
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Pressure
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Na In Rubber Pad sealing

_._._.... Breather Cloth
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= Tool plate
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T

Figure 4-2: Schematic of the mold assembly for atead autoclave curing of the composite

panels
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50 ton Carver hydraulic hot press, shown in Figl#s and subjected to an autoclave cure cycle
shown in Figure 4-4The temperature was ramped at a rate of 3° C/mihthe platens of the
hydraulic hot press reached 177 °C, and the madraBly was held at this temperature for two
hours, while autoclave pressure was simulated bggorrizing the mold to 85 psi using nitrogen
gas. While the space between the top cover andrdbeum bag was pressurized, the space
between the vacuum bag and the bottom plate wasumeler vacuum to aid in the removal of
entrapped air and volatiles from the pre-preg ley&@he vacuum was held until 80°C. It was
subsequently cut and pressure was applied. Aftengdor two hours, the mold was cooled
down to room temperature, the pressure was releasddhe panel was removed from the mold.
d) Post Curing: After the completion of the cure cycle, the lam@aias post-cured at 220°C for
four hours in an oven to complete the cross-linkaigany monomers that did not cross-link
during the curing process. Samples from the posgeceomposite were tested in a Differential
Scanning Calorimeter (DSC) to confirm that the mgrprocess was complete. No residual
exothermic heat was observed, as shown in Fig@ecénfirming complete cross-linking during

the curing process.

4.3.2 Volume fraction determination

Creep data for unidirectional laminates, generaietivo previous students [3, 18] the
CMSRG of the University of Manitoba, was used gmitrin this study. Additionally, the critical
stored elastic energy data for unidirectional laates was generated as a part of this thesis.
Hence, the fiber volume fraction in the new pansianufactured as a part of this study, was
measured and confirmed to be the same as thatshedliin the Ref. 3, and 15. The volume

fraction of composite panels was determined usiatgndisplacement method, described below.
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b 4

Figure 4-3: Carver hydraulic hot press used in rfesturing of composite panels
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Figure 4-4: Cure cycle used in composite panelsufisaturing
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Figure 4-5: DSC test result for a post cured [+059

102



Chapter 4. Experimental and Simulation Details

4.3.2.1 Water displacement method

This method, described in ASTM standard D-792 [1ivéls used to determine the
specific density of the composite. This method iad of the following steps:

1. Weigh the specimen in air to the nearest 0.1 mg.

2. Weigh a metal wire partially submerged in water.

3. Suspend the specimen using the wire and measurevelght of the specimen fully
submerged in water with a partially submerged wire.

4. Determine the specific density of the specimen3&C2using the following equation (4-
1):

a
a+w-b

p =0.9975« (4-1)

where

p = Specific density of composite (g/ém

a = Weight of the specimen, in air (g).

b = Weight of the fully immersed specimen and pdlgtimmersed wire in water (g).

w = Weight of partially immersed wire in water (g).

0.9975 is a conversion factor used to convert derigsm kg/n? to specific density at room
temperature in g/cfn Two samples from each manufactured unidirectigrzadel, [0§, [30]s,
[45]s, [60]s, and [90]o, were tested to measure the average density ofmaeufactured
composites. Using the rule of mixtures equatio2)4er density, the fiber volume fraction {V

of the composite was calculated. Specific density & results are tabulated in Table 4.1
P =V po; +A-V;)p, (4-2)
wherepc, pr, andpm are composite, fiber and polymer matrix densitiespectively. The density

of Toho G30-500 carbon fiber aR@63-7 epoxy resin are 1.7 g/£and1.267 g/cr
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Table 4-1. Summary of fiber volume fraction testulés for the manufactured composite panels

Compositel Sample | Composite DensityFiber Volume Fractior
(gr/cn) (%)
1 1.50 54
[0l 2 1.53 60
1 1.52 58
[30]s 2 1.51 56
1 1.53 60
[45]e 2 152 58
1 1.54 63
[60s 2 1.51 56
1 1.54 63
[90Ls0 2 152 58
Average 1.52 58
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respectively.

4.3.3 Test coupon preparation

a) Tabbing: Tabs were bonded to both ends of the tensilectegtons to avoid crushing
of the coupons during gripping. Woven carbon fiepoxy composite laminates, (F263-8/T300),
were used as tabs and were manufactured using afacturing procedure similar to the one
discussed in 4.3.1. After their edges were chardfesér, the tabs were bonded to the edges of
the panels using Dexter Corporation’s BMI 9873 ailee and being put through the Carver
hydraulic press at a temperature and pressureG5CL&8nd 2 tons respectively. The process time
was one hour to allow the adhesive to flow and .clihe panel with edge-bonded tabs was then
allowed to cool down to room temperature underqunes

b) Cutting: Test coupons, with dimensions of 127 mm in length2.7 mm in width as
shown in Figure 4-6, were cut from the panels usirgjow-speed 39-1471 Handimet | cutter
from Buehler Ltd with a feed rate of 6 mm/min. Al feeding rate is desirable to avoid any
overheating of the saw and damage to the coupoeseddine panel was held on to the cutting
platform using double sided tape.

c) Polishing: Edges of all coupons were ground and polishednble viewing of
damage that developed during testing. The edges pregressively ground using 80, 180, 240,
320, 400, 600 and 1200 grit silicon carbide papsuhsequently, they were polished using 6 pm
and 1 pum alumina powder. The polished surfaces thereughly cleaned and wiped using ethyl
alcohol to remove all loose patrticles.

d) Strain gauging:Strain gauges of type EA-06-250AE-350, CEA-06-1255D, WK-
06-250BT-350, and WK-06-125TM-350, manufactured Migro Measurements Group Inc.,

were used to measure strain during tensile angb¢esting. While the first two were used for
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Tab «+—

Gauge
Section

Tab =

0.8 mm

- 1.6 mm

Figure 4-6: Sample geometry
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tensile testing at room temperature, the othergwsed for tensile and creep testing at elevated
temperatures. All strain gages were bonded togkedoupons using M-Bond 610 supplied by
the strain gage manufacturer. Prior to bondingstih@n gauges to the test coupon, the desired
area was cleaned using M-prep Conditioner A (afidlifollowed by M-prep Neutralizer B
(acidic). The bonded strain gages were cured uspiéng-clamp pressure at 180°C for 2 hours.
The test coupon was allowed to cool down to roomperature in the oven. The clamp was
removed and the coupon was post cured at 220°Q fours to ensure that the adhesive was
completely cured and to prevent any residual cuoihgdhesive during testing. A strain gauged

sample is shown in Figure 4-7.

44 Tests
4.4.1 Thermo-mechanical analysis (TMA) tests

Cure shrinkage strain (perpendicular to the filbers prepreg) and coefficient of thermal
expansions (CTE) values are required to deternhiegtocess-induced stress within the plies of
the laminate. The transverse cure shrinkage divaithe composite prepreg was measured using
TA Instruments’ Q400 Thermo Mechanical Analyzer AMhown in Figure 4-8.

Isothermal tests were carried out at 177°C (the ¢emperature for the composite) for
120 minutes, and the shrinkage strain was meassedfunction of time as shown in Figure 4-
9.The maximum cure shrinkage was measured to el 0The cure kinetics of F263-7 epoxy
resin was determined using TA Instruments’ Q200€C[R8d was modeled by ai nrder model
using equation (4-3).
[2F = Zexp(z) (1 — @)"] (4-3)

The model parameters, Z, E and n, are 1.787%s1085.4 kJmal, and 1.14 respectively. This
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Figure 4-7: A strain gauged sample

Figure 4-8: TA Instruments’ Q400 Thermo Mechaniablyzer (TMA)
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Sample: Unured prepreqg shrinkage File: Prepreg shrinkage-data from the first.
Size: 0.6821 x 0.0000 mm TMA Operator: Amir Asadi
Method: Creep Run Date: 21-Mar-2011 17:09
Instrument: TMA Q400 V22.2 Build 28
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Figure 4-9: Cure shrinkage strain measured usingT™M
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model was used along with TMA data to define cimengage as a function of degree of cure.
Test coupons from cured [0°] and [90°] unidiresibcomposite laminates were used to
measure the thermal expansion coefficients alomgifodinal ¢11) and transverse directions
(a22) to the fiber axis, using ramp tests, at 3°C/mirnthe temperature range of 0°C and 250°C,
using the TMA. The values of CTE of the completelyed composite were measured as
1.42x10" and 2.68x16 °C? for longitudinal and transverse directions respebt. Both data

were input to the PIS module.

4.4.2 Dynamic mechanical analysis (DMA) tests

DMA tests were carried out to measure the glassisitian temperature gJ,
instantaneous modulus, the rubbery modulus, anddtnation energy, described in Sections 3.7
and 4.5.3 using TA instruments’ Q800 DMA, showrFigure 4-10. Tests were conducted using
a film tension clamp. The equipment was capablexadrting a load up to 18 N and can be
operated in the temperature range of -150°C to®00°

The coupons were ramped at 1°C/min, in the temperatange of RT (Room
Temperature) to 320°C. Simultaneously, the sampie® subjected to a sinusoidal load at a
constant frequency of 10 Hz, and the modulus ofsidm@ples was measured as a function of
temperature. A typical DMA curve for [9DUnidirectional samples are shown in Figure 4-11.

Two tests were carried out for each sample.

4.4.3 Tensile tests

Tensile tests were conducted, using on-axis [O]@hdxis [B] unidirectional composite
coupons, to determine the modulus, strength, axture strain at different temperatures below

the glass transition temperaturg)(TAll test coupons were soaked at 270 °C (Glagsubber
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Figure 4-10: TA instruments’ Q800 Dynamic Mechahiaalyzer

Sample: 90-sample-10layers-1hz File: C:. 90-sample-8 layers-12 Jun 2012-1hz

Size: 17.3995 % 2.7800 % 1.5500 mm DMA Operator. Amir

Method: Temperature Ramp Run Date: 12-Jun-2012 13:53

Instrument: DMA Q800 V20,18 Build 37
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Figure 4-11: DMA test result for unidirectional [88ample
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transition temperature) for 15 minutes prior tditegto erase any physical aging. The coupons
were tested immediately after erasing the memovenEhough the laminates did not have any

process-induced cracks after post-curing, the abmmtioned memory erasure step introduced a
few cracks in some coupons. Yet, erasing of phisacang to eliminate its influence on
mechanical properties is necessary.

Tensile tests were carried out per ASTM D 4762-8hgi Instron’s servo-electric 8562
universal testing frame, shown in Figure 4-12. e Témd frames were equipped with a £25 kN
load cell and a high- temperature oven capableeathing a temperature of 350 °C and
maintaining the set temperature within +1°C. Durmagnping up to a desired temperature, the
instrument was under load control and was progragntbenaintain a zero load. Load cell was
maintained at room temperature using cooling watieculated through the pull rod, to avoid
load fluctuations due to heating of the load celiimg high temperature tests. After equilibrating
at the desired temperature, the coupons were loaid@aonstant strain rate of46? to failure.
Information on the specimens and temperature us#dd testing is provided in Table 4-2.

A dummy composite coupon (material, layup and stgauge identical to those used in
the test coupon) was used, in half-bridge configoma to off-set the effect of temperature
fluctuation during testing on strains measured gistrain gauges. The dummy coupon with
bonded strain gage was under no load and was lusd to the test coupon. The load and strain
data for the dummy coupons and test coupons wepa@rad using National Instruments’ SCXI

data acquisition system and Lab View software.

4.4.4 Repetitive tensile tests

Repetitive tensile tests were used to record tmdependent evolution of transverse

crack density in multiple plies with increase irphgd stress. These tests were also used to
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Figure 4-12: Instron’s 8562 servo-electric framéw@nvironmental chamber.

Table 4-2. Tensile test plan

Temperature
Composite 22°C 80°C 180°C 220°C
[O]e Number of 3 3 3 3
[30]s coupons 3 3 3 3
[45]s 3 3 3 3
[60]s 3 3 3 3
[90]10 3 3 3 3
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determine the change in the in-plane Poisson’s,mtj, with increase in the applied stress, with
the load being increased in increments of 7-10 W6 (Ultimate Tensile Strength). After each
load increment, the specimen was unloaded so tieapsolished edge of the specimen, CDEF
shown in Figure 2-1, could be examined using a Nikbgital microscope to record the
transverse crack density in [90] and]plies over a gauge length of 50.8 mm. The tesisew
carried out at 80°C and 180°C. Information on ghecgmens and temperature used in this testing

is provided in Table 4-3.

4.4.5 Creep and time-dependent damage tests

Creep tests were carried out using Instron’s scheven 5500R and servo-electric 8562
universal testing frames, shown in Figure 4-13. THstron 5500R machine was controlled using
Bluehill software (version 2.5) and was equippethwai £25 kN load cell and an oven, similar to
the Instron 8562. The chamber was capable of reg@itemperature of 300°C. The instrument
was equipped with a water cooled pull rod for higimperature tests and was kept under load
control during ramp-up and equilibration. The spesms were loaded to the desired creep load at
a constant strain rate of 1@*, and after reaching the desired creep load, trehima was
switched to load control mode. Creep tests wengechout at various tensile creep stress levels
in the range of 45 to 54% of UTS at 80°C, and 226% of UTS at 180°C. Information on the
specimens and temperature used in this testingigded in Table 4-4.

A second set of samples was used to record timerdiegmt damage, so at regular time
intervals, the specimens were unloaded and exantinger a microscope for damage. A dummy
composite coupon (with material, layup and stragugge identical to those used in the test
coupon) was used, in half-bridge configurationptset the effect of temperature fluctuation

during testing on strains measured using straigemul he dummy coupon with a bonded strain
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Table 4-3. Repetitive tensile test plan

—

Composite Test Type
[45/90:]s Crack density versus
stress
[+45/9%])s | Poisson’s ratio variatior
with crack density

Temperature
No. of 80°C 180°C
test 2 2
coupons|
1 N/A

Figure 4-13: Instron’s 5500R screw- driven test inrae
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Table 4-4. Creep and time-dependent damage test pla

. Temperature
Composite Test Type 80°C | 180°C
Stress (MPa)
45 | 54 | 20| 25
[+45/90;]s Creep No. of
tests 1 1 1 1
coupons
Time-dependent No. of 45 25
[+45/90:]s transverse crack density teéts 1 1
characterization
coupons
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gauge was under no load and was held close toeitecoupon. The two strain gages on the
dummy coupons and the test coupons were conneztBd@ system, and the load and strain
data were acquired using National Instruments’ S@Xta acquisition system and Lab View

software.

4.4.6 Data acquisition

The SCXI-1000 data acquisition system from Natiomstruments USA, was used to
collect the strain and load data during tensile emeep tests. This system consisted of a SCXI-
1121 signal conditioning module fitted into a SCXB00 chassis and connected to a SCXI-1321
terminal block The DAQ unit was connected to a PCle-6251 multifiomal DAQ board and
fitted in to a computer using a shielded cable. #n\iew based program was used for data
sampling and logging at different rates duringgesiith the data sampling rate set to 1000 kHz
while the logging rate was varied from 1 data pgiat sec to 1 data point per 300 sec. The
hardware was programmed to acquire four indepenpargmeters (strain, load, position and

time) simultaneously for each test.

4.4.7 Damage analysis

Nikon’s Eclipse LV100 optical microscope shown imsvused for damage analysis of
tested samples. This microscope was equipped vijbctive lenses with magnifications of
X2.5- X50 and an eyepiece with a magnification a0XIt was then attached to Nikon’s DS-Fil
camera to capture the images of the samples, whak viewed and analyzed using Nikon’s

NIS-Elements Basic Research-3.0 image analysiwaodt

4.5 Simulation Details

The model presented in Chapter 3 to predict TID BRB evolution in multiple plies
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and their influence on creep of a multidirectiopalymer composite laminate was programmed
using MATLAB. Lamina properties, the laminate stagksequence, ply thickness, creep stress,
temperature, creep compliance of unidirectionalit@amncritical stored elastic energy and the
activation energy for creep were input to the paogr

Details on the input data, simulation parametexhsas time and stress step-size, and

MATLAB programs are provided in this section.

4.5.1 Input for simulation

45.1.1 Mechanical properties, laminate and tedhils

Mechanical properties of the material used in tresis were acquired using the tensile
tests tabulated in Table 4-2. Tensile tests wenglwcted for [0, [30]s, [45]s, [60]s, and [90]o0
unidirectional composites at temperatures of RT,C8A80°C and 220°C, and the results of
these tests are given in Figure 4-14. The mechbhproperties determined from these tests are
tabulated in Table 4-5. A [+45/9Q laminate with a ply thickness of 0.132 mm was used
obtain the predictions for creep strain, TID an®DI which were compared with the
experimental results. Creep stresses were in tigeraf 22 to 55% of UTS, i.e., 45 MPa and 54
MPa for 80°C, and 20 MPa and 25 MPa for 180°C. &lssesses were chosen based on the
observation in repetitive tensile testing to avdéage modes other than transverse cracking.

Temperature dependence of experimentally measarggitlidinal (31), transverse (5),

and shear compliancessépwas empirically modeled, as shown in equatiod )4-

S, (T) =83 x 1073 (Gha
S,5(T) = 0.099 + exp(4.27 X 1076 T) (GPal) (4-4)
Ses(T) = exp(—0.0209 — 0.009T + 1.476 X 1075T2) (GPaY)

The longitudinal compliance 1§ was observed to be independent of temperaturapfietures

118



Chapter 4. Experimental and Simulation Details

POOD v e e
1800 [0] 3
1600 | .
1400 £ 3
1200 | .
1000 | .
800 F 3
L —a—RT ]
600 F —e— 80 E

s 180 ]
400 £ —a—220 g

200 £ 3

Stress (MPa)

O:...I....I....I....I....I....I....I....'
0 2000 4000 6000 8000 10000 12000 14000 16000

Strain (micron)

a)

lzo_""l'"'I""I""I""I""I""_
[30] ]
100 F ]
80 [ ]
za L 4
2l [ ]
S e0f .
n L ]

1%} [

8 L ]
o 40_‘ —a—RT ]
- —e—80
[ % 180
20 s —a—220 ]

0 AL N B B | N R |

0 1000 2000 3000 4000 5000 6000 7000
Strain (micron)

b)

119



Chapter 4. Experimental and Simulation Details

Stress (MPa)

Stress (MPa)

60 LA B R B B | ]
[ [49] ]
50 F ]
40 ]
0L ]
20k —&—RT | ]
C e 80|
: 180|
10 —A—220|
[ —o—240| |
0 B PRI T N SR SN ST SO [N SR TR SN SR NN SN SN SR T [ ST SN SO W AT Y T
0 1000 2000 3000 4000 5000 6000

Strain (micron)

c)

60_""I'"'I""I""I""I"I ]
[60] ]
50 L ]
4L ]
30} .
20L[ ]
C — ]
[ —e—380 ]
101 180 8
[ —a—220
0

0 1000 2000 3000 4000
Strain (micron)

d)

120

5000 6000 7000



Chapter 4. Experimental and Simulation Details
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Figure 4-14: Tensile test results for a)[0b) [30k, ) [45k, d) [60k, and €) [90] at different

temperatures in the range of RT to 220°C

Table 4-5. Mechanical properties of Toho G30-5(b3-7 composite

Longitudinal modulus
(E11)-GPa

Transverse modulus
(E22)-GPa

Shear modulus (G)-
GPa

Major Poisson’s ratio
(v12)

120+3

10+1

5+1

0.3+0.1
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are in Kelvin

4.5.1.2 Lamina creep compliances

The creep compliance data of the unidirectionalinanin the linear viscoelastic region,
i.e., Su(t), Sa(t) and Se(t), generated previously by Balachander [3] ansiinathan [15], were
used in the simulation as input. The creep compéanwere modeled using a modified
Kohlrausch-Williams-Watts (KWW) given by equatioft%). Since it was not possible to obtain
these data for the entire service life of the cositpp Balachander [3] and Viswanathan [15]
employed the Time-Temperature Superposition Priac{@TSP), as previously discussed in

2.1.3.

S,.(1) = 0,5, + glngsa—exp(—[(iﬂ) (i=i=126) (4-5)

(2

where t is the creep time and iS the instantaneous compliane, t, and c are constants, as
tabulated in Table 4-6, obtained by fitting theegrenaster curve in the linear viscoelastic region
(creep stress < 7 MPa) for the unidirectional laanusing this equation. This model was found to
fit the master creep curves better than other nsosieth as the original KWW or power law.
Mechanical analogs were not used to model the coeepe since they cannot be used for
extrapolation beyond the experimental time wind®sdito obtain the creep data.@ g and a
are the nonlinear parameters defined by Schapewysdinear viscoelastic model [97]. These
nonlinear parameters are equal to one in the limssooelastic region of polymer matrix;
however, they are dependent on temperature anskstiethe nonlinear viscoelastic region of

polymer matrix, as described by equation (4-6).

1 Lineawisoelastiregion
{9,,0.,,9,.8,} =

. . o 4-6
f(o,T) Non-lineawisoelastiregion (4-6)

The nonlinear parameters were obtained using axpeatal creep data generated for
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Table 4-6. Values of parameters of modified KWW an

Parameters 80°C 180°C

Sao(t) See(t) Saa(t) See(t)
So (MPe?) 1.Cx1C* 2.07x1(* | 1.4x1C* | 2.52x1C*
AS (MP¢%) | 0.00267! 0.00211. 0.00241. 0.00203
T (min) 3.86x10 | 2.5416x10" | 1.433¢x1C® | 9.532¢x10°
C 0.286: 0.363¢ 0.287: 0.345]
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unidirectional lamina in the nonlinear viscoelaségion by Gupta [16]. Creep curves in the non-
linear viscoelastic region (creep stress > 7 MPd) equation (4-4) were used to obtain the non-
linear parameters using the data reduction proeedigcussed in Ref. 16. These parameters
were used as input in this study. The values fes¢hconstants are tabulated in Table 4-6 for
80°C and 180°C. Nonlinear parametesyg &, and @ were 1 while calculating the parameters
in Table 4-6. Some of the non-linear parametengwependent on both stress and temperature.
This dependence was empirically modeled. Thesenpeas for transverse £8)) and shear
(See(t)) creep compliances are given below.

g, =1.0414
g, = 0.04140,, +1.0175

or S (4-7)
g, = 00010, T +0.01430,, + 0.0071T +0.4391

a, =0.00030,, T - 0.03087,, - 0.0041T +1.213

g, = 00050, + 0.9754

g, = 0.00550, +0.9774 for S 48)

g, = 0.0018T -0.13427,, — 0.0053T +1.3044
a, =0.00020,, T - 0.05020,, — 0.0027T +1.267

where T is in °C and is in MPa.

4.5.2 Cure shrinkage and thermal expansion

The input value for the transverse cure shrinkaigens measured as per the procedure
discussed in Section 4.4.1, was 0.014. The lonigitldcure shrinkage was found to be
negligible.

The measured longitudinali¢) and transverseuf,) thermal expansion coefficients were

1.42x10" and 2.68x10 °C'respectively. These values were input to the model.
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4.5.3 Critical stored elastic energy for fracture

The procedure required to calculate critical stagkbtic energy, has been explained in
3.7. The measured rubbery, instantaneous and wdscoaduli for [0], [90] and [45]
unidirectional plies are given in Table 4-7. Sitice simulations were done at 80°C and 180°C,
the instantaneous ¢k the rubbery (E) and the viscous (B modulus values at these
temperatures are tabulated in Table 4-8. The rybtedulus (k) at different temperatures was
determined using equation (3-102), whereas thamtsheous modulus {Eor each temperature
was determined using equations (4-9)-(4-11) givefable 4-8, using DMA tests. The viscous
modulus was determined using equation (3-100).

The activation energy, & was experimentally determined to be 191.78 kJ/avad
283.65 kJ/mol for [90] and [45] unidirectional sdew respectively, using the procedure
discussed in 3.7 and DMA test results at multipeiencies shown in Figure 4-15 (a). The
activation energy was determined from the slopéhefplots in Figure 4-15 (b-c). Figure 4-16
and Figure 4-17 show the failure stragi({)) and stressa‘(t)) as a function of time for [90]
plies at 80°C and 180°C, respectively. The failst@in and stress for [45] plies at 80°C and
180°C are shown as a function of time in Figure84ahd Figure 4-19, respectively. These
values were obtained using the tensile data plattédgure 4-16 and the procedure described in
3.7. Using these data in Figures 4-17-4-21 andel4i8 and the procedure described in 3.7, the
time-dependent critical stored elastic energy alitl fitted curves for [90] and [45] laminates
was calculated at 80°C and 180°C and is plotteBigure 4-20 and Figure 4-21 respectively.
The fitted equations for time-dependent fracturergy for both [90] and [45] plies are given

below. The coefficient of determination3Ror all the fitted curves was more than 0.98.

-t
©0)U 4y — 0.105
U con (1) =0.103332xp _413:x1011) (4-12)
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Table 4-7: Instantaneous and rubbery moduli obtafreem DMA

Material b: GPa Er: GPa Ev: GPa
@ 295 K @ Tg+40 K @ 295 K
Toho G30-500/ F263-7 —[90)] 10 0.60 9.40
Toho G30-500/ F263-7 —[§] 120 15.74 104.26
Toho G30-500/ F263-7 —[45] 12.50 0.80 11.20

Table 4-8: Instantaneous, rubbery and viscous medlles at different temperatures

Material T (K) b (GPa) R (GPa) E (GPa)
295 10 0.60 9.40
Toho G30-500/ F263-7 —[90) 353 9.68* 0.72 8.96
453 9.14* 0.92 8.22
295 120 15.74 104.26
Toho G30-500/ F263-7 —[@] 353 113.08** 18.77 94.31
453 100.94** 24.08 76.86
295 12.50 0.80 11.70
Toho G30-500/ F263-7 —[4%] 353 11.82*** 0.95 10.87
453 10.64*+* 1.22 9.42
«  EP(T)=1012-547x10°T (4-9)
wx  EQ(T)=12279-12137x10°T (4-10)
wex ESP(T)=1277-1184x10°T (4-11)
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Storage Modulus (MPa)

Sample: 90-sample-10layers-multi freq
Size: 19.8916 % 5.5000 x 1.2000 mm

Method: Temperature Ramp

DMA

Operator. Amir
Run Date: 13-Jun-2012 18:05

Instrument: DM A Q800 ¥20.18 Build 37
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Figure 4-15: a) DMA test results [90] at multipteduencies, b) Arrhenious plot for [g0]

laminate, and c) Arrhenious plot for [43minate
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Figure 4-16: Variation of failure strain and stresga and with time for [99]aminate at

80°C
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U &2 (t) = O.lllexp(81_—7t1£)°'l°5 (4-13)

U 899(t) = 0.125t"°% t<10's (4-14 (a))
U 89V(t) = 0.642(1+ ) 0% t>10"s (4-14(b))
U & (1) = 0.120t°%% t < 60s (4-15(a))
U 89 (t) = 0.172(1+ t)*%° t > 60s (4-15(b))

4.5.4 Simulation using MATLAB

The creep model and its four modules, discusse@hapter 3, were programmed in
MATLAB. The influence of various simulation parareet used in the MATLAB program, such
as time step during creep modeling and stress dtemg loading to the creep load, on
convergence to the optimal solution was studiederperature step size of -1°C, a stress-step
size of 1 MPa and a time-step size of 10s for its 24 hours and 1000s until the end of creep
time, i.e. 333 hours, were found to be optimalwé#s observed that values smaller than the
selected did not change the accuracy of the siialaDepending on the computer capability,
the simulation time varied. Using a computer with GB RAM and an Intel ® Xenon ®
processor E5645 CPU, the simulation times for BISI., and SL modules were approximately 5

minutes, 2.5 hours, and 1 day.

4.5.5 Details on MATLAB program of PIS, QSL and SL Modwdeof the Creep Model

4.5.5.1 VA Module

The VA module solves the differential equations5@3-(3-66) using thévp4cfunction

in MATLAB. This function generates a numericaligan which is continuous in the interval
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[a,b] in which the boundary value problems forioady differential equations (ODE) has been
defined.bvp4cuses a collocation method which considers certadtes in the interval of [a,b]
and provides an approximate solution on those ndulgglcis capable of solving ODEs with
higher order and with multiple boundary values. €h@r tolerance can be defined in bvp4c and
depends on the difficulty of the problem. Erroretaince of 18 was used in the VA module.
More details on this function can be found in Rdf5.

In the VA module, each ply of the laminate is deddinto the same size intact regions;
the number of intact regions will be equal to thenber of a ply which has the maximum cracks
+1. For example, if [90] has the maximum numbercafcks among all the plies, the intact
regions are determined a€%-1 for all the plies where®® is number of cracks in [90] ply and
the size of these intact regions are equal t&¥#1, where L is the laminate length. 175 Nodes
are placed between and at the boundaries of thess regions, and boundary values for stresses
are assigned to these nodes. Using these boundargsvat the location of these nodes, the
differential equations are solved with an errogenf 16

To start with, all plies will have one intact regidNodes are also placed at the ends of the
plies in the laminate as shown in Figure 4-22 (@& ¢e imposed boundary conditions are
imposed at these nodes (zero perturbation). Thsssin each ply at these nodes, for a given
applied load to the laminate, is determined usengihation theory. The whole laminate are
divided into same size intact regions and the n@ledocated on the boundaries of the intact
regions. When a crack occurs, it is located onead@fined node. The number of nodes are are
updated with the number of cracks.

When FPF occurs in [90] plies, the crack is plaaethe center of the [90] plies as shown

in Figure 4-22 (b), and the boundary conditionsesponding to this crack, i.e., perturbation
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Figure 4-22: Simulation of damage progression|r{act Laminate, (b) FPF in [90]
plies, (c) Multiple cracks in [90] plies, (d) FR¥F[-45] plies, (e) Multiple cracks in [-45] plies,

and (f) FPF in [+45] plies
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stresses 00, are set equal to the stress in that ply befareking. Stress is then set to zero in
the crack face, as equations (3-11) and (3-12assggned to the node at this location. It is to be
noted that the crack number is increased by 1 whereeply fails, as per assumption. The nodes
are placed in [£45] plies at locations above arnidwehe crack in [90] plies as shown in Figure
4-22 (b). Determining the boundary values for thegdes in [+45] plies are a challenge since
they are not knowm priori. Moreover, the boundary values for [-45] plies Wabbe different
from those of [+45] plies due to the proximity o#5] plies to cracks in [90] plies. This is
supported by the experimental data presented iticBeB.3.4; the transverse cracking in [-45]
plies started at a lower stress than that in [pligs. Based on this, the boundary values for the
nodes in [+t45] above and below the crack locatioif9D] were approximately determined and
entered as the boundary conditions in the progiems will be discussed in detail in Section
5.4.1. The perturbation stresses and the stretes ataghese locations are still to be determined,
though the solution to the differential equatiomslds the distribution in perturbation stresses
due to cracking and the stress state in each plheflaminate. Using this distribution, the
average stress in each ply is determined as patiequ3-85), and all nodes including those at
the ends are reset with these average values.anmedte stress is determined using these ply
stresses, and the laminate modulus after crackirdgiermined using this new laminate stress
and the laminate strain before fracture (constaatrsrate condition) as per equation (3-86) for
QSL module and (3-98) for SL module. The strainrgpeén each ply is re-calculated using this
average stress and compared with critical storastielenergy. If a crack is predicted, the crack
number is increased by 1 as shown in Figure 4-22te same size intact regions are created,
the location of cracks are updated at the bourslasiethe intact regions, and the above

procedure is repeated until no further crackinghadt ply is predicted. This ensures that the
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above-mentioned assumption of crack increment lgeks not introduce any error in prediction.
If no further cracking is predicted, the stresdestand crack density are input to the working
module that invoked the VA module.

The placement of cracks and nodes for FPF in [plies, damage progression in [-45]
plies, and FPF in [+45] plies are illustrated iguie 4-22 (d), (e), and (f) respectively. Although
the cracks in all plies are aligned in Figure 4¢(B2 the laminate would not fail since cracks
propagating along the width of [-45] and [+45] legy@are perpendicular each other. The final
laminate failure is caused by delamination betw&ese two layers followed by failure of fibers
in each of these layers. These two failure modes l@ence final laminate failure are not
predicted in this thesis. The alignment of crack§45] and [+45] layers due to the assumption
of the location of cracking as shown in Figure 482nay not happen in reality (as explained in
Chapter 3), and the impact of this on the accuicgrediction will be discussed in the next
chapter.

The flow chart in Figure 4-25 details the variousgszamming steps for the VA module,
discussed above and in Section 3.3.

Step 1The average stress stat®)j, i1 (j, I=X, y) and the number of crack$Yn, in each
ply are input.

Step 2:Differential equations derived in equations (3-598-66) are programmed using
thebvp4cfunction in MATLAB.

Step 3 The whole laminate is divided into the intact ioeg (Intact Re§i1)
corresponding to the crack numbers of a ply (ei§)-1), which has the maximum number of
cracks (H"),), i.e., Intact_Re§ii= nM>};+1. Cracks are located at the boundaries of each

intact region.
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1. Average stresses®; i1 and number of
cracks i, at each ply are input

v

2. Differential equations (3-59) — (3-66) arq
programmed usingvp4cMATLAB function

D

v

3. The laminate is divided into intact regions

(Intact_Refpi.1) corresponding to the crack numbers

of a ply (1°9.1) which has the maximum number g
cracks (") i.e. Intact_Re§);. 1= M) ;+1

=

v

4. The nodes are placed in all plies at the
location of the boundaries of the intact regions

v

5a. Constant strain rate B.C. is impoded
at the two ends of the laminate

Y

5b. At the locations of possible cracks t
appropriate B.C.’s (eqgn. (3-11) - (3-13)

ne

or stress continuity is appli

v

| 6. Stress perturbations are determineh

'

7a. Stress state of each ply
determined

[

!

7b. Stress state); .1, is averaged (eqn. (3.85
and sent to Fracture sub-module

~

Y

END

Figure 4-23: Flow chart for simulation of VA module
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Step 4:Nodes are placed in all plies at the location efltbundaries of the intact regions.
Cracks are located at these nodes and the bouodiadjtions are applied at these nodes.

Step 5a:A constant strain rate boundary condition is ingubsit the two ends of the
laminate, which are considered to be intact in otddransfer the applied load to the laminate.
This requires that the perturbation stress at th@gdocations be zero; in other words, the stress
at these locations is equal to the applied stress.

Step 5bAt the nodes for all plies, appropriate B.C.’s (&gons (3-11 - (3-13)) in case of
cracks, or continuity in case of no cracks, is eggplin other words, if there is a crack at a node,
the perturbation stresses are defined such that‘thg oy, ando®y, at the crack surface of
that ply are zero. The appropriate B.C.’s, as enpthearlier, are applied in the corresponding
nodes in other intact plies.

Step 6:The stress perturbations are determined.

Step 7a:The stress distribution in each ply is determinddcl is the output of this
module.

Step 7b:The stresses are further averaged using equéati8b)(and sent to the fracture
sub-module to ensure that the stored elastic engfrgyach ply is lower than the critical stored
elastic energy. If the stored elastic energy of pheis greater than the critical stored elastic
energy of that ply, one crack is added to the mgstracks of the ply using the Fracture sub-
module, and the VA module is invoked again by tleeking module (e.g. PIS or QSL or SL).
Steps 1 to 7 are then repeated.

4.5.5.2 Fracture sub-module

The flow chart in Figure 4-25 details the variowsgramming steps for the prediction of

the ply failure, discussed in Section 3.7.
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Fracture sub-module

la. Input [S] 2, -1 matrix of a lamina along 1b. Input principal stresses][912, 1 and
principal directions and critical stored elastie—» number of cracks (a®) at each ply

energy, WY, as per (4-12) and (4-15)

3. Calculate the lamina straing 2. Stress stategsI('k)l,z, i1 is averaged
[]®12 1= [Sha o] ®1z i1 using eqn. (3.85)

'

4, Calculate the internal and effective stressegdah ply along principal
directions, i.e. ¢in®12,i1and B']®12 i1 using equations (3-102) and (3-103

'

5. Calculate the internal and effective strainseach ply along principal directions,
[en] ®1.2,i-= [Snd12i1[oind ®1.2, i1 @and E1®12,1:=[S T124[6 1M1 2,11

'

6. Calculate the total stored elastic enefgy
for each ply, W® using egn. (4-16)

NO YES
8a. n W=n, ® 8b. n®= ni,®+1

Figure 4-24: Flow chart for simulation of fractumgterion
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Step la.The [S}., i1 matrix of a lamina along principal directions anitical stored
elastic energy &, i1 for each ply is input as per equations (4-12) 1%3-
SteplbThe principal stresses][¥: 2, inand number of cracksi(fd) at each phare input
from any of the four modules.

Step 2:The stresses are averaged using equation (3-85).

Step 3:The principal strains in each ply]§12 i1, are determined using [S]i-c]®1 2,

Step 4:The internal and effective stresses for each fangprincipal directions, i.e.,
[6in]®1,2, i1 and[c"]®12, 1.1, are calculated using equations (3-102) and (3-103)

Step 5:The internal and effective strains for each plgnal principal directions, i.e.,
[eind®12, i1 and[e']®12, i1, are calculated using equationsn]82,ia[cind®12, i1 and [S]iz,-
1[6"]1®12, i1 respectively. [&]12 and [S]12 are calculated using the DMA tests results as
tabulated in Table 4-7, and Table 4-8.

Step 6:Stored elastic energy for each ply,1¥ are determined using the internal and

effective stresses and strains as per equatiom giew
U“‘)—1 Lover | =126 4-16
i1 = E(Jl,intgl,int)+§(al £) =12 (4-16)

Equation (4-16) determines the elastic energy dtateng the principal directions. The strain
used in the calculation of the stored elastic enesdhe residual strain in each ply as per given
in equation (3-76).

Step 7 Stored elastic energy is compared with crititated elastic energy.

Step 81f the stored elastic energy is equal to or gretitan the critical stored energy, the
number of cracks is increased by one crack, ii&.=nn.1®+1; if no cracking is predicted, the

crack density will remain the same.
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The output of this sub-module is crack densitydnleply.

4.5.5.3 PIS module

The flowchart, detailing various simulation stepshe PIS module, described in Section
3.4, is given in Figure 4-25. Process-induced segslue to CTE and cure shrinkage mismatch
among various plies was determined during coolnognfthe cure temperature of (177°C) to
room temperature. The output of this module, whwihbe input into the QSL module, includes
the thermal strain of the laminate, the ply residii@esses, and the crack density in each ply due
to residual stresses. The simulation steps arellasvé:

Step 1 |Initially the program reads the laminate laydpmina properties, cure
temperature, and creep temperature, cure shrirdtega and thermal expansiom{andaz2); all
properties are along the principal directions ef mina.

Step 2a:Determine the S and Q matrices of a ply at the éemperature along principal
directions.

Step 2b:Determine the S and Q matrices of a ply at theeatitemperature, T along
principal directions.

Step 3:The stiffness matrices, [A], [B], [D] and compl@matrices [a], [b], and [d] of
the laminate are determined using the stiffnesscangpliance matrices of the laminas that make
up the laminate as per equation (A-12). Only [Adl &) matrices are used here due to the nature
of the laminate and loading.

Step 4.The unconstrained thermal and cure-induced stmiaach ply[er]1,2, are

calculated using equatiosr]1,=[a]1,2%[AT] and [curd1,2=[0;ecureshrinkagi0], respectively.
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1. Input lamina and layup properties, creep tentpegacure shrinkage strain
and thermal expansion coefficient @ndoy) along the lamina principal

'

along principal directions at.T

2a. Calculate £, Sssand Q at Eure

2b. Calculate S and Q matrices of a IaminT,

v

a, b and d-compliance matrix

3. Calculate A, B and D-stiffness matrix arld

Y

4. Calculate unconstrained thermal and cure-indst®dhs in
principal directionsgr]12=[a]1,2X[AT], and Ecurd1,2=[0; €cureshrinkagiO]

—

6. Find the equivalent thermal load per unit width
INTIxy=2[Qlxy™ [er]xy®tkand [Nourd xy=Z[Qlxy®[ecurdxy®

Y

5. Transformation ofgf]12t0 [er]xy®
[€Cure] 12t0 [€Cure] x,y(k)

7. Calculate laminate thermal straief]fy, =[alxy[Nt+Ncurdx

J

[aR]x,y(k) = [ao]x,y' [ST]x,y(k)

8. Determine residual (constrained) strains in dgdy,

Y

[GR]x,y(k) = [Q]x,y(k) [SR]x,y(k)

9. Find the residual stress in an individual pl

10. Transformationdg]x,® to [or]1,2¥ |

11. Fracture sub-module

Fracture

Fracture
YES

12. VA Module

'

13. Increment the temperature, Store previousssires
state, laminate strain and crack density

'

NO 14. If Ty is Tereep

15. Residual ply
stresses and crack
density, laminate strain
[
END

YES

Figure 4-25: Flow chart for simulation of PIS Modul
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Step 5:The unconstrained thermal and cure-induced stiaieach ply, §r]1,2, [ecure]1,2
are transformed from principal coordinates to glatmordinates dr]x,® and Ecurdxy®, using
the transformation matrixsBiven in equation (3-90).

Step 6:The equivalent thermal load per unit width, coroegfing to these unconstrained
thermal and cure shrinkage strains in plies ofldinginate, are calculated usingNy=2[Q]xy®
[eT] Mtk and [Neurd xy=2[Q]xy®[ecurdxy™ and wherextis the ply thickness.

Step 7:Using [a] matrices, strains in the laminate (whiglalso the strain in each ply),
due to thermal and cure-induced loads, are cakilasing §°)x.y=[a]x,[NT+NC]x.y.

Step 8:Residual (i.e. constrained) strains in each pe calculated using the laminate
strain and unconstrained strains in global dxeéxy = [e%xy - [eT]®xy .

Step 9:Using the residual strains calculated in step@the stiffness matrix of each ply
[Qx]¥, the residual stresses in an individual ply arfeutated using gr]x,®= [Qlxy® [er]xy™®
where Er]®xy = [e%xy - [er]®xy X,

Step 10:The residual stresses calculated in step 9 arsftnaned from global axes
[or]xy® to principal axesdg]12¥ using the transformation matrix, §iven in equation (3-90).

Step 11The fracture sub-module is invoked to determireepty would crack.

Step 121f fracture occurs, the VA module is invoked toatetine the stress state of each
ply. The ply stresses are returned to the fracdullemodule to make sure that no more cracking
is possible.

Step 13The laminate strain, stress, and crack histogaah ply is stored.

Step 14:A check is made to see if the desired temperdtasebeen reached. If not, the
temperature is incremented by -1°C, and stepsl2 tare repeated until the desired temperature

is reached.
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Step 15:The output of this module includes the laminataistrthe residual stresses and
the crack densities in the plies.

4.5.5.4 QSL Module

This module predicts the ply stresses after eaath (stress) increment during ramping to
creep load, as discussed in Section 3.5. It usefathinate strain and the residual stress output
from the PIS module as the starting value. The kEitimn steps are highlighted in the flowchart
in Figure 4-28. This module increases the loademantally to capture the FPF. Also, an
iteration loop is included to ensure convergencelynstresses after each load increment since
the composite material is non-linear viscoelastie ply stresses are subsequently input into the
fracture sub-module and VA Module to predict thetygdation stress, the new stress state, and
the crack density in each ply. The output of thisdule, including the laminate strain and
modulus, ply stresses, and crack density in eaghapé subsequently input into the SL Module.
The simulation steps are as follows:

Step 1 Initially the program reads the laminate laywgmina properties, laminate strain,
ply stresses and ply crack densities output froenRIS Module, stress-step size, and the applied
creep loadga.

Step 2:The S and Q matrices of a lamina along principalemal directions at the creep
temperature are determined.
Step 3:The laminate stiffness [A] and compliance [a] neds are determined using the stiffness
and compliance matrices of the lamina that mak#hapaminate, as per equation (A-12).

Step 4.The stress of the laminate is incremented.

Step 5:The incremental laminate strain correspondinghi ihcrease in the laminate

stress is calculated usinggk]xy =[alxy[ AN]x.y.
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1. Input laminate lay-up, lamina properties, larérstrain,
stresses and crack densities for each ply outpuat ®IS
module, stress-step size and applied creepdpag

Y

2. Calculate S and Q matrices of a lamina, aloivcqpal
material directions at the creep temperature

»‘

3. Find A-Matrix and
a-compliance matri

4. oxx, &= Gequivalenﬂ'AG

5. Find incremental elastic strain,
[Age] xy =[a]xy[AN]xy

R

6. Transformationfeg]x,y to

[Age]1, 0

7.[Ac]19=[Q] 1. f Aee]1. ¥

l———————————

8. Transformation4o]; ¥ to

A[G]x,y(k)

9. [6]xy, ® =[o]xy, 1™+ A[o]xy®

|

10. Transformationd]x,® to

[0]12,4

11. Fracture sub-module

Fracture

Fracture
YES

12. VA Module

13. Determine the equivalent stress using eqgn. (3-
84) and modulus of the laminate using eqn. (3-86)

v

14. Update [a] matrix using eqgn. (3-87b

Y

15. Increment stress step, store previous lamsteaen, laminate
modulus, ply stresses and crack densities in elgct pyy, i-1

NO YES
- 16. If o= Gcreep '

17. Laminate strain,

laminate modulus, ply [
stresses and crack densit

END

Figure 4-26: Flow chart for simulation of QSL Modul
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Step 6: The incremental laminate straimef]xy is transformed to determine the
incremental ply strains along principal directiofrsec]1 ¢ (where (k) corresponds to the
individual
ply), using the transformation matrix given in equation (3-90).

Step 7:The incremental stresa¢]12¥ in each ply is calculated usingd]: 29 =[Q]12
[Age]1,49.

Step 8:The incremental stress in principal coordinatgs]: /¥is transformed to global
coordinates\[c]x,,® using the transformation matrix @iven in equation (3-90).

Step 9:The stress in each ply is determined by addingiticeemental stress in each ply
calculated in Step 8 to the previous stress opth@ising[c]xy, & =[c]xy, i1+ A[c]xy®.

Step 10:The stresses in each ply determined in step],9,[¥' are transformed into principal
coordinates using the transformation matrixdiven in equation (3-90).

Step 11:Using the stresses in the principal coordinathe, ftacture sub-module is
applied to determine if a ply would crack.

Step 12if fracture occurs, the VA module is invoked tdetenine the stress state in each
ply. The ply stresses are returned to the fracdukemodule to make sure that no more cracking
is possible.

Steps 13The equivalent stress on the laminate and then@eimodulus, after load drop
due to cracking, is calculated using equations4BaBd (3-86), respectively.

Step 14:The [a] matrix for the next step is updated usiogation. (3-87) and the
laminate modulus determined in Step 13.

Step 15: The laminate strain, the laminate modulus, the sttesses, and the crack

densities are stored to be the values corresponditige current stress level.
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Step 16A check is made to see whether it has reacheddsieed creep stress. If not, the
stress is incremented, and steps 3 to 16 are sxpaatil reaching the desired creep stress.

Step 17The output of this simulation, includes the lam@strain, the laminate modulus,
the ply stresses, and the crack densities in @bplvhich are subsequently input into the SL
Module.

4.5.5.5 SL Module

The simulation steps of the SL module, discusse8dation 3.6, are illustrated in the
flowchart, shown in Figure 4-27. This module caftat the creep compliance, the ply stresses
and the creep strain of the laminate. The inpunftbe QSL module to the SL Module are the
laminate strain, the laminate modulus, the plysstes, and the ply crack density at the instant of
reaching the creep load.

The creep time corresponding to this instancekisrtao be zero and is incremented. In
the intact regions between cracks, the creep cam® and stress states, of each ply
corresponding to the new time are determined. Usirggvalue, the fracture criterion is applied
to determine if a ply would crack. If cracking isedicted, the VA Module is accessed to
determine the perturbation stresses as well asstr@ss state in each ply. The simulation steps
are as follows:

Step 1 Initially, the program reads the laminate modulie laminate strain, the ply
stresses, and the crack densities output from ®ile Kpodule as well as the time-step size, and
the applied creep loadyy,a.

Step 2:The S and Q matrices of the lamina at ply stresse®sponding to the current

creep time,jtand the creep temperature are determined alongipal directions.
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1. Input laminate strain, the laminate modulus,gtfgsses and crack densitigs
from QSL Module, time-step size, temperature aseeloadpcreep

v

»| 2. Calculate S and Q of alamina, along principatenal directions at
the current time,.t

v

3. Find A-Matrix and
a-compliance matri

4. Calculate the unconstrained strain
[Asc]1.2% using ([S] 2,6-[S]1.2.-0)*[ 6]1.2,61

|< 5. Transformationfec] 1% to [Aec]x ™

| 6. Find the equivalent creep loadNc]xy=2[Q]xy®[Aed]xy® |

7. Find the laminate creep strain usintg]xy=[aly*[ ANdxy

| 8. Accumulate the total strain usingy\{y= [e]xy+[A€c]xy- |

- 9. Transformatiof Agc]x,® to [ Agc] 1,24

10. [0]1.2, t-0=[Ql1 A[ &l 1,2 [ Aec] 1,29

Fracture
YES

12. VA Module

'

11. Fracture sub-module

Fracture¢ NI

13. Determine the equivalent stresguivaent USING €qn.
(3-97) and modulus of the laminate using eqn. (8-99

| 14.0xx, &= Gequivalenﬂ'AG (AG:Ga'Gequivalen) |

‘ I 15. Strain due to damagady]x, as per eqn. (3-991

16. [edxy=[edxy+[Acd]xy —»' 17. Update [a]y, matrix using eqgn. (3-871

NO

18. Increment time step, store previous laminaterstlaminate
modulus, ply stresses and crack densities in elycht b1

19. If t=tereep YES 20. Laminate strain,

' Jaminate modulus, ply —®1 END
stresses and crack densities

Figure 4-27: Flow chart for simulation of SL module
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Step 3:The laminate stiffness [A] and compliance [a] neEs are determined using the
stiffness and compliance matrices of the lamina thake up the laminate, as per equation (A-
12).

Step 4:The incremental unconstrained strakad 1,44 in each ply (where k corresponds
to the individual ply) for the time-stepit is calculated using the difference between lamina
compliance for the current and previous timeand t1 respectively, and the stress in that ply
using ([S}2.[S]12.-0*[ 0]1,2,6-1. It is assumed that the stress in the ply remaimsteot during
At.

Step 5:The unconstrained strain calculated at each ffyg]12¥, is transformed to
global coordinatea[ed]xy®, using the transformation matrix; given in equation (3-90).

Step 6:The incremental load corresponding to incremestialin in each ply is added to
yield the equivalent creep load acting on the lat@nANc]xy=2[Q]xy®[Aec]xy®.

Step 7:The increment in laminate creep strain is deteedhimising the product of
laminate compliance [a] and the equivalent creap,If\ec]xy=[alxy*[ ANc]xy.

Step 8:The laminate strain is determined by adding tleeeimental strain to the strain at
previous time, gt x,y = [et]xy+[Aec]xy.

Step 9:The total strain and the unconstrained strainaaheply, Exy and Aedxy®,
respectively, are transformed from global coordisato principal coordinatesglf> and
[Aec]1, 49 respectively, using the transformation matrixgiven in equation (3-90).

Step 10:The stresses in individual pliesi]{2, i-1®, are determined using stiffness for

each ply and the difference between total straid @mcremental creep straifQ]id[ed1,>

[ASC] 1,2(k)] .
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Step 11:Using these stresses and laminate strain, theufeasub-module is invoked to
determine if a ply would crack.

Step 121f fracture occurs, the VA module is invoked tdetenine the stress state of each
ply. The ply stresses are returned to the fracdulemodule to make sure that no more cracking
is possible.

Step 13:The equivalent stress on the laminate and thenkamimodulus after load drop
due to cracking is calculated using equations (Ba@d (3-98) respectively.

Step 14:The laminate stress is increased back to the di@sg from the load after
cracking.

Step 15:The increase in laminate strain in step 14 is dtrain due to the damage,
[Aed]xy, (see equation (3-99)).

Step 16:This strain is added to the total strain calculate&tep 8 to get the total strain
of the laminate due to both creep and damagdgiley=[et]xyt[A&d]x,y-

Step 17:The [a] matrix for the next step is updated usiggation (3-87) together with
the laminate modulus determined in Step 13.

Step 18:The laminate strain, the laminate modulus, the gihgsses, and the crack
densities are stored to be the values corresponditige current time level.

Step 19The time is checked to see if it has reached ¢ésa el creep time. If not, the time
is incremented, and steps 2 to 19 are repeateldeathing the desired creep stress.

Step 20The output of this simulation includes the laminstr@in, the laminate modulus,

the ply stresses, and the crack densities in i@ @f the laminate.
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CHAPTER 5. RESULTS AND DISCUSSION

5.1 Introduction

This chapter presents and compares the experimesalts with predictions, for time-
independent (TID) and time-dependent (TDD) transveracking of individual plies as well as
creep, in a [+45/9)s laminate to validate the model presented in Chiapté/Nhile the first
section of this chapter is focused on TID, due tocess-induced stress and loading, and its
effect on time-independent modulus, the secondaseds focused on TDD and its effect on

creep.

5.2  Process-Induced Residual Stress and Damage

As stated in Section 3.2, process-induced resiginass and TID due to this stress was
predicted and used as input to QSL module. The ogitgtest coupons were subjected to a
complex thermal cycle. After curing at 7 the composite panels were post cured at@20
Subsequently, the tabs were bonded to the test #iehiPC before cutting the test coupons
from them. This was followed by bonding of strasggs at 177C. Finally, they were heated to
27C°C to erase the effect of physical aging duringaier Note that after each temperature
treatment they were cooled to room temperature.

The majority of the test coupons did not show aagndge after going through above-
mentioned thermal cycles. One sample exhibitedkangcin [90] plies after being heated to

270°C. The crack density was 0.5 2m
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Process-induced residual stresses would be inteadoaly during the initial cure and
subsequent post cure since any difference in expasntraction due to difference in CTE and
cure shrinkage among various plies of the lamimateld be cured-in due to cross-linking of the
polymer matrix. Contribution due to tool-part irdetion during curing [17] is ignored here.
Additional contributions may come from constraireegbansion and contraction during bonding
of tabs and strain gages. Subsequent heating@ithg without any chemical reaction (as in
the case of erasure of physical aging) would nterahe residual stress state due to above
contributors, unless there is a substantial stmedaxation that can occur during slow
heating/cooling and long hold times.

Simulation of process-induced stress, incorporatalfy of the above-mentioned
contributions, is beyond the scope of this theSisce the majority of contribution comes from
curing and post curing, the process-induced stlassto curing and post curing was modeled.
The post curing temperature of 220was used as the start temperature for cool downder to
determine the process-induced stress during coshddhe predicted process-induced stresses,
at 22C, 8CC, and 18€C are tabulated in Table 5-1. The residual stigsat 22C in [90] plies,
determined by Gupta [16] for the same laminate rfatured using the same material, is 41.6
MPa and it compares well with predicted value aB39Pa. The slight difference between these
two values is related to the slight difference lesw the mechanical properties of the material
used. This supports the above-mentioned assumyitbrrespect to contributors to the process-
induced stress. Based on this stress state, thdslendid not predict any damage due to process-
induced stress, which is confirmed by lack of amyndge in the majority of specimens. The
cause for the minimal damage observed in few spawniFigure 5-1) is not understood at this

time; possible reasons are physical aging duriogge before testing and defects introduced
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Table 5-1: Predicted residual stresses for [90][dB§iplies of [+45/9@]s laminate at various

temperatu re
[45] [-45] [90]
Temp. G1 (7] T6 G1 (7] T6 o1 (7]
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
22°C -106.¢ 45.¢ 9.z -106.¢ 45.¢ 9.2 21.07 39.¢
80°C -80.2 34.€ 7.C -80.2 34.€ -7.C 15.¢ 29.¢
180°C -67.7 28.t 5.4 -67.7 28.t -5.4 14.1 25.(
&1 &2 Ve &1 &2 Y6 &1 &2
22°C | -8.9x10% | 5.2x10% | 1.6x10° | -8.6x10* | 5.2x103 | -1.6x10°% | 6.7x10° | 4.4x10°
80°C | -6.7x10" | 4.Cx10° | 1.4x10° | -6.7x10" | 4.Cx10°% | -1.4x10°% | 5.Cx10° | 3.%1C°
18C°C | -6.%x10* | 4.1x10° | 1.4x10° | -6.310% | 4.1x103 | -1.4x10° | 5.5x10° | 3.4x1C°
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due to manufacturing of the test coupons. The vasidtress increased with decrease in test
temperature, which is to be expected. The influesfdhis residual stress on TID during quasi-

static loading and TDD and creep is discussed daiiththe following sections.

5.3 Experimental Results for Time-Independent Damage (ID) Evolution and

Reduction in Modulus during Quasi-Static Tensile Tsting

Experimental results for the TID and its effectrandulus, during loading to creep load

are presented.

5.3.1 TID modes

All plies of the [£45/9@]s laminate, namely [90], [-45] and [+45], developeatious
modes of damage during quasi-static loading uhé¢olaminate failure. Transverse cracking in
multiple plies of the laminate is shown in Figur&.5The transverse cracking started first in [90]
plies. The location of transverse cracks in [-4igpwere mostly at the tip of cracks in [90] plies
due to stress concentration. However, the locatibtransverse cracking in [+45] plies were
staggered with respect to the cracks in [-45] pliegure 5-2 shows evolution of various modes
of damage at various stress levels, during quasicdbading at 180°C, in a representative region
of the [+45/9Q]s laminate. Damage usually starts as transversekingaen [90] plies. With
increase in the applied stress, transverse cradkifgl5] and [+45] plies follows and during
final stages of loading, vertical cracking in [9}d delamination between [90] and [-45], and

between [-45] and [+45] occur.
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c) 70 MPa d) MPa
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(e) 100 MPa
Zoom-in
Vertical cracking in [90]
Delamination between [90] and [-45] Delamination between [-45]
and [+45]

200 pm

Transverse cracks m [-45]
Transverse cracks in [90]

Figure 5-2: Progressive damage in [+45]90uring quasi-static loading at 180°C
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5.3.2 Tensile test results

Repetitive tensile tests were carried out to recibrel evolution of transverse crack
density with applied stress as well as FPF (Filgt Filure) stress for all damage modes.
Representative tensile stress—strain plots 4C8hd 180°C are provided in Figure 5-3 and
Figure 5-4, respectively. The curves became ingrghsnon-linear with increase in stress due
to increase in damage. Permanent strain obsenad wgoading is due to damage and is related
to crack opening displacement (COD) introduced perntly in the laminate upon cracking.
The increase in permanent strain with increas@jlied stress points to increase in the extent of
damage. The fracture stress and strains as wéllegsermanent strain for both°®and 180C
are tabulated in Table 5-2. The fracture stresssaraih at 80C were 97+5 MPa and 7850+300
micro strains respectively. Fracture stress armingrat 180C were 99+2 MPa and 8266+375

micro strains. The permanent strains were 750+34283+98 micro strains respectively.

5.3.3 Distribution in crack spacing

The number of cracks along the edges of the spesimwere determined using a digital
microscope. Instead of a single value, the spadiatyveen transverse cracks exhibited a
distribution, as shown in Figure 5-5 and Figure ®6[90] plies of a laminate tested at 80°C. It
can be observed from Figure 5-5 that the crackisgaat a stress varied widely and this scatter
decreased with increase in applied stress dueetintitease in crack density. The frequency of
crack spacing during the loading was determinedyioyiping the cracks in bins, as shown in
Figure 5-6. The range of crack spacing for eachvims determined using pre-selected crack
spacing increment. Three increments, namely 200, &d 100Qum, were chosen to select the
value that would yield the distribution faithfullizor example, the range of crack spacing for bin

of 200pum increment was 0-20@m (crack spacing< 20@m), 201-40Qum (200um < crack
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Figure 5-3: Representative results from repetitiresile tests at 80°C
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Figure 5-4: Representative results from repetitiresile tests at 180°C
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Table 5-2: Fracture stress and strain as well asgeent strain at 8C and 180C

Temperatur

Fracture stress (MF

Fracture strain (micro

Permanent strain (micr)

80°C

97+5

7850300

750+340

180°C

99+2

8266+375

293+98

[90] Crack Spacing ( x10° m)

27000 e

24000 £
21000 |
18000 |
15000 [
12000

9000 |

6000 |

3000 |

20 30 40 50 60 70
Stress (MPa)

[+45/90,]
80°C

80 90 100

Figure 5-5: Crack spacing in [90] plies as a fumttf applied stress for [+45/80at 80°C
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Figure 5-6: Frequency of cracks spacing in [90dpbf [+45/99]s during the loading at

80°C
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spacing < 40Qum), 401- 60Qum (400um < crack spacing < 600m), etc. The distribution in
crack spacing, determined using this methodologyplotted as a function crack spacing in
Figure 5-6 during the loading from 0 to 100 MP&@tC. A bin value of 50Qm reproduces the
normal distribution well. The peak occurred at ackrspacing of 1000m. This peak shifted to
the right (i.e. higher crack spacing) in lower stes.

Figure 5-7 shows the maximum and the minimum amedatlerage crack spacing in [90]
plies of the laminate tested at 80°C. All of thdetreased rapidly with increase in stress and
reach a plateau value.

The model developed in this thesis does not haee dépability to include such
distribution in crack spacing and has assumed atanthcrack spacing. Hence, the transverse
crack density, plotted in the rest of the figuréshis chapter, was determined by dividing the
number of cracks by the gage length over whichdlmacks were counted. The impact of this

assumption on the accuracy of prediction will bkecdssed later in this chapter.

5.3.4 TID evolution

The transverse crack density in [90] plies, recdrfbe the two edges of a sample tested
at 80°C is plotted in Figure 5-8 as a function lué tapplied stress. Superposition of the data
suggests that the cracks traversed the entire waflitthe [90] plies and the laminate. The
transverse crack density in Side 2 reached a plateaich is commonly known as Characteristic
Damage State (CDS). However, the probability ofun@nce of this state in a sample depends
on the interactive effect of other modes of damége evolve simultaneously during loading.
Hence, while the CDS is observed on one side nbiobserved on the other side, as observed in
Figure 5-8.

The experimental transverse crack density in [att)] [+45] plies of the same test
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Figure 5-7: Maximum, minimum, and average craclcsppin [£45/90]s at 80°C
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Figure 5-8: Experimental transverse crack densibjugion with stress in [90] plies of a

[+45/9Q]s laminate at 80°C (sample 2)

163



Chapter 5. Results and Discussion

coupon is plotted in Figure 5-9 and Figure 5-1(@eesively. While the [90] plies were together
at the center of the laminate, [£45] plies were edther side of the reference plane of the
laminate, as observed in Figure 5-1. Hence, therobd crack density in the [45] plies on either
side of the reference plane is identified in Figbt® and Figure 5-10 as “top” and “bottom” for
each side of the laminate. For each of these tdgotbom plies, the crack density was determined
for both edges (similar to the case of [90] pliedgntified as “sidel” and “side2.”

Unlike [90] plies, the crack density on one edge @#ferent from that of the other edge
for both [-45] and [+45] ply groups. This indicatémat the cracks did not propagate along the
entire width of the ply and the laminate. Furtlitee FPF stress and the crack density for the top
ply were different than those for the bottom pby, both [-45] and [+45] ply groups.

Crack density in [-45] plies adjacent to [90] pleas higher than the crack density in
[+45] plies on the surface of the laminate. Therage FPF stress for transverse cracking of [-
45] plies was higher than that for [90] plies; #neerage FPF stress for [+45] plies was higher
than that for [-45] plies. The above observations eonsistent with expected trend since
perturbation in stress in [-45], due to cracking90] plies, would be more than that in [+45]
plies due to its proximity to [90] plies as well e constraint on both surfaces, unlike the [+45]
plies that have no constraint on one (top) surfates causes the [-45] plies to start cracking
before [+45] plies. The perturbation in stressep+#b], due to the cracking of [-45] as well as
[90] plies, would influence cracking of [+45] plie®wing to the differences in FPF stress as
well as the interactive effect of cracking of orlg pn the cracking of other plies, the evolution
of transverse crack density widely differed in these plies, as observed in Figure 5-8, Figure
5-9, and Figure 5-10. It can be inferred from Fe6r8, that the transverse crack densities on

both edges of the [90] plies are the same untiueb6-70 MPa and start to deviate from one
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Figure 5-9: Experimental transverse crack densiojugion with stress in [-45] plies of a

[+45/9%]s laminate at 80°C
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another beyond this stress range, when substaméieking of [£45] plies happens. The rate of
increase in crack density in [90] plies on sideetrdases when the crack density in [-45] plies on
side 1 increases. This supports the above reasdhatgcrack evolution in three ply groups
influences one another. As mentioned before, miodteocracks developed in [-45] were aligned
with the cracks in [90], which is believed to beedo the stress concentration at the tip of [90]
ply cracks.

Such stress concentrations and stochastic naturerawking, superposed with the
interactive influence of cracking mentioned aboispelieved to be the reason for the difference
in the crack density between top and bottom plgewell as between two edges of a ply, for both
[-45] and [+45] ply groups.

The average crack density for a given ply group @l@ained by averaging the values for
both edges of a ply. In case of [-45] and [+45] ghpups, the crack densities for the top and
bottom plies were averaged to obtain an averagek dansity for each ply group. The average
crack densities at 80°C, for [90], [-45] and [+4BY groups of the [+45/H)s laminate, is plotted
as a function of the applied stress in Figure J3elEigure 5-13 for the three tested samples. The
results at 180°C are plotted in Figure 5-14 andifeigb-15 for the two tested samples. Since [-
45] plies were adjacent to [90] plies, higher tramse crack density was developed compared
with [+45] plies, as shown in Figure 5-8 to Figara5.

While Figure 5-8 to Figure 5-10 highlight the véioa in transverse crack density
evolution within a sample at 80 C, Figure 5-11 fguFe 5-13 highlight the variation in
transverse crack density evolution from samplsample. While samples 1 and 3 exhibited a
CDS in [90] plies, none of the other two ply groupsibited a CDS. The maximum crack

density in [90] plies in sample 2 was higher thaet in sample 1, which had a crack density
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Figure 5-14: Transverse crack density evolutiof90], [-45], and [+45] plies of sample

4 at 180°C
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Figure 5-15: Transverse crack density evolutiof9d], [-45], and [+45] plies of sample

5 at 180°C
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higher than that in sample 3. The maximum craclsidgmn [+45] ply groups in sample 1 was

higher than that in sample 2 and that in samplea® Wwigher than that in sample 3. This
difference among samples is believed to be duevtorhain causes. Interaction of transverse
cracking among plies, discussed above is one fdessduse. Development of other damage
modes, such as vertical cracking and delaminatioat tlter the stress distribution and
consequently cracking in the plies, is the secars$ible cause.

In sample 1, the vertical cracking in [90] pliesrseéd at 70 MPa and the delamination
between [-45] and [90] plies as well as that betwfed5] and [+45] plies started at 80 MPa. In
sample 2, the vertical cracking started at 60 Mfayever, the delamination between [90] and [-
45] plies and that between [-45] and [+45] staged0 MPa. Since delamination would alter the
ply stress state and the hence, the propensitirdosverse cracking, the delamination at lower
stress levels is believed to have resulted in lawaersverse crack density in [+45] ply groups in
sample 2. Applying similar reasoning, the highansverse crack density in [+45] ply groups in
sample 1 is attributed to its lower level of delaation (due to a higher FPF stress for
delamination) than that in sample 2. The lower mmaxn transverse crack density in [£45] ply
groups of sample 2 has resulted in higher maximranstverse crack density in [90] plies.
Similarly, the higher maximum transverse crack dgns [£45] ply groups of sample 1 has
resulted in lower maximum transverse crack densif90] plies.

The FPF stress values for sample 3 were 60 MPasddical cracking, 70 MPa for
delamination between [90] and [-45], and 83 MPadetamination between [-45] and [+45]
plies. Despite similar FPF stress values,, delatiminan sample 3 at failure was more extensive
than that in sample 2 (as well as sample 1). Dubis) the maximum transverse crack density,

in [90] and [45] ply groups of sample 3 was lowart that of samples 1 and 2.
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The average transverse crack density evolution8& € for each of the two tested
samples is plotted in Figure 5-14 Figure 5-15 tghhght the effect of temperature on crack
evolution. A substantial difference in crack evauot due to the test temperature, is observed.
This is believed to be due to the effect of testgerature on the process-induced residual stress,
the modulus, and the critical stored elastic en@aifgiye plies of the laminate. It can be inferred
from Figure 5-14 that the FPF stress for transveraeking in [90] plies was not different from
that at 80°C; however the FPF stresses for trassvemracking in [£45] ply groups were much
higher (80 MPa). Sample 4 had process-inducedveass crack in [90] plies before cracking,
which reduced the FPF stress for [+45] ply groupsaall as influenced the crack evolution.
Unlike 8°C, no CDS in [90] plies was observed at AB@nd the maximum crack density at
fracture at 188 was lower than that at 8D. In sample 4, the vertical cracking in [90] plies
started at 60 MPa and the delamination betweendB@0][-45] plies as well as that between [-45]
and [+45] plies started at 70 MPa. In sample 5, vketical cracking in [90] plies, the
delamination between [90] and [-45] plies, and deéamination between [-45] and [+45] plies
started at 80 MPa. Similar to the case fotGBQhis difference in FPF stress values for vertica
cracking and delamination is believed to be thesgador the difference between the maximum
transverse crack density values for [90] and [##§]groups in the two samples.

The average of crack densities of all tested sasmpl@lotted in Figure 5-16 and Figure
5-17 and for 88C and 186C respectively. The average FPF stress valuesdoous damage
modes and the maximum crack density are tabulat€table 5-3. Since the repetitive tensile
tests were completed with stress increments of & BitP8OC and 10 MPa at 18G, the FPF
values in Table 5-3 correspond to the stress ldseyend which the first damage was recorded.

The average FPF (First Ply Failure) stresses émsirerse cracking in [90], [-45], and [+45] plies
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Figure 5-16: Average transverse crack density @), [B45], and [+45] plies at 80°C
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Figure 5-17: Average transverse crack density @}, [045], and [+45] plies at 180°C
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Table 5-3: Average FPF stress and maximum trans\eeesk density for various plies of the

laminate at two tested temperatures

Temperatur 80°C 180°C
Layer FPF stress | Max. CD | FPF stress Max. CD
(MPa) (cm?) (MPa) (cm?)
[90] 28+2 1141 31+1* 9.6+0.4
[-45] 45+E 8.1+4.t 60+3( 5.4+0.¢
[+45] 55+F 3.6+ 65+3¢F 2.0£0.¢

* Sample 4 at 180°C had process-indwucadking of 0.5 cm
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of samples tested at 80Zere28+2 MPa, 45+5 MPa, and 55+5 MPa respectiv€éhe vertical
cracking in [90] plies started at 65t5 MPa. Theadghation between [90] and [-45] started at
7315 MPa and that between [-45] and [+45] pliesuoed at 735 MPa. The average FPF
stresses for transverse cracking in [90], [-45H &M5] plies of samples tested at 180°C were
31+1 MPa, 60+30 MPa, and 65+35 MPa in [+45] pliespectively. The vertical cracking in
[90] plies started at 7010 MPa. The delaminati@ween [90] and [-45] plies as well as

between [-45] and [+45] plies occurred at 755 MPa.

5.3.5 Effect of TID on the laminate modulus

The modulus of the laminate, measured during rditma step (after unloading to
determine the crack density at a stress levelhefrépetitive tensile tests, is plotted in Figure
5-18 and Figure 5-19 as a function of the applieess for 80°C and 180°C respectively. The
modulus at zero load corresponds to the initigheslof the stress-strain curve determined using a
strain range of 0.2%. This initial modulus variednh 18.2 GPa to 26.4 GPa with an average
value of 22 GPa. It is believed that the differencéhe modulus values are due to the difference
in the strain rate of the tests.

For all the samples the modulus started to decreale after FPF in [90] plies and
continued to decrease until laminate failure duentoease in damage. The rate of decrease in
modulus varied among samples due to variation atlkcevolution, discussed in the previous
section. The maximum decrease in experimental laf@imodulus at 80°C is 16%, 33%, and
22% for samples 1, 2, and 3 respectively. The @eedcrease in experimental modulus for the
laminate at 80°C is 24%.

At 180°C, the initial modulus at zero load variedmh 18.0 GPa to 20.3 GPa with an

average value of 19.2 GPa. Similar to the obsermatat 80°C, the modulus started to decrease
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Figure 5-19: Modulus of the [+45/9@ laminate as a function of stress at 180°C
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only after FPF in [90] plies and continued to desee until laminate failure due to increase in
damage. The maximum decrease in experimental laemmadulus at 180°C is 22%, and 20%
for samples 4, and 5 respectively. The averageedser in experimental modulus for the

laminate at 180°C is 21%.

5.4  Predicted Results for TID and Model Validation

The presentation and discussion on experimentaléM@ution, in the previous section,
highlights the following

1) Crack evolution in various ply groups influence amother.

2) Crack evolution varies even within a ply group inrsample as well as from

sample to sample.

3) Cracks do not traverse the entire width of [-45Y d®45] ply groups of the

laminate.

4) Crack spacing in a ply exhibits a distributionhetthan a constant value.

5) Crack evolution varies with temperature.

Developing a model that can simulate all of theggeementally observed features is a
very difficult task. In order to reduce the levéloomplexity, the following simplifications were
used in developing the model.

(a) Crack evolution does not vary within a ply group

(b) Cracks, once formed, traverse the entire widtthefdly and the laminate.

(c) Crack spacing is constant

Predicted results are presented, discussed, anpacethwith experimental results, in the

following sections, to validate the model.
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5.4.1 Ply stress perturbation due to cracking

A representative plot of the distribution in axg@rturbation stress in all three plies of the
laminate, predicted by the VA module at 43 MPa &480°C, is shown in Figure 5-20. For this
testing condition, only [90] plies cracked and thensverse crack density in [90] plies was 2.6
cmt. While Figure 5-20 (a) shows all cracks within thege length, Figure 5-20 (b) shows the
axial stress perturbation around a single crad@@j plies. The perturbation was maximum at
the crack locationg(®”may) and decreased to zero away from the crack. Atipesialue would
subtract from the stress state of that ply (a negatlue would add to the existing stress state of
that ply). The values for axial perturbatiorg {(n three plies, at crack locations, were input as
the boundary values to solve the equations (3-3%6) using the solution discussed in Chapter
4. Their values at other locations as well asvtilaes for other two perturbationg &ndn) at all
locations were predicted using the model discuss&hapter 3.

When [90] plies crack, the axial stress in [90¢plivould be reduced to zero at the crack
location while the axial stress in [+45] plies woube increased at that crack location. The
average axial stress in [90] plies just before m&wga crack density (e.g. for 2.6 €nm Figure
5-20) was taken to be the perturbation stre€¥).,) in [90] plies at the crack location, which
would reduce the axial stress at these locatiof@Q] plies to zero.

Determining the boundary valuegt®max ande***hay) for [45] plies was more difficult
due to the following reasons. These values depentti® distributions i+ ande™4%), which
are not knowna priori since they are dependent on the distributions timerounknown
perturbation stresseg @ndn) in all plies. Moreover, the values fpf“*> (hence p**maywould
be different from the values fa**® due to the proximity of [-45] plies to cracks @0] plies.

This is supported by the experimental data predant8ection 5.3.4; the transverse cracking in
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Figure 5-20: Distribution of axial perturbationestses a) through the gauge length, b) between
two cracks in [90]- crack density in [90], [-45]af+45] of 2.6 cm, 0 cm?, and 0 crmt

respectively at 43 MPa and 180°C
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[-45] plies started at a lower stress than thdt+#b] plies. Variation in the perturbation stress
with thickness is one possible reason for the eadgking of [-45] plies. A second reason is the
role of stress concentration, since the cracks4][plies were found to originate from the tips
of the cracks in [90] plies at many locations. Eknthese values were determined
approximately as follows.

The net change in axial perturbation of the pliesutd be equal to the net decrease in
axial laminate stress, at the instant of crackimgj @onstant laminate strain, as per equation (5-1)
@ 49N (49 4 €49 (49 4L 500/ 00 — £ (5 (5-1)

where W is the volume fraction of ply (k) in the laminated

80 =05 -0, = e (KA =5, (A -A,) 52)

The superscript “0” corresponds to values for s&ffs constants of the laminate before cracking.
Equation (5-1) can be modified as shown in equafe8) to account for the partitioning of the
perturbation stress between [-45] and [+45] plies.

G N ¢4 4 g pC4N/ 49 4 500/ €0 — A\ (5-3)

where a = %) p(+49),

(a9 _ Ao ~ \V/ (90)¢ (90) ]
NVIES l+a) V9 @+a) &4
g =agp™ (5-5)

The above equations are applicable to either ditotan the ply or to the entire ply if average
values for the perturbations are used. Since theunbation is distributed rather than

concentrated at the crack location, the valuesefdPnax and ¢t**®hnax at locations above or
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below the cracks in [90] plies will be less thamttlobtained using equations (5-4) and (5-5)

Hence, these equations can be modified as

s Ao Y (90,5 ©0) _
’ 'b{v S (ira) VO (1ra) &9
¢ =b.ap™ (5-7)

wherebs is the fraction of the partitioned stress in [+g5gs concentrated at locations, above or
below the cracks in [90] plies.

The axial perturbation distribution plotted in Figlb-20 have been obtained usag=3
andb; =0.5. The transverse and in-plane shear pertorbatresses in all three plies are plotted
in Figure 5-21 and Figure 5-22 respectively. Agding perturbation is maximum at the crack
location and decreases rapidly to zero away from ¢hack. Due to the decrease in the
longitudinal (along x-axis) laminate stress (atoastant laminate strain), after cracking in [90]
plies, the ply stresses along the transverse @)alrection would also decrease. Hence, the
transverse perturbation stress at crack locatiopostive in [90] plies. Due to the loss of
constraint from the [90] plies to transverse defation of the [+45] plies at the crack location,
the transverse stresses in [+45] plies would aEwehse and hence, the transverse perturbation
stresses in [+45] plies are also positive at tlaelkclocation. However, at locations away from
the crack, the axial perturbation stresses in [tglgs are negative (see Figure 5-20 (b))
indicating an increase in the axial stresses dugraoking. Since the plies are intact at these
locations, the transverse stresses should alseaserdue to constraint to transverse deformation
and hence, the transverse perturbation stresspstbh plies should also be negative. This is
believed to be the reason for the change in the sfgthe transverse perturbation stresses in

[£45] plies from positive to negative before dewiag to zero at locations farther away from the
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Figure 5-21: Distribution of transverse perturbatstresses a) through the gauge length, b)
between two cracks in [90]- crack density in [9645] and [+45] of 2.6 cm, 0 cm?, and O crmt

respectively at 43 MPa and 180°C
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Figure 5-22: Distribution of shear perturbatioresses a) through the gauge length, b) between
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respectively at 43 MPa and 180°C
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crack. The summation of transverse perturbationsildhbe equal to zero as per the following
equation.
1 #49\ 649 4 €49y (49 4y G0N/ €0 (5-8)

Applying this equation to the results in Figure Bagelds a value of 0.03 MPa. Despite
its low magnitude, a non-zero value is indicatifethee level of error in the predicted results.
This error is believed to be due to the approxiomatised in obtaining the bounding values at
crack locations for the axial perturbation as vesldue to the error inherent in the variational
analysis which searches for a lower bound rathean in accurate solution. Hence, this error can
be minimized but not eliminated by the modeling rapgh developed in this thesis. A
parametric study was done by varying al and blguagons (5-6) and (5-7) to determine the
values that would minimize this error. The axiat @aransverse perturbation stresses around a
crack for four sets of al and bl are compared gurei 5-23 for applied stress of 43 MPa at
180°C. The sum of transverse perturbation stresseger equation (5-8) are tabulated in Table
5-4 for sets of {&=1, b=0.5}, {a1=2, h=0.5}, {a:=3, b=0.5}, {a1=6, b=0.5}. Among all sets,
both sets of {&=1, bh=0.5}, and {a=3, b=0.5} provides 0.03 MPa for sum of transverse
perturbations. Set of {&1, h=0.5} predicted 12 cracks at 43 MPa while set oFf b=0.5}
predicted 13 cracks. It is expected that the emoreases with increasing the number of cracks.
Also, as discussed before, when [90] plies cralk, gerturbations for [-45] and [+45] plies
cannot be the same. Based on these rease+3, {a=0.5} was selected.

The perturbation in in-plane shear stress in [plfels is equal and opposite in sign to that
in [+45] plies, as shown in Figure 5-22. This isb® expected since the laminate is symmetric

and balanced.
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Figure 5-23: Parametric study to investigate thpaat of values of a and b on axial and

transverse perturbations; a) a=1, b=0.5, b) a=0,%=) a=3, b=0.5, and d) a=6, b=0.5

Table 5-4: Sum of transverse perturbations in 4ZMid 180°C for four different sets of a, and

b values
Set Sum. of transvers Number of_ predicte
perturbation as eqn. (5-8) cracks in [90]
o 0.03 MPa 12
bié.s 0.04 MPa 13
s 0.03 MPa 13
ot 0.05 MPa 13
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Applying equation (5-9), the sum of shear pertudret stresses is zero. The shear stress is zero
in [90] plies.

WOV 69 4y EBy 9 = (5-9)
Using these results for axial distribution in eigetturbation stresses, the axial distributiomin i
plane stresses around a crack in [90] plies weterniéned as per equations (3-25)-(3-42) and
used in further analysis. The trend in these regslthe inverse of the trend in Figure 5-20-
Figure 5-22 and hence, are not presented for daewaity.

The axial distribution in out-of-plane stressesuab a crack in [90] plies were
determined using equations (3-25)-(3-42). Theseltefor ox;, 627, andoy; are plotted in Figure
5-24, Figure 5-25, and Figure 5-26 respectivelye Tpiotted out-of-plane stresses were
normalized with respect to the thickness (z) asgogrations given in (3-25)-(3-42). Since they
are functions of both axial and thickness diredio®; is introduced in [90] plies to balance the
perturbation in axial stresses near the crack. bube symmetry of the crack geometry, this is
negative on one side and positive on the otherdidie crack, as shown in Figure 5-24 (b). In
order to balance this out-of-plane shear force;odytlane normal stress4) is introduced in
[90] plies as shown in Figure 5-25. There isogpin [90] plies since there is no in-plane shears
stress in [90] plies. The out-of-plane stressesc-, in [45] plies are introduced to balance the
out-of-plane stresses introduced in [90] plies tueracking.oy, is introduced to balance in-
plane shear stresses according to equations (&8b)(3-41), as shown in Figure 5-26. The
summation of forces along z direction should beaétpuzero since no load is applied along that
direction. The summation of stresses in Figure 9-@dire 5-26 are zero and the observed trend
are along expected trends.

Above discussion is focused on transverse cradkif@0] plies only. At higher applied
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Figure 5-25: Distribution of normalized out-of-panormal stresss¢;) a) through the gauge
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and O crmt respectively at 43 MPa and 180°C
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loads, simultaneous transverse cracking of [t4igspbccurred. When [-45] plies cracked, the
axial perturbation stress at the crack locatiomini{-45] plies was taken to be the average stress
state in the [-45] plies before cracking. The axiatturbation stress in [90] and [+45] plies at

location below or above the cracks in [-45] pliessvdetermined using equations (5-10) and (5-

11).

¢ (+45) - b AJ _ V (_45)¢ 49 (5_10)
2| \y (+45) 4 a,V ©0)  \/(+49) 4 a,V (©0)

¢ =b,.a,p™ (5-11)

The predicted axial perturbation stresses aroucrdek in [-45] plies are shown in Figure 5-27.
The distribution of perturbation stresses is sintitethe previous trends.

When [+45] plies cracked, the axial perturbaticess at the crack location within [+45]
plies was taken to be the average stress statbeirj+45] plies before cracking. The axial
perturbation stress in [90] and [-45] plies at lomabelow or above the cracks in [+45] plies was

determined using equation (5-12) and (5-13).

(+45) 4 (+45)
$ =p Ao Ve

37|\ 49 & ay @ RV aV @ (5-12)

$® =p,.a,p™ (5-13)
The predicted axial perturbation stresses aroucrdek in [+45] plies are shown in Figure 5-28,
where the distribution is similar to the trendsetved before.

As a parametric study, sets of{as =1/2, b, s=1/2}, {a2, & =1/3, b, x=1/2} and a
combination of {{a =1/3, b=1/2}{as =1/6, B=1/2}} were examined to see the influence of
varying an, bm in equations (5-10) - (5-13) on TID evolutionl &le results for TID for different

sets were superposed. Hence, set gfda=1/3, b, b:=1/2} was selected.
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5.4.2 Evolution of stress, strain, stored elastic energyd TID of the plies and laminate

during quasi-static loading

The predicted stress-strain curve for the lamirsuejected to constant strain rate testing
at 80°C, is plotted in Figure 5-29. The startingpist of -1422 micro strains is the process-
induced strain. The average in-plane stressestaaids in the plies increase with applied stress
as shown in Figure 5-30 and Figure 5-31 respegtivEhese values were used to calculate the
stored elastic energy in the plies. When the staledgtic energy in [90] plies exceeded the
critical value the [90] plies cracked and the sfioetastic energy in [90] plies decreased to a
value lower than the critical energy as shown iguFé 5-32. It should be noted that only stored
energy per unit volume for each ply after crackimglotted in Figure 5-32. This FPF in [90]
plies occurred at 30 MPa as identified in Figur295¢a) and the stress dropped at a constant
strain as shown in Figure 5-29 (b) due to consttain rate loading condition used in the model.
With further increase in laminate stress, the [@3s continued to crack when the stored elastic
energy exceeded the critical stored elastic enrgy Simultaneously, the stored elastic energy
in [£45] plies also increased. When the storedtielanergy exceeded the critical stored elastic
energy limit at about 46 MPa, FPF in [-45] pliezweed as shown in Figure 5-32 and Figure
5-29 (b). This is followed by FPF in [+45] pliessitess of 48 MPa as shown in Figure 5-32 and
Figure 5-29 (b). The predicted evolution of TID kvapplied stress is plotted in Figure 5-33. The
predicted FPF stress for transverse cracking vargetbllows: FPE? < FPE4%< FPFE*5), The
predicted crack at any applied stress varied devisl A%< ) (45 < ) (+45), These are similar to
the experimental trends discussed in Section 5.3.4.

During experiments, the final laminate failure wasised by damage modes other than

transverse cracking. Since those damage modesnetmeodeled in this study, the current
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model is not capable of predicting the ultimate iteate failure. Hence, the simulation was
arbitrarily stopped at an applied laminate stres§4® MPa, as shown in Figure 5-29 (a). The
average in-plane stresses and strains in Figur@ &8l Figure 5-31 take into account the
perturbation due to ply cracking and follow the esjed trends. The axial laminate strain is
compared with axial strains of plies in Figure 5-84 the ply strains were superposed and equal
to laminate strain until FPF in [90] plies. Beyotids, the axial strain of [90] plies was lower
than that of the laminate strain due to decreasaverage axial stresses in [90] plies with
cracking. Similarly, the axial strains in [£45] gdi started to deviate from laminate strain once
they started cracking. This confirms the capabiit the current model to predict behavior of
the laminate under constant strain rate quasieskaiding. Similarly, the transverse ply strains
were equal to the transverse strain of the lamiaatshown in Figure 5-35 until cracking and
both started to deviate after cracking. Since Poi'ssratio of the laminate was assumed to be
unaffected by the transverse cracking of the plibs, transverse strains of the plies and the
laminate should have superposed for the entireeraf@pplied stress. The observed difference
is due to error in the predicted transverse peatioh stress, discussed in the previous section.
Similar results were obtained at 180°C. The ptedicesults are plotted in Figure 5-36 to
Figure 5-42. These results highlight the capabibfythe model to predict the quasi-static

behavior of the model at any test temperature.

5.4.3 Influence of PIS

The model developed in this thesis takes into aucthe PIS. In order to demonstrate the
importance of PIS to the accuracy of predictedItessimulations without PIS were also carried
out at 80°C. The stress-strain curve and TID evaytpredicted without considering PIS, are

compared with the predictions considering PIS 4C8@n Figure 5-43 and Figure 5-44
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respectively. The shape of the stress-strain cisnadfected by PIS through its impact on crack
evolution, which is evident in Figure 5-44. The P&luced the FPF stresses. The FPF stresses
for [90], [-45], and [+45] plies were 104 MPa, 168°a, and 108 MPa respectively in the
absence of PIS in contrast with 30 MPa, 46.5 MPa, 48.3 when PIS is considered. The
difference among FPF stresses for transverse a@akivarious plies was small without PIS in
the plies, which is to be expected since the PI[S0hplies is opposite in sign to the PIS in [£45]
plies. Due to this small difference, the crack atioh was more or less simultaneous resulting in
a rate of crack evolution that is different frone tbrack evolution in a laminate with PIS. The
predictions using PIS compared well with experirmemésults which will be discussed in the

following section.

5.4.4 Validation of the model’s ability to predict lamiria behavior during quasi-static

loading

The predicted stress-strain curves is compared exgerimental results in Figure 5-45
and Figure 5-46 for 8C and 188C respectively. An excellent agreement is obsentestress
levels less than ~ 80 MPa. The results deviatexvalhis stress level due to occurrence of
damage modes other than transverse cracking suatrtasal cracking and delamination, which
were not modeled in this study.

The predicted change in the laminate modulus wittrease in the applied stress is
compared with experimental results in Figure 5-#id &igure 5-48 for 8@ and 186C
respectively. The modulus of the laminate degradét increase in applied stress due to
increase in transverse crack density in the plige. predicted modulus is well within the scatter

range of experimental results and the predictezlohtiegradation in modulus with increase in
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applied stress compares very well with experimarsilts at stress levels below ~80 MPa when
only transverse cracking of plies is observed.

The predicted values for TID in [90] plies at°80are within the scatter range of
experimental results and the predicted TID evoiutis in a very good agreement with
experimental results, as shown in Figure 5-49. &kgerimental FPF stress of 28+2 MPa is
comparable to the predicted value of 30 MPa. Wihikeexperimental TID increases gradually,
the predicted TID shows a sudden increase at ~RBa.NMhis difference is believed to be due to
the difference in crack density at FPF. In ordedé&monstrate this, the predicted number of
cracks at FPF was increased arbitrarily by 3 (e of 28 MPa) and subsequent TID evolution
was predicted. The crack number of 3 was obtairsilguthe minimum crack spacing in this
stress level, as shown in Figure 5-7. This is caegbavith original prediction (with\rpr 30
MPa) in Figure 5-50. It can be observed that thesligted rate of increase in TID faepr of 28
MPa is more gradual than the original predictiothwirr of 30 MPa. No sudden increase at 40
MPs is observed and the predicted results compdagiviely better with experimental results
than the original prediction witkrpr of 28 MPa. The difference k-prcould be attributed to a
number of possible causes such as the stochagticenaf cracking, stress concentration, etc.,
which were not considered in the model.

The predicted TID evolution in [-45] plies is comed with experimental results at°8D
in Figure 5-51. While the experimental FPF stres#5 + 5 MPa, the predicted FPF stress is 45.7
MPa. Due the difference k:pr,the predicted TID increased more rapidly than tkgeemental
TID at lower applied stress levels, which was déssea earlier in the parametric study. At higher
stress levels (>~70 MPa), the predicted TID apgdreda constant value while the experimental

TID continued to increase with applied stress. Thiference may be attributed to the
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occurrence of damage modes other than transveaskiimg, which were not modeled in this
thesis.

In view of these limitations, the predicted TID[#45] plies is believed to compare well
with experimental TID values for those stress Isviel which only transverse cracking is
observed. Similar conclusion can be drawn for mtedi TID in [+45] plies, which is compared
with experimental TID at &€ in Figure 5-52. The predictions shown in FigurB(5 Figure
5-51, and Figure 5-52 were made using the averageat stored energy determined
experimentally. In Figure 5-53, the effect of expemntal scatter in the critical stored energy on
predictions is highlighted. The originalrrr was used to obtain these predictions. The
experimental scatter in TID compares very well witle scatter in the predicted TID due to
experimental scatter in critical stored elasticrgpe

The predicted TID in [90], [-45], and [+45] plieseacompared with experimental TID at
18(°C in Figure 5-54, Figure 5-55, and Figure 5-56 eetipely. The predicted trend and values
for TID in [90] plies at 186C is in a good agreement with experimental resassshown in
Figure 5-54. The experimental FPF stress of 31+h MRcomparable to the predicted value of
30 MPa. The sudden increase in predicted TID at@&® ~ 40 MPa is believed to be due to the
difference in crack density at FPF, as discussegab

The predicted TID evolution in [-45] plies is comed with experimental results at
18C°C in Figure 5-55. While the experimental FPF striges60 + 30 MPa, the predicted FPF
stress is 56.8 MPa. Due the differencespr the predicted TID increased more rapidly than the
experimental TID at applied stress levels lowemth@0 MPa. At higher stress levels (>~90
MPa), the predicted TID approached a constant veloge the experimental TID increased

rapidly with the applied stress. The occurrencetbér damage modes, which was observed in
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Figure 5-56: Experimental and predicted TID evalatin [+45] plies of [+45/9§]s during

tensile loading at 180°C
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the samples tested in 180 is believed to be the reason of the differenevben predictions
and experimental results. Similar trend is obserfgedpredicted TID in [+45] plies which is
compared with experimental TID at P80in Figure 5-56.

In summary, the predicted TID in all three pliee aompared with average experimental
TID at 8C°C and 18€C in Figure 5-57 and Figure 5-58 respectively, abdate the ability of the

proposed model to predict TID evolution during disdatic loading.

5.5  Experimental Results for Time-Dependent Damage (TDPEvolution and Creep
In this section, the experimental and predictediltedor time-dependent evolution of
transverse crack density and creep strain are mexeand compared to validate the model,

presented in Chapter 3.

5.5.1 Experimental creep results

Experimental creep strains measured at@@re plotted in Figure 5-59 and Figure 5-60
for applied stresses of 45 MPa and 54 MPa respygtivihese stress levels correspond to 45%
and 54% of UTS (100 MPa) respectively. The straipsn loading were 3241 and 3576 micro
strains for 45 MPa and 54 MPa respectively. Thairstof the laminate increased from these
initial values by 6.5% in 7.8 days at 45 MPa and7Bf in 10.4 days for 54 MPa. During the
creep time, the transverse crack densities alseased, as tabulated in Table 5-5. At 45 MPa,
the crack densities in [90], [-45] and [+45] weré& 2m?, O cmtand O cmtupon loading and 6.6
cntt, 0.2 cmtand 0.1 crmt uponunloading from the creep stress, respectively.5AMPa, the
crack densities in [90], [-45] and [+45] were 2/t 0 cm! and 0.1 crmupon loading and 8.2

cnt?, 0.2 cmtand 0.3 crtuponunloading from the creep stress, respectively. Egthe
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16—

141 —a—[90]-Exp. [+45/90,]
[l —e— [-45]-Exp. 180°C
12 H —a—[+45]-Exp.

[| —o— [90]-Prediction
10 | —o—[-45]-Prediction
[| —&— [+45]-Prediction

Transverse Crack Density (cm

= i—w—r—

20 40 60 80 100 120
Stress (MPa)

Figure 5-58: Comparison of average experimentalpadicted TID evolution in [90], [-45],

and [+45] of [+45/96]s during tensile loading at 180°C

216



Chapter 5. Results and Discussion

3000 —

' [+45/90 ] ]
2900 s 3
[ 80°C, 45 MPa

2800 E

2700 |

2600 |

2500 |

2400

2300

Strain (micron)
L[]

2200 £

2100 £

2000 E PETERTIT BT R T BRI T AT BT ST TTTTT BT E ......;
100 10° 100 10° 10° 10° 100 10° 10

Time (s)

Figure 5-59: Experimerdedep strain at 45 MPa and 80°C

3500 3 MELRALLLY IR LLLL BERLELELLLLLL DL LLLLY B LLLL B BRI LLLL LI
3400 b [£45/90,],
F 80°C, 54 MPa

3300 £ / ]
3200 E E
F oo ]

= 3w0fF ° o0 3
o 3 ]
2 3000 F 3
é E :
c 2900 F E
S 3 ]

2700 £ £

2600 | 3

2500 E PETERTIT BT R T BRI T AT BT ST TTTTT BT E ......;
100 10° 100 10° 10° 10° 100 10° 10

Time (s)

Figure 5-60: Experimental creep strain at 54 MRA&0FC

217



Chapter 5. Results and Discussion

Table 5-5: Transverse crack densitiy measured lgaating to creep load and unloading at the

end of the creep test

Temperature Crack Density - Creep test
& Stress [90] (cm™®) | [-45] (cmY) | [+45] (cnY)
80°C, 45 MP3| Upon 2.1 0 0
loading
End of test 6.6 0.2 0.1
80°C, 54 MPa Upon 25 0 0.1
loading
End of test 8.2 0.2 0.3
180°C, 20 Upon 0 0 0
MPa loading
End of test 6.4 0.8 0.4
180°C, 25 Upon 0 0 0
MPa loading
End of test 5 2 0.5
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increase in creep strain with time is due to cootions from both the creep of the lamina and
the increase in crack density.

Despite the longer creep duration and the higlresstmagnitude, the increase in creep
strain at 54 MPa was higher than at 45 MPa onl2%y microns. Being non-linear viscoelastic,
the creep of a ply depends on the stress actirthairply. This stress changes with time due to
difference in creep rate among various plies of ldrainate, which can be attributed to the
difference in fiber orientations. In addition, thime-dependent increase in crack density also
alters the stress state of various plies. Hermedifference in crack densities upon loading as
well as in their evolution during creep, is belidue be the reason for the marginal difference
between creep strains at both stress levels. Tédigbed ply stresses along loading axis upon
loading as well as at the end of creep (beforeathim) are tabulated in Table 5-6 for 45 MPa
and 54 MPa. The stress in [90] plies at 54 MPavgel than that at 45 MPa due to higher crack
density. Hence, the starting creep rate at 54 MPawer than that at 45 MPa. Additionally, the
decrease in axial stresses in [90] plies at 54 MPaore than that in 45 MPa, for the same creep
duration, due to relatively higher levels of cramki Hence, the rate of decrease in creep rate in
[90] plies at 54 MPa would be more than that a#a. It can be inferred from Table 5-6 that
the axial stresses in [+45] plies at 54 MPa arééighan those at 45 MPa and the increase in ply
stresses, due to cracking and creep during the damagion, is also higher. This suggests that
the rate of increase in creep rate in [+45] pliesuld be higher at 54 MPa than at 45 MPa.
However, [+45] plies creep less than [90] pliesuatapplied stress due to sharing of the applied
load by the fibers. Therefore, the impact of higrete of decrease in creep rate of [90] plies at
54 MPa on the overall laminate creep rate and cséggn would be more than the impact of

higher rate of increase in creep rate in [+45]ph€54 MPa. This is believed to be the reason for
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Table 5-6: The predicted axial stresses in mulighiles upon loading and unloading at the end of

the creep test (same creep period of 7.8 days)

ox in [90] (MPa) ox in [-45] (MPa) ox in [+45] (MPa)
C;r?g?rs:;;ss to tend to tend to tend
45 MPa 41.2 37.0 48.8 58.1 48.0 57.7
80°C
54 MPa 37.6 31.3 65.6 69.8 67.9 72.5
80°C
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the marginal difference between the laminate cetegins at 45 MPa and 54 MPa.

Experimental creep results at 180 are plotted in Figure 5-61 and Figure 5-62 for
applied stresses of 20 MPa and 25 MPa respectividlgse creep stresses were 20% and 25% of
the UTS at this temperature. Creep strain at°@hcreased substantially, by 85% at 20 MPa in
6.9 days and 123% at 25 MPa in 9.8 days. Duringcthep time, the transverse crack densities
increased as tabulated in Table 5-6. Although teeptime for the sample at 25 MPa was 2.9
days longer than the sample at 20 MPa, higher ataokity of 6.4 cm in [90] plies at 20 MPa
was observed compared to 5-tmt 25 MPa. The possible reason can be inherethieitower
crack density of in [£45] plies at 20 MPa compare@5 MPa at time of 6.9 days. However, this
cannot be confirmed since the crack densities@t#rious plies of the sample tested in 25 MPa
were not recorded at time of 6.9 days (i.e., eqodhe creep time of the sample tested at 20

MPa).

5.5.2 Experimental results for TDD

Table 5-5 highlights the increase in crack dendilying creep. However, it does not
provide any information on its evolution with timelence, separate specimens were used to
obtain this data. The specimens were unloadedeatigtermined times and examined to record
the crack density. One specimen was used per $¢neds

The experimental data for the evolution of transearrack density with time, in [90] and
[x45] plies of a [£45/9¢)s laminate, are plotted in Figure 5-63 and Figu@4Sior creep stress
levels of 45 MPa at 80°C and 25 MPa at 180°C, rspy. The values from Table 5-7 are also
plotted in these figures to compare the resultsnfloth the creep tests and crack evolution
characterization tests. The trend in TDD is simitathe trend previously observed in TID. The

crack densities upon loading to 45 MPa at 80°Q9@}, [-45] and [+45] plies, were 1.6 cin0.3
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Figure 5-61: Experimental creep strain at 20 MRAEB0°C
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Table 5-7: Comparison of transverse crack densisamples subjected to time-dependent

damage characterization testing and creep testing

Crack Density - Time-dependent Crack Density - Creep test
Temperature damage characterization test
& Stress [90] (cmt) | [-45] (cniY) | [-45] (cm?) | [90] (cmt) | [-45] (cmY) | [+45] (cnb)
80°C, 45 MPa| Upon 1.6 0.3 0 2.1 0 0
loading
End of test 5 1 0.6 6.6 0.2 0.1
180°C, 25 Upon 0 0 0 0 0 0
MPa loading
End of test 5.5 1.3 0.5 5 2 0.5
8 LI S L L LN L R R L L L B L R
L | —=—[90]-TDD
~ 7k —o—{-4é]-TDD [£45/90], 3
' [ | —A— [+45]-TDD o 80°C, 45 MPa -
6| @ [90]-Creep Exp. .
[| © [-45]-Creep Exp. ]
5F| A [+45]-Creep Exp. 3

Transverse Crack Desnity (cm

7 P L 1 1 .3 PP B | e ]
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Figure 5-63: Experimental transverse crack demsittution with time in [90], [-45], and [+45]

plies of [+45/9Q]s laminate at 80°C and 45 MPa

223




Chapter 5. Results and Discussion

8 r--~--+r '+ 1 " " *" 1 " 17

~ 7L | —=—1[90] [+45/90,) ]
' L | —e—[45] 180°C, 25 MPa ]
E gL | —a—[+49] ]
e m  [90]-Creep Exp. ]
2 5 E o [-45]-Creep Exp. . ]
2 3 A [+45]-Creep Exp. 1
S ]
0O 4F ]
4 L ]
% - ]
S 3 ]
O r 1
o T

® 2F ® b
o I

a5 F .

c 1F - .
© r

= 0 L resre S E R B

0.0 2.0x10°  4.0x10° 6.0x10° 8.0x10°  1.0x10°

Time (s)

Figure 5-64: Experimental transverse crack dersitfution with time in [90], [-45], and [+45]

plies of [+45/90]s laminate at 180°C and 25 MPa

224



Chapter 5. Results and Discussion

cnrt, and 0 crit while the crack density values for the sample lisadteep test were 2.1 cm0
cmt, and O crt respectively. The crack densities in the samplduor crack characterization
test at a time corresponding to the end of creep d@ys) were 5 cth 1 cm?, and 0.6 cm in
[90], [-45] and [+45] plies respectively. The cradé&nsities in [90], [-45] and [+45] plies of the
creep sample at the end of creep tests at 45 MRaév@ cm' and 0.2 and 0.1 chrespectively.
The time-dependent crack densities at the endeobtith tests were of similar magnitude; the
observed difference in crack densities upon loattingreep load (which can differ from sample
to sample at an applied stress as discussed itaeeof TID) is believed to have influenced the
subsequent crack evolution.

At the creep stress of 25 MPa and 180°C, the lamidi@a not develop transverse cracks
upon loading during both types of tests as showrainle 5-7. The crack densities, in [90], [-45]
and [+45] plies of the creep test sample, at tlieadrcreep test (9.8 days) at 25 MPa and 180°C
were 5 cm, 2 cm!, and 0.5 cm. The corresponding values form time-dependent
characterization tests were 5.5 -€mlL.3 cm!, and 0.5 cm, respectively. In view of the
difference in TID from sample to sample discusse8ection 5.3.4, the difference between these
two sets of values in Table 5-7 is negligible. Henhe repeated loading and unloading during
crack characterization tests is believed to haweaffected the TDD evolution obtained using

these tests.

5.6  Predicted Results for TDD, Creep, and Model Validabn

5.6.1 Time-dependent transverse crack density evolution

The perturbation of stresses in plies of the lateime to time-dependent cracking is
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similar to that discussed for the case of TID aedde, not presented here. The predicted in-
plane stresses and strains in the plies variedtwith as shown in Figure 5-65 to Figure 5-68 for
a creep stress of 45 MPa at 80°C and stress of2bd#1180 respectively. The evolution of these
with time is similar to the evolution of TID withpalied stress. It can be inferred that the axial
stresses in [90] plies decrease and that in [t4igls pgncrease with time, due to creep and
increase in the transverse crack density. Thesss&s and strains were used to determine the
time-dependent evolution of stored elastic energylies. When these exceeded the critical
stored energy, cracking of those plies were prediets shown in Figure 5-69 and Figure 5-70
for 80°C and 180°C respectively.

The predicted evolution of the transverse cracksifgrwith time, in multiple plies of
[£45/90]s, are plotted and compared with experimental resoltFigure 5-71 for a creep stress
of 45 MPa at 80 °C. The predicted transverse ctadsities, upon loading, werec81!, 0 cm?
and 0 cmt [90], [-45] and [+45] plies, respectively, and tberresponding experimental crack
densities were 1.8 ¢t 0.6 cm! and 0.3 cntin [90], [-45] and [+45] plies, respectively. The
simultaneous transverse cracking of [+45] plies tesdilted in a lower crack density in [90] plies
during experiments. However, the model predictsgadr crack density in [90] plies, with no
cracking in [£45] plies upon loading to 45 MPa. Tdample used in crack characterization test
had process-induced cracks while no such crackirgtd PIS was predicted by the model. The
causes for such discrepancy have been discusSstiion 5.3.4.

The magnitude and the trend in crack evolution wiitke in [90] plies are in a good agreement
with experimental results. The predicted crack dgms [90] plies at a time corresponding to the
end of crack characterization tests (12.6 dayS)am! while the experimental crack density at

this time was 5.7 crh The crack density in [90] ply measured in the gienused for creep
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Figure 5-67: Predicted in-plane strains with resp@time in [£45/90Q]s at 80°C and 45 MPa
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experiment was 6.6 ctmat a time of 7.8 days while the corresponding ioted value is 5 crh

The predicted magnitude and the trend in the éwmiwf transverse cracking in [-45]
and [+45] plies are also in a good agreement withexperimental results generated by crack
characterization tests. While the predicted craghsity at the end of the test are 1.2'camd
0.6 cm! in [-45] and [+45] plies respectively, the expegimal values were 1.2 cirand 0.9
cml. The transverse crack density values measureldeirtrieep sample were 0.3 ‘¢rand 0.2
cmt differed from the predicted results which are €n3' and 0.9 cnt at the day of 7.8. It is
believed that the influence of cracking evolutidrtte plies on one another, discussed in 5.3.4,
resulted in a higher crack density in [90] pliesd dawer crack density in [£45] plies in the
sample tested in creep compared to the predictedtse

Figure 5-72 compares the predictions with experiaderesults for the time-dependent
evolution of transverse crack density in multipleg of [£45/90]s laminate at 25 MPa and
180°C. The experimental crack densities in all ghes for both samples tested for creep and
crack characterization were zero upon loading t®&/P& which similar to the predicted values at
time equal to zero. The predicted crack densitites 8.9 days corresponding to the end of crack
characterization tests, in [90], [-45], and [+4%ipp, are 7 cm, 5.8 cm!, 4.2 cm' respectively.
The values obtained by crack characterization tstisis time were 5.5 ¢t 1.25 cm', and 0.5
cml. The values recorded in the creep test in day®f&re 5 cm, 2 cm?, and 0.5 cm while
the predicted values are 7 énb.8 cmt, 4.2 cm' at the corresponding time for [90], [-45], and
[+45] plies respectively. The obtained experimentdlies are lower than the predicted values.
In addition, the predicted rate of evolution of acalensity is different from the experimental
rate of evolution of crack density. These diffeen@re believed to be due to occurrence of

damage modes other than transverse cracking. Ex¢evextical cracking and delamination were
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observed in the samples tested at 180°C for be#pcand crack characterization tests.

5.6.2 Creep

The predicted creep strains of the multidirectiotaminate, are compared with
experimental results in Figure 5-73 (a) and Fidui&t (a) for two creep stress levels of 45 MPa
and 54 MPa, respectively at 80°C. The predicted experimental strain values at the start of
creep after loading to creep stress of 45 MPa 8Peaid 2450 micro strains and creep stress of
54 MPa are 1263 and 3120 micro strains respectiVeéhjle the prediction takes into account the
process-induced thermal strain, the experimentalegadoes not include since strain gages were
bonded to the test coupons only after manufactuktemce, the process-induced strain of -1422
micro strains was added to the experimental creemsand this shifted the experimental curve
down as shown in Figure 5-73 (b) and Figure 5-34db45 MPa and 54 MPa respectively. The
difference between the instantaneous strains afiplying this correction is 346 micro strains at
45 MPa and 435 micro strains at 54 MPaoatThis difference is believed to be due to the
difference between the predicted and experimentaluih discussed in Section 5.3.5. In order to
confirm this, the experimental instantaneous stveas shifted to match the instantaneous strain
at b corresponding to the maximum and minimum moduli3d4 MPa at 80°C. According to
Figure 5-18, the scatter range of the experimentadulus of the laminate in 54 MPa and 80°C
is within 17.7 GPa and 23.5 GPa. After adding therrhal strain, the instantaneous strain
corresponding to the minimum (17.7 GPa) and maxinfRin3 GPa) experimental modulus is
1628 (3050-1422) and 1133 (2535-1422) micro strae@spectively. The shifted instantaneous
strain corresponding to these values are plottedrigure 5-74 (b) demonstrating that the

predicted and experimental creep instantaneous stra between the scatter range of the
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Figure 5-73: Comparison of predicted strain wittatexperimental strain, a) without adding the
thermal strain to the experimental strain, b) adigding the thermal strain to the experimental

strain, and c) after eliminating the differencéodor 45 MPa and 80°C
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Figure 5-74: Comparison of predicted strain wittakexperimental strain, a) without adding the
thermal strain to the experimental strain, b) adigding the thermal strain to the experimental

strain, and c) after eliminating the differencépdbr 54 MPa and 80°C
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experimental creep strain.

While the predicted shape of the creep curve islairto the shape of the experimental
creep curve, a better comparison could be madéefabove mentioned difference in the
instantaneous strain (i.e. gt is eliminated. Hence, the experimental and ptedicurves were
superposed by shifting the curves vertically by amount equal to the difference in
instantaneous strain as shown in Figure 5-73 (d)Fagure 5-74 (c). The maximum difference
between the predicted creep and experimental Gteaip at a time of 7.8 days corresponding to
the end of creep experiment is 7.3 % at 45 MPatiamel of 10.4 days is 11.8 % at 54 MPa. In
order to highlight the contribution from TDD on epe creep strain at these stresses were also
predicted without allowing the plies to crack. T@gsedictions without TDD, plotted in Figure
5-73 and Figure 5-74, clearly demonstrate the ptaged by TDD on creep.

Similarly, the predicted creep strains for two s¢rdéevels of 20 MPa and 25 MPa at
180°C are compared with experimental results inufgg5-75 (a) and Figure 5-76 (a)
respectively. After adding the process-inducedirstod -1352 micro strains to the experimental
creep strain, the resulting curves are as showhigare 5-75 (b) and Figure 5-76 (b). The
difference in the instantaneous strains (i.e. pafter applying this correction is 260 microns at
20 MP and 83 microns at 25 MPa, which is due todifierence between the predicted and
experimental moduli. For a better comparison of ¢heve shape and the maximum error, the
difference in the instantaneous strain (i.e. atwas eliminated and the experimental and
predicted curves were superposed by shifting theesuvertically by an amount equal to the
difference in instantaneous strain as shown inreigu75 (c) and Figure 5-76 (c). It is seen that
there is a good agreement between experimentalpegdicted strain curves. The maximum

difference between experimental and predicted cs&@ns is 17% at a time of 6.9 days for 20
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MPa and 8% at a time of 9.8 days for 25 MPa. Ptiedis without considering TDD are also

plotted in Figure 5-75 and Figure 5-76 which cheaémonstrate the role of TDD on creep.
Good superposition between experimental and pesdlietsults in Figure 5-73 (c), Figure

5-74 (c), Figure 5-75 (c), and Figure 5-76 (c) dales the ability of the model developed in this

thesis to predict creep of laminates with TDD.
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CHAPTER 6. CONCLUSION

A model to predict the evolution of time-independeéamage (TID) that develops due to
process-induced stresses and during loading tedahéce load, the evolution of time-dependent
damage (TDD) in in multiple plies during creep, atheir influence on creep response of
multidirectional polymer composite laminates haserbedeveloped and validated using
experimental results. The predominant damage noalesverse cracking, was considered in the
modeling. The model consists of four modules, S|, SL, and VA. The PIS, the QSL, and
the SL modules predict changes in ply stressestordd elastic energy for incremental change
in temperature, stress, and time respectively,cangpare the stored elastic energy with a critical
stored elastic energy criterion to determine whetherack occurs. The variational analysis-
based VA module predicts the crack density of gaghand the associated perturbation in ply
stresses due to cracking in that ply. The moddliptiens for a [+45/9Q]laminate, at two test
temperatures (8C and 186C) and four stresses in the range of 20-54 MPapaoenvery well
with experimental results, for TID and TDD evolutjomodulus, stress-strain curve and creep
strain, validating the model. Therefore, it is doded that all the three objectives of this thesis,

stated in 2.5, have been successfully achieved.

6.1 Summary
A summary of accomplished tasks are presented below
1) A model has been developed for predicting the timdependent evolution of
transverse cracking simultaneously in multiple ol a multidirectional polymer

composite laminate and the influence of this TIDtba modulus of the laminate.
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This model also accounts for process-induced stnredsany TID due to this process-

induced stress.

* Tensile stress—strain curves, and time-independamiution of transverse
cracking in multiple plies and its influence on énamdependent modulus in
[+45/90k laminate have been generated &C88nd 180C and used to validate
the model predictions.

* An excellent agreement is observed between theigieedand the experimental
stress-strain curves at ®Dand 186C below 80 MPa. Beyond this stress level,
the predictions deviate from the experimental tssdle to the development of
other damage modes, such as vertical cracking aelanthation, which has not
been accounted for model.

» The predicted trend in TID evolution is similarttee experimental trend and the
predicted magnitudes of TID in [90], [-45], and pi4lies, at any applied stress,
are within the scatter range of experimental resuiid hence, compare very well.

» Although, the process-induced stress (PIS) didrasult in TID upon cooling
from the cure temperature, its influence on TIDletion was substantial. The
predicted results compare well with experimentaluhs only if the PIS is taken
into account. The predicted time-independent modtilany applied stress below
80 MPa, are within the experimental scatter rangd aompare well with
experimental moduli. However, it deviates beyoni ttress level due to the

occurrence of the other damage modes not modeldisistudy.
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2) A model has been developed for predicting the tilmpendent evolution of

transverse cracking simultaneously in multiple ol a multidirectional polymer

composite laminate.

Time-dependent evolution of transverse crackingiitiple plies of a [£45/9Q]
laminate at 45 MPa and ®and at 25 MPa and 18D has been generated and
used to validate the model. Additional crack densiata, obtained from creep
specimens after the end of the test, have also lmshin the validation.

The predicted results for TDD at 45 MPa and@@ompare very well with
experimental results. However, the predicted mageitand the predicted rate of
increase in TDD, at 25 MPa and 280 are higher than the experimental results

due to the occurrence of damage modes other thasvierse cracking.

3) A model has been developed to predict the creep afultidirectional polymer

composite laminate with both the TID and the TDD.

Creep results for [£45/90]aminate at four stresses and two temperatures,
45 MPa and 54 MPa at 8, and 20 MPa and 25 MPa at°80Q have been
generated and used to validate the model.

The instantaneous strain, upon to loading to cetegsses, were higher than the
predicted values due to non-inclusion of the pregéeduced residual strain in the
experimental strain.

After adding the residual strain to the experimksitain, the experimental curves
are shifted down towards the predicted curves. Pphedicted creep strains
compare very well with the experimental resultse Tange of error in prediction

is 7.3%-17%.

244



Chapter 6: Conclusion

4) Parametric analyses have been done to evaluatefilence of various assumptions

used in the model.

The most important assumption, affecting the aaguraf the model, is the
boundary values used in the VA module to solvettierstress perturbation in the
plies of the laminate. The parametric analyses Haen used to identify the
optimal values.

A parametric analysis of the effect of experimestadtter in stored elastic energy
on TID evolution confirms the validity of the ustaverage value obtained from
experiments.

The influence of additional assumptions such assteon crack spacing and
placement of cracks in all plies at the same locathas not been evaluated due to
lack of ability of the model, developed in this sl to simulate this influence.
The model also assumes that the perturbation istaonacross the thickness and
width of the plies. While the effect of this hashendirectly studied through the
parametric study of boundary values, the currendehaloes not have the

capability to study the effect of this assumptiarectly.

6.2  Original Contributions

To the best knowledge of the author, the followsogtributions are the first in this area.

a) An analytical model for predicting time-independemblution of transverse cracking

simultaneously in multiple plies of a compositeisakinto account the influence of

process-induced stresses.
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b) An analytical model for predicting time-dependewblation of transverse cracking,
simultaneously, in multiple plies of a composite.
c) An analytical model to predict the creep compliante composite with both TID

and TDD.

6.3 Recommendation for Future Work

In order to improve the accuracy of prediction aglininate various assumptions
mentioned in the previous section, the followingegsommended for future work.

1) To develop the VA module using the principle of imaom potential energy.

The variational analysis model developed in thgeagch work is based on the principle
of minimum complementary energy. Since this apdmoies to determine a stress state to
minimize the complementary energy, the solutionvigles an upper bound for the actual stress
field. Hence, the modulus determined by this metisod lower bound to the actual modulus.
Based on this, the following is recommended forfthiere work:

An approach based on the principle of minimum ptdérenergy is recommended to
provide a solution for strain field of the crackieaninate and a lower bound for the cracked
laminate’s modulus. Normally, the actual solutioowd lie in between the two bounds. In
general, the variational analysis based on theciplm of minimum complementary energy
solves for stress perturbation without any consitien for strain in the plies. The lamination
theory requires that the strains in the plies f@ayafrom the cracks have to be same and should
be equal to the strain of the laminate. While thgational analysis used in the VA module does
not impose this, the solution methodology impogethiview of this, it would be interesting to

see the accuracy of solution using the principleofimum potential energy.
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2) The boundary values were approximated in this rekeaork. It is recommended
that the perturbation in ply stresses at the crhations are experimentally
measured.

3) To develop a time-dependent failure criteria f@awithin a laminate.

In this research work, the critical stored elagtiergy for [90] and [+45] plies were

experimentally obtained using unidirectional pliested under uniaxial state of stress. However,
a time-dependent failure criterion for a ply embetidn a laminate under multi-axial state of

stress is lacking and is recommended
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Appendix A

APPENDIX A. LAMINATION THEORY

A-1 Lamination theory

The fiber orientation in each layer, with respectaading direction x shown in Figure 3-
1 (b), is normally varied to obtain desired projst The coordinate system convention used for
the lamina (i.e. ply) is illustrated in Figure 3di) as well. 1-2-3 corresponds to the principal
coordinate system of the ply, wherein 1 coincidéh e longitudinal axis of the fiber, and 2 &
3 correspond to axes oriented perpendicular tofitter axis. x-y-z is the global coordinate
systema® is the angle of orientation of the fibers in a laenwith respect to the loading (global)
X-axis.

A multidirectional composite made using tape laamim referred to as “multidirectional
non-woven composite/ laminat®n{on]s’ as shown in Figure 1;lwhile a multidirectional
composite made of fabric lamina is referred to msiltidirectional woven composite/laminate
[Om, (0+90)/ 6n, (0nt90)]s” as shown in Figure 1-1The subscript “s” corresponds to
“symmetric” andd ands are in the range of 0 to 90°. Also, “m, n” are thenber of the plies. A
symmetric laminate is one in which the laminataufagequence on one side of a reference plane
is a mirror image of the laminate layup sequencehenother side. In other words, for each
lamina layer on one side of the reference planeretlis a corresponding lamina layer on the
other side at equal distance from the referenceeplaith identical thickness, orientation and
properties. For example, [0/@prresponds to [0/90/90/0].

Since a single lamina (tape or fabric) is diffictdttest, normally a laminate made up of
several laminas with same fiber orientation inaers (known as a unidirectional laminad$)

is manufactured and tested to measure the propeitiz lamina. A thin unidirectional lamina is
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Figure 2-1: Laminate coordinate system [1]
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assumed to be under a state of plane stress. Jplane stress and strain components are related

to each other by compliance (or stiffness) alomgptincipal axes of the material, as follows:

&, S; S, 0 ||oy,
Exn|=|S2 S» 0 |0y (A-1)
Ves 0 0 S |7

or

0y Q11 Q12 0 &
Oy | = le Q22 0|e 22 (A'Z)
Tgs 0 0 Qee Ves

whereo11 andeir are longitudinal stress and strain (along therfifieection), c2> andez2 are
transverse stress and strain (perpendicular to)filb@dtss andyes are shear stress and strain.
Si11, S, and $ are longitudinal, transverse, and shear compl@nmespectively. £ is the
compliance which relates longitudinal/transversaling to transverse/longitudinal deformation.
Q11, @2, and Qe are longitudinal, transverse, and shear stiffnesspectively. Similar to 1§
Q12 is a stiffness term to relate the longitudinafitgerse loading to transverse/longitudinal
deformation.

Thus, a unidirectional lamina can be fully chardzeal by four independent compliance
constants. Compliances can be expressed in tdremgmeering constants, as follows:

1 1 v v 1
S S = Sp=t=-2 S = (A-3)
' Ell ? E22 ? E11 E22 ° G:LZ

where ki, Ex», Giz, andvi2 are axial, transverse, shear moduli, and majosd@ois ratio,
respectively.

The engineering constants are experimentally déetexnfrom uniaxial tests (tension,
compression or shear tests) on specimens cut @aff@]) and perpendicular ([90]) to the fiber

direction of a unidirectional composite, respedtivé&:1 and k2 are determined using [0] and
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[90] specimens respectively.1Ecan be determined using either specimen by gengrat
additional strain data along the direction transgeto the loading axis. 1&is determined
typically using either torsional testing of a [@leximen or tensile testing of an off-axis specimen
(e.g. [+45]). There are other test methods suchikshear test.

The classical lamination theory is used to predice overall behaviour of a
multidirectional composite laminate as a functidrihe properties and stacking sequence of the
individual layers. Consider an individual layerrka multidirectional laminate whose mid-plane
is at a distance ok4rom the laminate reference plane, as shown inrEig-1. The stress-strain
relationship for this layer in the global coordiestin terms of its properties along principal

coordinates, can be determined using
(k) (k) (k)
w Qus| | €y (A-4)
Ty Qi Qs Qs | |V
Equation (A-4) can be rewritten in terms of compta as well.

(k)

(k) (
‘sxx S<>< SXV S<5 Jxx
EW - SXY SW SVS JW (A'S)
Y, Xy SXS Sys Sss Txy

k)

The strain at any point in the laminate is rela®dhe reference plane strain and the laminate

curvature as per equation (A-6)

0
Exx £XX Kxx
— 0 _
LY Ev| It Ky, (A-6)
yxy Xy ny

wheregj, €° andxj (j, I=x,y,z) are total laminate strain, refererglane strain and laminate

curvature with respect to global coordinate axebs8tuting equation (A-6) into
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——————————— Reference plane

Figure A-1: Layer k in a multidirectional laming&
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equation (A-4),results in equation (A-7) for eaaldr.

() (k) (k)

XX QXX Qxy QXS é‘)(()X QXX Qxy QXS K XX
— 0
Uyy - QXy ny st EW + QXy ny st Kyy A- Y)
Xy QXS st QSS Xy QXS st QSS ny

Since the stresses in each layer are not the saism@ore convenient to deal with stresses of the

laminate. Thus, for n-ply laminate the force andmmeat resultants can be written in the

following form:

N [[Qu Qy Qul |k, Qv Qy Qu KXX

Ny |=2211 Qy Qy Qe | € [dz+7Q, Q, Q. j 2dz (A-8)
N, Qe Qs |4 Qe Q. Q) ny e

M, | ||Qu Qy Qe8] Qu Qq Qs Kxx

My, :é Qy Qy Qs gSy IZdZ"'Z Qy Qy Qs IZZdZ (A-9)
M, Qe Qs Q| |12 ™ Qe Qs Q| | K ™

where [N}y and [Mky are force and moment resultants for the laminatequations (A-8) and
(A-9), since in-plane strainss%xy and curvaturesx]xy are not functions of z, they can be taken
out of the integration. Thus, the equation (A-8) &quation (A-9) can be rewritten in the form

of equations (A-10) and (A-11):

M, = Sk, Joe e, | Slok, facell,
- [kzﬂ;[@]i,y(m - hk-l)}[f"]x,y + {Ekzﬂ;[@]i,y(rf - hf.l)}[K]x,y (A-10)

=[ AL, [°]., +[Bl,,[K],,

M., = 530k et e, +| ST e el

(A-11)
=[B] x,y[go]x,y +[D] x,y[K]X,y
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where
A =§[Q]:y(hk ~h)
B, =%§[Q]§,y(hf ~hZ,) (A-12)

Djl = %ki[Q]iy(hf - hf—l)

=1
and j, | = x, y. In other words, the relationshiptween force and moment resultants for the
laminate and the reference plane strains and auegstan be written in the form of equation (A-

13).
O P (A-13)

Here, [A], [B] and [D] are laminate stiffness ma#s. Equation (A-13) can be inverted to

determine laminate strain and curvature in resptms@plied load and moment:
T (A-14)

where [a], [b], [c], and [d] are laminate compkanmatrices and obtained from stiffness

matrices, as follows:

[a] =[A™]-{[B4[ D*]fic¥]
[b] =[B[D*™]

[c] =[-D**][C*]

[d] =[D*7]

(A-15)

where
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[A™'] =inverseof matrix[ Al
[B*] =-[A7][B]

[C*] =[BI[A™]

[D4] =[D]-{ BIL A1) B]

(A-16)

The strain-force relation for the laminate can bé&tan in terms of engineering constants as

follows:
ERY 4
o] |5 B Sy,
-V 1 7 1
EO = _Xy R _sy N — (A'l?)
yﬁy E« E, G, NW h
Y /7xs ,7)’5 1 Y
_EXX E,, ny_
where

= Eyy: Effective Young’s moduli of the laminate in the@rd y directions, respectively;

V.1V, =Effective Poisson’s ratios of the laminate;

s 11y 101, =Effective shear coupling coefficients of the laate;

The laminate’s effective moduli and Poisson’s ra@m be obtained from compliance matrices,

as follows.
= 1 — 1 — 1
E =——, E =—-1, v =
* ha, 7 ha, " hag
VXY -~ ayx ! Vyx = _&’ ﬁsx :% (A-18)
A a,, (N
/7)(5:&’ ﬁyS:ﬁ’ ﬁsy:ays
a,, a,, A

This lamination theory, represented by equatiorl@\-has been adapted and used in this thesis.
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APPENDIX B. EULER-LAGRANAGE EQUATIONS’

CONSTANTS
_ 94th® ~ I/)(,;H)ths _ _,72(§)th3
A e Y= ST
yy
_T20v 50t ek’ -vth _-ndth
T 15E® 1369 s T T E® T
_ 2th -3 ®Oth? - ’7§?th
XX v
v SESO) Alg :—Eil)_/g) ASZ _?)(/;g)
_—3vth? _13th® | th a =t
- EY fo = 12E? * 10E( Y
_1ov 0w e | g
= E 90 AZO - 3E(g) - SG(H) - G(_H) 2G)(/;5)
vy < Xy Xy
(=9)
-2vg’th _ th _n&Pth
G A A= 2Ew
2thyy —vOth? A, = n$%th
— yz =
AT Ew P = 6E® °T 2E(D
yy
th® th?
9th® th® -v%th - _
Ab = (%0 a (-9) A23 = 2/9) A37 3G(9) G(—ﬁ)
2E,~ 20E, E v ¢
~th
3 STE th B
Ai - —-th _ ny th A24 :F Agg G(g)
° 3G(? 3EL? W x
th y nOth A, —th?
Mg P = g0 °T 265"
- (=9 ,7(6’)th
5th5 —_ ,725 th A40 = zZs
PYT=E) - - ©
he 24E( P 1267 2EY
- (6)
~th*  vioth? A= 1y"th A, = tg
Ao 26(7  EL? TO2E(? 2EY
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