CHARACTERIZATION OF CARBON FIBER-EPOXY COMPOSITE
MATERIALS

by
Neha Shakelly

A Thesis

Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Master of Science in Aeronautics and Astronautics

0€ C"\),

A=%
o

¥

@’)t

School of Aeronautics and Astronautics

N
o¥

West Lafayette, Indiana
May 2020



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. R. Byron Pipes, Chair
School of Aeronautics and Astronautics

Dr. Tyler N. Tallman

School of Aeronautics and Astronautics

Dr. Wenbin Yu
School of Aeronautics and Astronautics

Approved by:
Dr. Gregory A. Blaisdell
Associate Head for the Gambaro Graduate Program of Aeronautics and Astronautics



ACKNOWLEDGMENTS

Firstly, I would like to thank my advisor, mentor, Dr. R. Byron Pipes, for giving me the
opportunity to work with him and giving me access to all the resources at his facility. His vision
guided, motivated and taught me the right path to start and conduct research.

My sincere thanks go to Dr. Sergii G. Kravchenko for guiding me every time | had any
problems and for helping me learn how to be a better researcher.

| thank all my fellow group mates and friends, especially, Akshay Jacob Thomas, Sushrut
Karmarkar and Xin Liu for helping me build up and widen my knowledge by having a lot of
stimulating discussions with me. | would also like to thank Garam Kim for training and helping
me to make the test specimen for all the experiments.

| dedicate all my achievements to my parents and my brother for being a constant source

of support for me as | could have never advanced anywhere if not for their unconditional love.



TABLE OF CONTENTS

TABLE OF CONTENTS .. oottt sttt ettt ese st sae e enenre s 4
LIST OF TABLES ...ttt e e e e e e e sare e e nnaeeenees 11
LIST OF FIGURES ... .ottt sttt et e et e e e nnb e e e nnre e e nnaeeenee s 13
ABSTRACT ...ttt sttt st et e s e e be st e st e bt st et e Rt et e e e s e e be st et e Re e be b e neeteete e enenrees 22
INTRODUGCTION ..ottt sttt sttt sttt st et st e s e besbeneenesaenees 23

1.1 Test Specimen Fabrication for physical teStiNg .........cccceriiiiiniiiiieeee e 23
1.1.1  Description of composites and its basiC CONSHITUENTS............ccvrvrieieeierenireseien 24
1.1.2  Fabrication process and possible sources of error ...........ccccoevvvvveieccie v, 24

1.2 Micromechanical Analysis of Fiber and Matrix properties ..........ccocceverereneieniesesnnnenns 25
1.2.1  Representative Volume Element (RVE) Analysis..........cccoooiiiiiiniinnieiciene, 27
1.2.2  Voigt and Reuss RUIES OF MIXIUIES .........cccoriiiiieiiieie e 29
1.2.3  SWITICOMP RESUILS ...t 30

1.3 RETBIBINCES ...ttt bbbttt r ettt b b n e 31

L Y o] o LT 0o [ SR P PRSI 33
141  ASAC FIber Data SNEEL: ......c.cciiiieiieie ettt 34
1.4.2  F155 Matrix Data SHEeL: ........coviiiiieece e 35
143 L F=To oSSR PR 39
MODELING OF SPECIMEN FOR TENSILE TEST .....ccooiiiiiieiiecerieese e 41

8 T 1 o 11 o{ £ o o SRS PSRN 41
2.1.1  Tensile test Of @ Material ..........cooviiiiieiiie e 41
2.1.2  MOdeling iN ADAGQUS.......cciviiieiiieiieeie e eite ettt re e reesbe e reesneenee s 41
2.1.3  CONSHLULIVE TEIALIONS .....eevieiieiee et e 42
2.1.3.1  YOUNZ'S MOAUIUS ...ttt 42
2.1.3.2  UIIMALE TENSIIE SIIESS.....ecvveivieiierieiiesieeiesieste e see s ste e sae e sraesteeneesnaennas 43
2.1.3.3  POISSON’S RAIO.....iiiiiiiiiiiiciiii ettt 43

2.2 Overview of the experimental ProCeAUIE..........ccooiiieiiie e 43
2.2.1  Testing of the SPeciMen in MTS ... 43
2.2.2  Digital Image Correlation ..o 45

2.3 Micromechanical ANAlYSIS.........coiiiiiiiiiiii e 45



2.4 Comparison of experimental and Simulation reSultS...........ccocviiiiininieienc e 49

2.5 Specimen geometry and material Properties........ccooueerereneie s 54
2.5.1  Material PrOPEITIES. ......ccviieieieieiteeie s 55
2.5.2  Orientation of plies in the [aminate............ccoviiiiiiii e 56

2.6 Mesh Parameters and CONVErgenCe STUAIES ........ccuuurieierierierie st 56

2.7 Boundary and Load CONAITIONS ........cuevirieiieriiriisiinieieiesee e 60

2.8 SEEP OULPULS....ceeiieeeiiet bbbt bbb e bt nr e 60

B (=] (= =] 0T SRRSO TROPRRN 61

2.10 Y o] o 1=] 1o 3 TSP PP PPT PP PPPRTRR 62
2.10.1 Arc-Resistant GP03 Fibre Glass sheet Data Sheet: ............ccooeivveieneienc i, 62
2.10.2  Poisson’s Ratio data:.........ccccocuieiiiieiiie i 63
2.10.3  IMAGES ...ttt n e 65

3. MODELING OF SPECIMEN FOR CTE TEST ...ccoeiiiiieiiiseieese e 66

S 0 B (011 7o L1 oo USSP 66
3.1.1  Coefficient of Thermal EXpansion (CTE).......cccoeiiiiiinieiiiinieieienie e 66
3.1.2  Constitutive relations for thermal eXpansion ...........cccoevviiriniieieiene e 67
3.1.3  Residual stresses in composite 1aminates ............ccccovvevieieieeie e 68
3.1.4  Coefficient of Thermal Expansion for composite laminates ..............ccccccevvevveenee. 69

3.2 Overview of the experimental ProCEAUIE...........ccviiiiiiiiei s 70
3.2.1  Set-up Of the EXPEITMENT........ooiiiiieie e 70
3.2.2  Prediction of CTE from cdmHUB data ...........cccoceveriiiiiiinieieieene e 74

3.3 Comparison of cdmHUB results with experimental data............cccccooeverencenieiieninenene, 75

3.4 Specimen geometry and material Properties..........cooerereriieriniseseee s 75

3.5 Mesh Parameters and CONVEIgenCe STUIES.........coviirierieniirie i 76

3.6 Boundary and Load CONUITIONS .......cc.oiiiiiiiiiiiiieieiee e 78

3.7 STEP OULPULS. ...ttt ettt h ettt e ket et e e nan e e nbeeaneeanneen 80

R B L] (=] (T o1 SR 81

3.9 APPENAIX ottt b ettt b e bbb 81

4. OFF AXIS TENSION. ....octiiieiiiiet ettt sttt ettt e st seebeste s eneane e 82

T I [ oo [0 Tod o] o TSR PU PP OPRRN 82

4.1.1  Analysis Of Shear Strength..........cccooiiiiiiii i 82



5.

4.1.2  Effect of end-constraints (tabs) on the test SPECIMEN .......c.cccevveiviieiieie e 83

4.1.3  Determination of failure in off-axis SPECIMEN .........ccceevviveiiiiiee e 84
4.1.3.1  Maximum Stress FAIIUIE .......cc.oiiiiieieiieseee e 84
4.1.3.2  Maximum Strain FAIIUIE ........c.ccoeiiiiiiieece e 85
4.1.3.3  TSA-WU FAIHUIE. ..o 85

4.2 EXPErimental PrOCEUUIE.......c.cciiiiee ettt ettt e e aesraesreenee s 86
4.3 Processing of experimental reSUILS....... ..ot 87
4.4 Modeling and analysis of simulation for off-axiS teSt .........ccccceveriiiiiniiiin e 96

4.4.1  Analysis of simulation results for [15]8, [30]8,[45]8, [60]8, [75]8 laminates.. 96

O R B T 1Y o] F= Vo101 1= o OSSO 96
4.4.1.1.1 In-plane deformation ...........ccccoveiieieiiiesie e 96
4.4.1.1.2 Out-of-plane deformation...........ccoceoiiiiiiiiie i 98
4.4.1.1.3 AXial defOrmation .........cocviieiieie i 103

B4 L2 SHESS ettt ettt ettt bR e e e R e e r e nRe e r e e e re e 108
44121 AXIESIIESS ..ot 108
A.4.1.2.2  TIANSVEISE SEIESS...ceuiiiiietieeitieitee st et ettt et be et et e st et e sbeeenbeeneeas 115
4.4.1.2.3 NOIMMAI SIFESS .....vvevieiiiesieeie sttt ste e sreenreaneesneeeas 120
4.4.1.2.4 IN-Plane SNEAr STrESS.......cceiviiiiieiiiiiece et 125

G TS 1 -] o USSP 131
I T R N - ] 1 - 1o SRS 131
4.4.1.3.2  TraNSVEISE STrAIN.....ccceeiieieiieiieieseesieeiesee e e e see e e seesreeseeeneesreesseaneesneeneas 135
4.4.1.3.3 In-plane Shear StraiN...........ccccoveiiiiiie e 140

T T O o 11 S]] OSSPSR 145
O SR =] =1 =) = SR 146
T A Y o]0 110 [0 [ GRS TO PSR PR TP 147
471 L E=T0 oSSR RTPRTRI 147
LAMINATE TENSION L...ooiiiiiiet ettt sttt st 148
0 S 110 11 4 o o OSSR 148
5.1.1  Global and Local coordinate SYStEMS ..........ccueiuerierierierienienieseeee e 148

5.1.2  Obtaining elastic constants from the stiffness matrix using Classical Laminate Plate
B I L=To T Y (O i I TSRS PP 150



5.2 EXperimental PrOCEAUIE.........ccuoiiiiiieie e 154

5.3 Processing of experimental reSUILS. ... 156
5.3.1  Stress-Strain plots of the 1aminates............ccooveiiiiiiiie e 158
5.3.2  Transverse Strain-Longitudinal Strain plots for the laminates..............cc.ccocveenne. 160
5.3.3  Homogenization of elastic constants for the laminates............c.ccccoccvvvveiieiiieieenee. 162
5.34  Comparison of theoretical and experimental data .............cccccevevveienieene e, 166

5.4 Modeling and analysis of SIMUIAION ..o 167
54.1  Analysis of SIMUIAtION FESUILS........ccuiiiiiieiiiie e s 168

5411 02/ 245]5 LAMINGLE ......coiiiiiiiiiiiie e 168
5412 [0/ 145 /90]s LAMINGLE......coiiiiiiiiiiieieieie et 172
5413  [130] 25 LAMINGLE ....ccuiiiiiiiiieiiesie it 176
5414 [902 / £45]S LAMINGALE ....ooviiiiiiiiiiiicieeee e 180

5.5 Comparison between theoretical and simulation results...........ccccoocvvoevcenienienie e, 184

55.1  Theoretical variation of stress through the thickness of the laminate................... 184

5.5.2  Variation of stress through the thickness of the laminate from the simulation .... 187

5.6 CONCIUSIONS ..ottt ettt bbbttt b e st e et et e nbesbesbesnenreas 189
R L] (=] €T [0l OSSR 190
6. OPEN HOLE TENSION AND CTE ANALYSIS ..o 191
6.1 INEFOTUCTION ...ttt ettt e s et e e sbesbesbestesneeneas 191
6.1.1  Finite and Infinite width SPECIMEN .......ccceeiiiiiiiie e 191
6.1.2  POINt Stress Criteria (PSC).....coviiviriiiiiiiiieiee e 193
6.1.3  Average Stress Criteria (ASC) ...t 194
6.1.4  Modified Point Stress Criteria (MPSC) ........cccovveiiiieiieie e 196
6.1.5 CTE for [£30] 2s laminate from CLPT ..o 197
6.2 Experimental Procedure for tensile teSt.........ccouiiiieieiiieie e 198
6.3 Experimental procedure for CTE TEST ..o 199
6.4 Processing of experimental results for tensile test..........cccoovvvevieiin i 199
R R (1 /2 A e 13 2O 199
B.4.2  [E30] 28 ittt r e a et et 205
B.4.3 [0/ F45/90]S .ot 211
6.5 Modeling the geometry for SIMUIALIONS.........cccoiiiiiiiie e 221



6.5.1  Geometry, Load, and Boundary conditionsS ...........ccccceevveivniieiieineie e 221

B.5.2 MBSN ettt 221
6.6  Analysis of simulation results for tensile teSt..........ccocvvviiiiieiie e 225
6.6.1  Distribution of Stress 0N [amiNates..........ccocvieiieiiiieiieree s 225
B.6.1.1  [02 / 458 it e 225
B.6.1.2  [30]25 .cuiiiiiiicieiieiee et e 231
B.6.2 [0/ F45/90]S ..ot 237
6.6.3  Variation of stress across the width of the specimen from the hole ................... 242
6.6.4  Strain distribution around the NOIE............ccoiiiieiii e 244
B.6.4.1 02 / FA5]S ciiiiiiiieee e 244
B.6.4.2  [30] 25 cuiiiiieieieie ettt 247
B.6.5  [0/F45/90]S ..ot 250
6.7 Analysis of simulation results for [£30]25 CTE teSt........cccecerviiriiieienie e 253
6.7.1  Deformation @along X-aXIS.......ccooiririiiriiieieienie s 254
6.7.2  Deformation aloNg Y-aXiS........ccciieiiiieiieeie e 257
6.7.3  SEress iN X-GIrECTION ....ccuvivieiiieiie et 261
6.7.4  Effect of negative CTE on the deformation of the hole during heating................ 267
SRR SO0 o] 01 [ ] SRS 269
0.9 RETBIBNCES ...ttt bbb 270
7. FREE EDGE EFFECTS ....cioiiiietciees ettt sttt 271
/28 T 1 o L84 £ T o SRS 271
7.1.1  Stress distributions at the free edge ..o 271
7.1.2  Axial displacement and interlaminar shear strain across the thickness................ 272
7.1.3  Variation of stresses across the Width ... 274
7.2 EXPerimental PrOCERAUIE. ........ooi i 278
7.3 Processing of experimental reSUILS............ooiiiiiiiiiie s 279
731 [£30] 25 1aMINALE ..o 280
7.3.2  [£302] 28 1aMINALE....ccueiiieiiiie ettt 281
7.3.3  [£30/902] S1AMINGALE ....coviuiiiiiiieite e 283
7.34  [£302/904] S 1aMINALE ....cccuiiiiiiieiieie e e e 284
7.4 Modeling of geometry for SIMUIAtIONS .........c.ooiiiiiiii 286



TAL  MESN s 286

7.5 Analysis of simulation results and comparison with theoretical results................c........ 287
751 [£30] 25 [aMINALE ....cciiiiiiiieiee e s 288
7.5.1.1 Axial displacement across thickness at the free edge ........cccccoevvevviieviereennenn, 288
7.5.1.2  Stresses across thickness at the free edge........ccoovevviiiiiiiice s 291
7.5.1.2.1 Variation of normal and transverse stresses through thickness..................... 296
7.5.1.3  Stresses aCroSS WIGTh ........ccveirieiiiiii i 300
7.5.1.4  Stresses across thickness at the laminate Center...........c.ccovvvvinieneni s 304
7.5.1.5 Axial displacement across the Width............ccccoeiiiiiiniin s 307
752  [£30/902] S 1amMINALE ....c.oooviiiiiiieieieeeseeee s 309
7.5.2.1 Axial displacement across thickness at the free edge .........cccceevevviie e, 309
7.5.2.2  Stresses across thickness at the free edge.......ccoovvereiiniiiiiciciee s 312
7.5.2.2.1 Variation of normal and transverse stresses through thickness..................... 317
7.5.2.3  Stresses aCroSS WIGTN ........ccvviiiieiiiiii i 321
7.5.2.4  Stresses across thickness at the laminate Center...........c.ccoovveiereiencnienisiinnens 325
7.5.2.5 Axial displacement across the Width............ccccooeiiiiiiiiii s 328

A T 0 4 To] (1] o] o OSSR 330
T. T RETEIBINCES ...ttt ettt b et b et e et e b e sae e 332
8. MODE I- INTERLAMINAR FRACTURE........ccocctititieieeiesieeee e 333
0 B 101 0T 1§ [ o OSSR 333
8.1.1  Common failure modes in a composite laminate.............ccocvvrieieieninienenenene 333
8.1.2  Compliance and strain energy release rate for interlaminar fracture.................... 334
8.1.3  Load and displacement control for DCB SPecimen .........cccccceevvevveveeieesecsie s 337
8.1.4  Calculation of strain energy release rate...........coeeevereiininieeieiesee e 338
8.1.4.1  SImMple BEAM TREOIY ......cviiiiiieiieiee sttt 338
8.1.4.2 Modified BEAM THEOIY ....ccueciviiiiciece ettt 338
8.1.4.3 Compliance Calibration Method ............cccoeiiiiiiiic e 339
8.1.4.4 Modified Compliance Calibration Method ..............ccocviiiiiiiiiii s 340

8.2 EXPerimental PrOCEAUIE..........coii ittt 340
8.3 Processing of experimental reSUILS.........ccooiiiiiii i 342
8.3.1  Data reduction from Modified Beam Theory .........cccccovviviiiiieiieciie e 342



8.3.2  Data reduction from Compliance Calibration.............ccccoceveveiiieviveiesieene e 343

8.3.3  Data reduction from Modified Compliance Calibration..........c...ccccevveviviiernenne. 344
8.3.4  Force-displacement plots for the tested SAMPIES ..........ccoovriiiiiiiiiiiee 344
8.3.5  GIC calculated from different methods and propagation of the crack.................. 346
8.4 Modeling of geometry for SIMUIALION ..........cooiiiiiiiiiie e 349
8.5 Boundary conditions and INtEraCtioNS ..........cccceveiiririeiieie s 351
8.5.1  Boundary CONAITIONS .......ccveieiieiiieiie ettt e te e nas 351
8.5.2  Interaction properties to Model CONESION..........ccceiiiiriiiiiiiecee e 352
8.6 Mesh parameters and CONVErgenCe STUAIES .........oivririeiierierieieriese e 354
8.6.1  CONVErgeNCE STUAIES ......eeiveereiieeiiieie ettt 355
8.7 SEEP OULPULS.....eeiee ettt b et e e sbe e s sb e e b e e e nn e e nneeanreenneas 356
8.8 Analysis of SIMUIATION TESUILS .........coiiiiiii e 356
8.8.1  FOrce-displacement CUIVE .........cccooiiiiiiiiieieee et 356
8.8.2  Compliance and Strain energy release rate calculations..............ccccovvevveiieinenne. 359
8.9 CONCIUSIONS. ...ttt ettt bbbttt bbbt e e st e s et e b e benbesbennenreas 363
8.10 R (=T =] 0TSSR 364
FUTURE WORK ...ttt sttt et a e st e et e e snta e e snan e e nnteeenneees 365
0.1 FaIlUIE ANGIYSIS ...ttt bt enes 365

10



LIST OF TABLES

Table 2.1: Sample-wise data fOr [0]8 .......ccoveiiirieiiieier s 50
Table 2.2: Statistical averages of properties of [0]8.........coiiiiiiiieniiee s 50
Table 2.3: Sample-wise data fOr [90]8.......cvuiiiiiieiere s 51
Table 2.4: Statistical averages of properties of [90]8 .......cccovirriiiniir s 51
Table 2.5: Sample-wise data fOr [90]16........cuuiriiiiiiesiseeee s 52
Table 2.6: Statistical averages of properties 0f [90]16 ........ccoovvirreiiiiiineneee s 52
Table 2.7: Summary of material ProPerties .........cocoveiiiieii e 53
Table 2.8: Comparison of experimental, simulation data with material datasheet....................... 53
Table 2.9: Elastic constants from simulation and eXperiments...........c.coererinieeierenenesesesennns 54
Table 2.10: Mesh convergence study data for tensile test Specimen .........c.ccceevevveve e vecce e, 59
Table 3.1: Comparison of CTE data for [:30]25 ..ccvvviiiiiiiiiieeese s 75
Table 3.2: Mesh convergence study data for CTE SPeCimen.........cccccvvvevveviiieseese e 78
Table 4.1: Off-axis SaMPle dIMENSIONS ........coviiiiiieieier s 88
Table 4.2: Failure angles of the off-axis SPECIMENS ..........ccoiiiiiiiiiiie s 89
Table 4.3: Off-AXiS teNSIlE PrOPEITIES .....cceeiviiieiieie et 90
Table 5.1: Dimensions of the test SAMPIES..........coviiiiieii e 155
Table 5.2: Comparison of MOdUIUS data...........coeiiiiiiiiii e 167
Table 5.3: Comparison of Poisson’s ratio data ............cccoovviiieiiiiiiienieec e 167
Table 6.1: Comparison of strength data of notched and un-notched laminates..............c........... 220
Table 6.2: Parameters a0 and d0 for the laminates with all the hole Sizes .........cccccocvviiiiinne 220
Table 6.3: Deformation of holes in the co0ling CYCIe...........cooveiiiiiiicieeee e 269
Table 6.4: Deformation of holes in the heating CYCle...........ccoooviiiiicii i 269
Table 7.1: Average and standard deviation values of sample dimensions ...........ccccoceverininnene 280
Table 7.2: SUMMAry Of the FESUILS ..o 331
Table 8.1: DCB Specimen DIMENSIONS .........cciuieiiiiiie ettt 341
Table 8.2: Results from MBT Method .........c.oiiiiiiiii e 348
Table 8.3: Results from CC MEthOU ...........ooiiieeiie e 348
Table 8.4: Results from MCC MEtNOU..........ccooveiiiiiiieeee e 349

11



Table 8.5: Mesh convergence study data for DCB SPECIMEN ..........cccvevviiiiiieriesieseeriesie e 355

Table 8.6: Experimental ComplianCe data............ccceiieriiiiiiiieeiece e 359
Table 8.7: Simulation COMPHANCE Jata..........coeiiiiiiiiiiiie e 360
Table 8.8: Experimental Strain energy release rate (KJ/M?) data...........ccccoeeveveeecreeeerieeecnenennns 362
Table 8.9: Simulation Strain energy release rate (KJ/M?) data.............ooveeevvveeeressrineneeenas 362
Table 8.10: Percentage error of strain energy release rate using different methods................... 363
Table 9.1: Hashin Damage Parameters ..........cveiuerererereii ettt sbe e 366
Table 9.2: Damage EVOIULION Parameters. ........ccoiiiiiiiiiiiieieiee e 366
Table 9.3: Damage Stabilization Parameters ..........cccovveiiiiiiiieere e 366

12



LIST OF FIGURES

Figure 1.1: Analysis of plate-like structures approximated over an SG............cccocevveveiiiesnennens 26
Figure 1.2: COMPOSITE MOEIS ........oiviiiiiiiiieiiee e 26
Figure 1.3: Flowchart of the Mechanics of Structure GENOME..........cccoevveiieieere e 27
Figure 1.4: Representative Volume EIEMENT ... 28
Figure 1.5: Bound on modulus With ROM ...........cciiiiiiic e 29
Figure 1.6: Mesh of hexagonal micromechanics model (left), Homogenization parameters (Riggt())
Figure 1.7: Different reinforcement SYSTEMS ........ocuiiiiiiiiiiiieieere e 39
Figure 1.8: Manufacturing of a composite [aminate.............ccccceeieiiiiiicic e 39
Figure 1.9: Trend of variation in material Properties..........ccoveeeieneneneniseeeee e 40
Figure 2.1: ASTM D3039/D3039M teSt FIXIUIE ......ccvveivicieiiciece e 44
Figure 2.2: Tensile teSt SPECIMEN GEOMETIIES .......cveiviiieriiriieieeieie ettt 44
Figure 2.3: Simulation images from SWiftCOMP.........cccoiiieiiiie e 46
Figure 2.4: SWiftComp SIMUIALION FESUILS ......c.ooviiiiiiiiiiieeeee e 47

Figure 2.5: Geometry of the tensile coupons, One-inch width (Left), Half-inch width (Right)... 55

Figure 2.6: Mesh on the tensile test part gEOMELIIES .........ccvvvririiereieie e 57
Figure 2.7: Mesh convergence study plots for tensile test SPeCimen..........cccccvevvvvvieieeiciicseenns 59
Figure 2.8: Load and Boundary Conditions on the tensile CoOUPON...........coovvevieieienenc e 60
Figure 2.9: Mechanical behavior 0f COMPOSITES ..........cocveiiiiiiice e 65
Figure 2.10: Stress-strain curve for matrix and fiDers ... 65
Figure 3.1: Potential Energy Vs interatomic diStanCe .........cccccvvvviiiiiie i 66
Figure 3.2: Different types of cross-linking in polYmMers..........cccocovviiiiiinicie e 66
Figure 3.3: Variation of the physical property with temperature...........cccccoeivvevie i 67

Figure 3.4: Unconstrained and constrained expansion in unidirectional and cross-ply laminates 69

13



Figure 3.5: Speckled specimen before analysSiS .........ccooveiiieiiiie i 71

Figure 3.6: Set-up of the specimen in the aPParatus...........c.ccveieierenenenirire e 72
1o U e T N o] - LU LSRR 73
Figure 3.8: DIC analysis of the sample with two different regions of interest............c.cccceeenee. 73

Figure 3.9: X and Y deformation on the sample with a hole diameter 3.683 mm for cooling (left)

and heating (right) cycles respectively with a maximum temperature of 1000C ..........c..cc........ 74
Figure 3.10: Laminate properties from cdmHUB for [£30]25.....cccccviviiiiniiniiinie e 75
Figure 3.11: Geometry of the CTE specimen, 1/8-inch hole diameter (Left), 1/4-inch hole diameter
1011 TSRS 76
Figure 3.12: Mesh on the CTE part gEOMELIIES ........cc.civeieiieieeiesee et 77
Figure 3.13: Mesh convergence study plots for CTE SPECIMEN .........cccceveriiiiiciieieiese e 78
Figure 3.14: Boundary conditions 0N CTE SPECIMEN .......c.cceeieeieiierireieseeseesie s sre e seesre e 79
Figure 3.15: Load and Boundary Conditions on the tensile COUPON..........c.cooveieicienc i 80
Figure 3.16: PUShrod dilatOmEter...........ccviiiiieii et 81
FIQUIE 4.1: DIC SEBE-UP .ttt b et bbbttt ettt b 87
Figure 4.2: Failure angles 0f SPECIMENS ........coiiiiiiiiiii e 89
Figure 4.3: Stress Vs Strain curves for off-axis SPeCimens ...........ccccevveveieeiieie e 90
Figure 4.4: Shear modulus VS ANQGIE ..o 91
Figure 4.5: AXial MOdUIUS VS ANGIE........ocviieeece sttt 92
Figure 4.6: Tensile failure strength VS ANGIE..........ooo oo 92
Figure 4.7: PoissON'S ratio VS ANGIE.........ooiiiiiiecie ettt sre e 93
Figure 4.8: Axial modulus Vs off-axiS angle...........ccooiiiiiiiiiii e 94
Figure 4.9: Failure StreSS VS ANQGIE........eo ittt 95
Figure 4.10: DIC image with the transverse displacement of the specimen..........cccccoceeciivnennnne 95
Figure 4.11: In-plane deformation (U3) of the off-axis Specimen.........ccccccevvvevieiiiecie i e, 97
Figure 4.12: Out-of-plane deformation (U2) of the off-axis SPECIMEN ..........ccevvvvviereniieninnnnn 99

14



Figure 4.13: Axial deformation (U1) of the off-axis SPECIMEN ........cccevvevviieiii e 104

Figure 4.14: Axial stress (011) on the off-axis SPECIMEN .......cccoiiiiiiiiiiie 110
Figure 4.15: Transverse stress (622) on the off-axis SPECIMeN..........cccccvevvvievivececiese e 116
Figure 4.16: Normal stress (0:33) on the off-axis SPECIMEN ..........cccooiiiiiiiiiiece e 121
Figure 4.17: In-plane shear stress (¢12) on the off-axis SPECIMEN ..........coovvvviiiiiiiiniieie 126
Figure 4.18: Axial strain (£11) on the off-axis SPECIMEN ...........cceevevieiieii i 131
Figure 4.19: Transverse strain (€22) on the off-axis SPECIMEN .........ccvvvevvrieiiinie e 136
Figure 4.20: In-plane shear strain (£12) on the off-axis Specimen.........cccccccoevvveveiviece e, 141
Figure 4.21: Off-axis coupon without and with COnStraints .............c.cccceveveiievii e, 147
Figure 4.22: Failure envelope for a typical anisotropic material ..............ccooooviiiiniinininnnn, 147
Figure 5.1: Local and global coordinate SYStemMS............cccveviiiiiiieic i 148
Figure 5.2: In-plane forces and MOMENTS ..........coeiiiiiiiiiiiieee s 149
Figure 5.3: In-plane forces and moments per unit 1ength ..., 150
Figure 5.4: Laminate stacking across the thiCkness............ccooeeiiiniinn e 152
Figure 5.5: Laminate tenSion SAMPIES ..........cceiiiiieiiiieceee et 154
Figure 5.6: Speckled samples for DIC @nalysis..........cccooiiiiiiiiiiieeseeee s 155
Figure 5.7: Load cell and DIC set-up for the eXperiment..........ccccccevveveeveiic v 156
Figure 5.8: FraCtured SPECIMENS ........ciuiiiiiieiieieieite sttt bbbt sb bbb 157
Figure 5.9: Stress-Strain plots for the 1aminates...........c.cccevi i 159
Figure 5.10: Transverse strain Vs Longitudinal strain for the laminates.............c.cccoovreininnne. 161
Figure 5.11: Analytical results for [02 / 45]S .o 163
Figure 5.12: Analytical results for [0 / 245 /90]S ..cooouiiiiiiieeiece s 164
Figure 5.13: Analytical reSults for [:30] 25 ...ooiiiiiiiieiee s 165
Figure 5.14: Analytical results for [902 / 45]S oo 166
Figure 5.15: Variation of stresses for [02 / £45]s laminate...........cccccoviieininiininnciecnne 169

15



Figure 5.16: Variation of stresses for [0 / £45 /90]s laminate............cccccovvrviviiiiniiieninenene 173
Figure 5.17: Variation of stresses for [£30] 2s laminate...........ccoocoiiiiiiniiniinicic e 177
Figure 5.18: Variation of stresses for [902 / £45]s laminate ............c.ccooevvvivieneiiienc e 181
Figure 5.19: Stress Vs thickness plots from CLPT ... 185
Figure 5.20: Stress Vs thickness plots from SImulations .............ccocceeoiiieinincncee 188
FIgUre 6.1: FINITE PIAE.......eoiveee et e e e 192
Figure 6.2: Normal stress distribution for quasi-isotropic laminates with 2 hole sizes.............. 193
Figure 6.3: Experimental data on predicted values from PSC...........ccccooveviiii i 194
Figure 6.4: Graphical representation 0f PSC ... 194
Figure 6.5: Experimental data on predicted values from ASC .........ccccovveviiie i 195
Figure 6.6: Graphical representation 0f ASC ..o s 195
Figure 6.7: Experimental data on predicted values from MPSC ...........cccoovieiiveve e, 196
Figure 6.8: Curve fit to calculate parameters in MPSC ... 197
Figure 6.9: Elastic constants and CTE values of [£30] 25 laminate ..........ccccceveveveieneinnnnne. 197
Figure 6.10: Specimen tested With DIC ..........ccoiiiiiiiiiiiee s 198
Figure 6.11: EXPerimental SEt-UP .......ccociviiieiiiie ettt 198
Figure 6.12: Strength distribution for [02 / £45]s laminate ...........cccccvveininiiicicece 199
Figure 6.13: Stress distribution as a function of hole size for [02 / +45]s laminate ................ 201
Figure 6.14: Failed specimen for [02 / £45]s 1aminate .........cccoovreiiiiiiniiniieieee e 203
Figure 6.15: Delamination observed in [02 / £45]s laminate...........ccccoovvvvniniireie s 204
Figure 6.16: Strain distribution around the big hole of [02 / £45]s laminate...........cc.cccceeuenee. 204
Figure 6.17: Force-displacement curve for [02 / +£45]s laminate with smallest hole............... 205
Figure 6.18: Strength distribution for [£30] 2s laminate ...........cccccovviiniinin i, 206
Figure 6.19: Stress distribution as a function of hole size for [+30] 2s laminate ..................... 208
Figure 6.20: Failed specimen for [£30] 25 1amiNate .........ccocceiiiiiiiiniiniiie e 210

16



Figure 6.21: Strain distribution around the big hole of [£30] 2s laminate...........ccccocovcvrvrnenne. 211

Figure 6.22: Stress-Strain curve for [+30] 2s laminate with the largest hole........................... 211
Figure 6.23: Strength distribution for [0 / £45 /90]s laminate ...........ccccevvvriiiiiene i 212
Figure 6.24: Stress distribution as a function of hole size for [0 / +45 /90]s laminate ........... 214
Figure 6.25: Failed specimen for [0 / £45 /90]s laminate ...........ccocoviveniinininieie e 216
Figure 6.26: Strain distribution around the big hole of [0 / £45 /90]s laminate..................... 217
Figure 6.27: Comparison of strain data around the hole in [0 / £45 /90]s laminate with hole size
increasing from 1eft tO FIgNT .........oo i 218
Figure 6.28: Force displacement curve for [0 / £45 /90]s laminate ...........cccoeveiereninennnn. 218
Figure 6.29: Mesh on open-hole tensile test SPECIMEN ........c.cccvevveiiiieiece e 222

Figure 6.30: Variation of axial stress 11 on the [02 / +45]s laminate with a hole of diameter
IS Y ST T 1 1 USRS 225

Figure 6.31: Variation of axial stress 611 on the [02 / +45]s laminate with a hole of diameter
B.7 15 MM bbbttt b e bt b e et nh e e e be e beeeae e 227

Figure 6.32: Variation of axial stress 611 on the [02 / +45]s laminate with a hole of diameter
B.604 TNITL ..ttt E e e a et R e r e neas 229

Figure 6.33: Variation of axial stress g11 on the [+30] 2s laminate with a hole of diameter
I Y 1S I 1 SRR 231

Figure 6.34: Variation of axial stress g11 on the [£30] 2s laminate with a hole of diameter
TN S I 11 R 233

Figure 6.35: Variation of axial stress 11 on the [£30] 2s laminate with a hole of diameter

Figure 6.36: Variation of axial stress 611 on the [0 / £45 /90]s laminate with a hole of diameter
TN Y 1S I 1 SRR 237

Figure 6.37: Variation of axial stress 611 on the [0 / +45 /90]s laminate with a hole of diameter
TN S I 11 R 239

Figure 6.38: Variation of axial stress 611 on the [0 / +45 /90]s laminate with a hole of diameter
LN Y 0L 3 1 2« PP UUT RS PPP 241

Figure 6.39: Normalized variation of axial stress ¢11 across the width of the specimen with three
IFFErENT NOIE SIZES ... ettt a et nne s 243



Figure 6.40: Variation of axial strain €11 on the [02 / +45]s laminate for three different hole sizes

Figure 6.43: Deformation along X-axis U1 due to temperature change on the [+30] 2s laminate
fOr two dIfferent NOIE SIZES ......cvviiie e e 254

TOr EWO AITTEIENT NOIR SIZES ...t eseennnennennnnnnnnnnns 258

Figure 6.44: Deformation along Y-axis U2 due to temperature change on the [+30] 2s laminate

Figure 6.45: Variation of stress in X-direction, 611 due to temperature change on the

[£30] 2s laminate for two different N0IE SIZES.........ccooiiiiieiiii 261
Figure 6.46: Effect of temperature change on the [+30] 2s laminate for two different hole sizes
..................................................................................................................................................... 267
Figure 7.1: Stress state at the free edge of the SPECIMEN .......cocoviiiiiiiiii 272
Figure 7.2: Axial displacement across the thiCKNESS ..........cc.cceiveiiiiiie e 273
Figure 7.3: Interlaminar shear strain across the thickness ..., 274
Figure 7.4: Axial displacement across width and thickness of the laminate ............c...cccccue... 276
Figure 7.5: Interlaminar shear stresses through the thiCKness ............ccocveiiiiviiiincienc e 277
Figure 7.6: Simplified and Actual shear stress distributions across the width of the sample..... 278
Figure 7.7: Variation of stresses at the interface of [£45]s laminate ............ccccooeeviiiciinnnnn. 278
Figure 7.8: EXPerimental SEIUD .........coiiiiiieiecic ettt 279
Figure 7.9: Load Displacement and stress-strain plot for [£30] 2s laminate ............cccccovneenne. 281
Figure 7.10: Load Displacement and stress-strain plots for [+302] 2s laminate ...................... 282
Figure 7.11: Delamination failure at the edge of the specimen for [+302] 2s laminate .......... 283
Figure 7.12: Load Displacement and stress-strain plot for [£30/902]s laminate.................... 284
Figure 7.13: Load Displacement and stress-strain plot for [£302/904] s laminate................. 285
Figure 7.14: Evident delamination at the edges for [+302/904] s laminate..............ccccerurenee. 286

18



Figure 7.15: Mesh on the edges of free-edge coupon with a width of 5t ............ccccoovviviininnee. 287

Figure 7.16: Variation of axial displacement U1 across thickness at the free edge of [+30] 2s
o0 0T LT LSS 289

Figure 7.17: Contoured variation of axial displacement U1 on the [+30] 2s laminate............. 290
Figure 7.18: Variation of stresses across thickness at the free edge of [+30] 2s laminate ....... 293
Figure 7.19: Contoured variation of stresses on [+30] 2s laminate .........c.ccocvvvreieiencienene. 294

Figure 7.20: Variation of normal and transverse components of stresses across thickness at the free

edge Of [£30] 25 TaMINALE........couiiiiiiee ettt sre e 297
Figure 7.21: Contour variation of normal and transverse components of stresses across thickness
at the free edge of [£30] 25 1aMINALE........ccooiiiiiiii e 298
Figure 7.22: Variation of stresses across the width on [+30] 2s laminate ..........cccccoocevervrnenne. 302

Figure 7.23: Contoured variation of stresses across the width and at the edge of [+30] 2s laminate

..................................................................................................................................................... 304
Figure 7.24: Variation of stresses across thickness at the center of [+30] 2s laminate............. 305
Figure 7.25: Contoured variation of stresses at the center of [+30] 2s laminate ...................... 306
Figure 7.26: Variation of axial displacement U1 across width of [+30] 2s laminate. ............... 308

Figure 7.27: Variation of axial displacement U1 across thickness at free edge of [£30/902] s
JIMINALE ...ttt bbb R et ettt beereenes 310

Figure 7.28: Contoured variation of axial displacement U1 on the [+30/902] s laminate ..... 311
Figure 7.29: Variation of stresses across thickness at the free edge of [£30/902] s laminate . 313
Figure 7.30: Contoured variation of stresses on [£30/902] s laminate ...........ccccocvvvvreinicnnne. 314

Figure 7.31: Variation of normal and transverse components of stresses across thickness at the free

edge Of [£:30/902] 5 1aMINGALE .....cc.eiiiieieiee e et 317
Figure 7.32: Contour variation of normal and transverse components of stresses across thickness
at the free edge of [£30/902] s 1aMINALE ......cc.eiiiiiiiiiie e 318
Figure 7.33: Variation of stresses across width on [£30/902] s laminate............cc.ccoceevevnnnne. 322

Figure 7.34: Contoured variation of stresses across the width and at the edge of [+30/902] s
F= 0 0T LTRSS 324

Figure 7.35: Variation of stresses across thickness at the center of [£30/902] s laminate ...... 325

19



Figure 7.36: Contoured variation of stresses at the center of [£30/902] s laminate................. 327
Figure 7.37: Variation of axial displacement U1 across width of [+30/902] s laminate....... 329
Figure 8.1: Modes of failure in a composite material.............ccccoooiiiiiiiiii e 333
Figure 8.2: FIDEr DridgiNg ...cc.vcve oottt 334
Figure 8.3: DCB specimen with hinge 10ading.............ccooiiiiiiiiiieee e 335
Figure 8.4: DCB specimen under 10adiNg..........cccooveiiiieiieie e 335
Figure 8.5: Variation of stress from near the notch to the end of the laminate ......................... 336
Figure 8.6: MBT With COrrection factor...........cccoiviiiiic i 339
Figure 8.7: Compliance Calibration.............ccuoiiiiiiiiiiiieeee s 339
Figure 8.8: Modified Compliance Calibration..............ccccceeviiiiiiieie i 340
Figure 8.9: DCB specimen With RINQES ..o s 341
Figure 8.10: Loading of the DCB specimen in the 5-kip load frame ............ccccccovevieieiincnenn. 342
Figure 8.11: Data reduction from Modified Beam Theory...........ccocevviiineinincinin e 343
Figure 8.12: Data reduction from Compliance Calibration ..............ccccoevveviiieiiieve s, 343
Figure 8.13: Data reduction from Modified Compliance Calibration ............cccccoeiiiniiinnnn. 344
Figure 8.14: Load Vs Displacement curves for the DCB samples........ccccccvevvevveieiieiecce e, 345
Figure 8.15: Comparison of GIC values obtained from different methods.............cccocoovrvnnenne. 346
Figure 8.16: Propagation of crack across the length of the sample ..o, 347
Figure 8.17: Fiber Bridging while testing the DCB samples...........ccccoiiiiininiciinc e 347
Figure 8.18: Shearing of hinges during the teSt ..o 348
Figure 8.19: Parts modeled for DCB @nalySis .........cccooiiiiiiiiiiieieie s 350
Figure 8.20: DCB Part @SSEMDIY ........oiiuiiiiiiiie ettt aa e be e e e ene e 351
Figure 8.21: Boundary conditions on the DCB SPECIMEN .......cccvuiriiriiininieieiee e 352
Figure 8.22: Interactions on the DCB SPECIMEN........cccoiiiiiiiiicsie e 353
Figure 8.23: Mesh on the DCB part asSemMDBIY .........cooiiiiiiiiiiie s 354



Figure 8.24: Mesh convergence study plots for DCB SPECIMEN ........cccccveverieerveresieneesie e 356

Figure 8.25: Force-displacement plot for crack propagation on DCB specimen for different

SIMUIALION PAFAMELETS ....c.veeveceieieee ettt e s e e te e e e s beebeeseesreeneaneesreensens 358
Figure 8.26: Force-crack length validation plot for DCB SPecimen..........c.coovevveveneienenennnn. 361
Figure 8.27: Compliance-crack length validation plot for DCB specimen ............c.cccecvevvevueenee. 361
Figure 9.1: Hashin failure criterion on [£30] 25 1aminate..........c.ccoiiiiiiinieiciec e 367
Figure 9.2: Axial stress on [:30] 25 1amMiNate .........ccooeiiiiiiiieieie s 369

21



ABSTRACT

Characterization of a material is very important to determine its behavior and properties in different
load conditions. There are different experimental tests that are used to determine these properties,
but, making the samples and conducting the test can be very time and labor-consuming. The main
aim of this work is to develop a digital finite element method that can be used to predict the
behavior and the distribution of various parameters along with the specimen before or without
actually conducting the experiments. This is a part of the process of development of a virtual lab
that provides a common platform for learning and integrating different concepts required to
characterize composites. The material properties that were given as an input for the simulations
were predicted by using a micromechanical analysis of the fiber and matrix properties that were
obtained from their respective datasheets and were validated with the experimental results. Hence,
this method can be used for the analysis of any kind of material that has basic data available on its
datasheets. Five main test methods are discussed in this work, namely, off-axis tension, laminate
tension, open hole tension and CTE analysis, free-edge effects and mode | fracture (Double
Cantilever Beam) test. The results obtained from the simulation were compared to the analytical
and experimental results for validation. Only linear elastic analysis was carried out for all the
tensile specimen and the prediction of failure properties is a potential extension of this work.
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1. INTRODUCTION

Characterization of material is very crucial to determine its mechanical, microstructural properties.
The behavior of the material can be analyzed and it helps the manufacturer to make crucial
decisions about the applications of the material. Various failure and process-related problems can
be solved by the data obtained by the characterization of the material. The material used was
HEXCEL® AS4C-GP 12K / F155 40% RW; 145 AW; 24” unidirectional tape. It has carbon fiber
as reinforcement and epoxy resin as the matrix system. Where HEXCEL is the name of the prepreg
manufacturing company, F155 is the name of the resin system, AS4C-GP is the name of the fiber
reinforcement which has 12K, that is, 12,000 filaments per tow with 145 grams of reinforcement
per square meter. 40% RW denotes the weight percentage of the resin in the prepreg and the

material has a unidirectional reinforcement type.

The typical process of specimen fabrication and testing is very time, labor and cost consuming.
Hence, digital twins were created for each of the characterization experiments in order to directly
predict the properties of the material. The results from experiments and simulations were also
validated. The modulus for the material was predicted by using a micromechanical analysis of the
fiber and matrix properties as obtained from the material datasheets. Hence, these properties can
be predicted in a similar manner and the test methods can be generalized for any given material.

This would greatly increase the efficiency in the characterization of composite materials.

1.1 Test Specimen Fabrication for physical testing

Test specimen fabrication is one of the most crucial steps in the characterization of the material.
A lot of care has to be taken in this process as the results can vary largely when there is any mistake
in the fabrication of the test coupons. Even to make a prepreg material, a lot of processing is done
in which the fibers are impregnated with the resin material. A combination of these two
components forms a composite material. The final property of the composite is hence a
combination of the properties of the fiber and matrix. The material used to make the samples is
comprised of carbon fibers impregnated with epoxy resin. Enough care should also be taken during

the bagging process in order to avoid any vacuum leaks or formation of wrinkles. The plates are
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then cured with a prescribed cure cycle and it was observed that the plates with symmetrical
orientations did not have any curvature, but the ones with unsymmetrical orientations have a

curvature due to the residual stresses caused by the CTE mismatch.

1.1.1 Description of composites and its basic constituents

Composites are materials made from two or more materials which have different chemical and
physical properties, but, have different properties from the individual components when combined
together. There are many advantages of composite materials. They are lighter and stronger than
traditional materials and have a wide range of applications in many different industries. The two
main constituents in a composite are matrix and reinforcement. The reinforcement material
provides different physical properties that increase the performance of the matrix. Whereas, the
matrix helps in binding the reinforcement materials to their relative positions and providing them
enough support. There are a wide range and variety of materials from which one can choose any
combination to make a composite material. A few of the typical reinforcement systems are shown

in Figure 7 (in Appendix).
1.1.2 Fabrication process and possible sources of error

Over the last few decades, the cost of composites has dropped and the applications are increasing
at a very fast rate. The usage of composites is still expensive in many industries because of the
high-quality material needed.

The typical process of making a laminate from the fiber and the reinforcements is shown in Figure
8 (In Appendix). The fibers are impregnated with the resin to make a prepreg roll. The material is
then cut from the prepreg roll into the required size with the required ply orientation and it is then
laid up and cured as prescribed by the manufacturer. The laminate is then un-bagged and prepared

for the required application.

Hand lay-up is one of the most traditional methods used in the manufacturing of a composite part.
It is highly labor-intensive and requires a lot of preparation in advance. The material has to be
taken out of the freezer and has to be let to thaw to room temperature. But, care should be taken

that the condensed water droplets do not enter into the material. The presence of water droplets on
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the material can lead to a lot of problems while curing the part. While laying the plies on top of
one another, a lot of care has to be taken while removing the bagging on the material. It has to be

removed along the fiber direction so that the fibers do not get ripped apart.

The bagging process is also very important and enough care has to be taken that there is no leak in
the bag. This process can get really complicated while manufacturing complex parts. There should
not be any wrinkles on the lay-up as there is a high chance that it gets transferred onto the part.
Enough pressure should also be given as it is needed for the ply layers to adhere to each other.
This data is usually given by the manufacturer itself and it depends on the fiber and matrix that is

used to make the material.

The ply orientation also plays a crucial role in the final part. Some of the plates that were
manufactured had a curvature as they had an unsymmetrical lay-up. This is because of the residual
stresses caused as a result of the CTE mismatch between the different layers in the laminate plate.
This degree of curvature can usually be quantified by using the extension-bending coupling
stiffness matrix for the given ply orientations. Hence, while formulating a ply sequence, care
should be taken that the plies are symmetric and balanced. In this way, there is a consistency in

the final part that we get and there will not be any presence of unanticipated curvatures in it.

1.2 Micromechanical Analysis of Fiber and Matrix properties

Composites are usually highly anisotropic and it is usually very difficult to conduct detailed
simulations at the macroscopic level as it is very computationally expensive to consider all the
factors that affect the performance of a composite. Micromechanics is the study of the composite
material by understanding the interaction between constituent materials on a microscopic scale.
This helps in computing the material properties and failure mechanisms of composite materials.
The main goal of micromechanics is to predict the anisotropic response of the heterogeneous
material on the basis of the geometries and properties of the individual phases. A good
micromechanical model does not require high computing power. The composites can be modeled

based on various different dimensions of the structural genome where a simpler model is made to
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approximate the structure. Figure 1 shows the different approximations that can be used in order

to analyze plate-like structures.

-,
.,
ool Actual problem

L)
(3

0 SG-based

gapse | LIEpISenson

’ 2D plate/ishell analysis

Figure 1.1: Analysis of plate-like structures approximated over an SG

(Image from Multiscale Structural Mechanics (2017))

Figure 2 shows the transition between micromechanical studies to the laminate theory. There is an
entire process involved in analyzing the properties of a composite by using the Mechanics of
Structure Genome. The flowchart that describes this process is shown in Figure 3. The constitutive
modeling over the structural genome was done using SwiftComp in order to get an approximation

of the elastic constants.

Unit Cell

Y
s/ ; :
s Macromechanics Lamina

Fibm% ; Lamina ’ Laminate

Laminate

Micromechanics

Matrix Micromechanics

Laminate Theory

Figure 1.2: Composite models
(Image from Multiscale Structural Mechanics (2017))
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Figure 1.3: Flowchart of the Mechanics of Structure Genome
(Image from Multiscale Structural Mechanics (2017))

1.2.1 Representative Volume Element (RVE) Analysis

The ply properties can be evaluated from the known properties of composite constituents (fiber
and matrix phases). The microstructure of physical material is complex and uniform. There are
different methods that can be used to determine the properties of the composite plate. The upper
and lower bounds for the elastic properties are determined by the Voigt and Reuss rules of
mixtures. A Representative Volume Element (RVE) method can also be used in order to get more
close approximations of these values. An RVE is an elementary repetitive element that is present
in the structure. Usually, this element can be used to determine the properties of the entire structure.
There are different types of RVESs as shown in Figure 4. The common ones that are used are square

array and hexagonal array.
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Figure 1.4: Representative Volume Element
(Image from Multiscale Structural Mechanics (2017))

A hexagonal unit cell is still a better representation as all its six neighbors are identical and the
distance between the centroids is the same for all of the neighbors. For a square array, there are
two kinds of neighbors. One where the neighbors have a common edge and another set of
neighbors where they have a common edge. They form a better fit for curved surfaces and have
reduced edge effects. They also have the lowest perimeter to area ratio of any regular tessellation

of the plane. The arrangement also minimizes the amount of material used to create a lattice of
cells with a given volume.
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1.2.2 Voigt and Reuss Rules of Mixtures

To get an upper and lower bound of the properties, general rules of mixtures are used. The Voigt
model is used for axial loading and the Reuss model is used for transverse loading. The stiffness
calculated by the Voigt ROM is the upper limit and Reuss ROM is the lower limit for composite

stiffness. This plot is shown in Figure 5.

— Voigt ROM

Reuss ROM

)

(GPa

Effective Young's Modulus

L L ' L '
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Figure 1.5: Bound on modulus with ROM
(Image from Multiscale Structural Mechanics (2017))

The Voigt ROM assumes that the strain field within the RVE is constant, that is, &; = &; . It
assumes that the fiber and matrix act as springs in parallel and is appropriate for properties
dominated by fibers. The effective stiffness is the volume average of the stiffness of the
constituents.

Oij = (Uij)

l]kl <Cl]kl)

The Reuss ROM assumes that the stress field within the RVE is constant, that is, g;; = g;; . It

assumes that the fiber and matrix act as springs in series and is appropriate for properties dominated

by matrix. Effective compliance is the volume average of the compliance of the constituents.
81] <€l]>

l]kl (Sl]kl) <Ci;lll)
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It can be observed that the elastic properties can be extracted from the compliance matrix. The
modulus of elasticity usually reduces with the decrease in the fiber volume fraction of the sample.

The trend of the variation in the material properties is shown in Figure 9 (In Appendix).

1.2.3 SwiftComp Results

The micromechanical analysis was done on the material by using a 2D Structural Genome with a
hexagonal unit cell in order to get the approximate values of the material properties of the
composite. The material properties of the fiber and the matrix were found from their respective
data sheets (Given in Appendix). The carbon tape that was used in this resin system weighs 145
grams/ m? and hence the corresponding material properties are used. A few properties were taken
from similar materials with the same fiber volume fractions. Figure 6 shows the mesh of this

structure with an unstructured mesh of an element size factor of 0.01.

/AParameters e
Sold
0-elastic ﬂ Type of analysis
0-regular elements _ﬂ Type of elements
0-global coordinate :I In which system does material define
Io-uniform o<l Temperature uniformity
I 0-periodic > Aperiodic boundary condition(yl)
0-periodic j Aperiodic boundary condition(y2)
0-periodic 1] Aperiodic boundary condition(y3)
Save /Il Run /""l

Figure 1.6: Mesh of hexagonal micromechanics model (left), Homogenization parameters
(Right)

This model was homogenized to be a solid element for the analysis and the stiffness and the
compliance matrices were obtained and the elastic constants of the composite material were hence

deduced from these matrices as follows:
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-2.4736807E-12  1.2059267E-10 -
-2.47368790E- 12 -7.53840957E- 11
2.3653203E- 18 -1.1441444E- 15
0. 000000000 0. 000000000
0. 000000000 0. 000000000
The

El = 1.3241987E+11

EZ2 = 8.292378309

E3 = 8. 292387809

Gl2 = 3. 990083609

Gl3 = 3.9901516E+09

GZ23 = 2.5454251B09

nulz= 3. 2756449E- 01

nuls= 3. 27568426E- 01

nuz3= 6.2820190E-01
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1.4.1 AS4C Fiber Data Sheet:
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1.4.2 F155 matrix Data Sheet:
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Physical Properties

| Property _Keviar Fabrics | _Glass Fabrics_____Garbon Tapes Carbon Fabrics

W3T282 | F3T584
Material K120 K285 120 1581 95 g/m? | 145 g/m? | 190 g/m? or or
W3C282 | F3C584

% Flow
@ 250°F
Prepreg 50 psi 14-26 14-26 8-20 8-20 4-16 4-16 4-16 4-16 4-16
(121°C
345 kPa)
% Resin
content 54-60 49-55 42-48 36-40 38-40 38-40 38-40 40-44 40-44
(dry)
Cured
thickness | 0.0045 0.0010 0.0047 0.0104 0.0037 0.0056 0.0074 0.0086 0.0150
perply, | (0.011) | (0.0025) | (0.012) | (0.026) | (0.0094) | (0.014) | (0.019) | (0.022) | (0.038)
in (cm)
% Fiber
volume

Laminate

42 46 38 45 57 o7 57 50 51

Mechanical Properties

Temp. Kevlar_@‘ 9 Glass Fabrics Carbon Tapes
Property °F Fabrics Fabric
(°C)

e e o s

Tensile strength, ksi 75 (24) 82.8 57.0 60.3 225 266 225 123
(MPa) (427) (571) (393) (416) (483) (1552) | (1834) | (1518) (848)
Tensile modulus, msi 75 (24) 3.9 4.4 3.0 3.0 3.4 18.3 18.3 181 8.4
(GPa) (26.7) | (30.3) | (20.7) | (20.7) | (23.4) | (126.2) | (126.2) | (124.8) (58)
Tensile strain 75 (24) | 15,900 - - - - 10,180 | 10,370 | 10,470 | 10,490
Tensile strength, ksi 160 (71) 58 79.3 _ 52.7 62 3 248 226 3
(MPa) (400) (647) (363) (427) (1710) | (1558)

Tensile modulus, msi 160 (71) 3.7 3.9 _ 2.7 3.1 B 17.2 17.0 _
(GPa) (25) (26.9) (18.6) | (21.4) (119) (117)

Tensile strain 160 (71) - - - - - - - - -
Tensile strength, ksi 46.3 47.9 57

(MPa) 200(99) | - = | @19 | @s0) | @3 | " - - -
Tensile modulus, msi 2.6 2.6 2.9

(GPa) 20003) | - -~ |79 | 7.9 | @o - - - -
Tensile strain 200 (93) - — — — — — — — —
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143 Images

Elongation Coefficient
Tensile Tensile at of Thermal Fiber
Type of Strength Modulus Failure Density Expansion Diameter
Fiber {Ksi) (Msi) (%) (gm/cm?) (105 °C) (um)
Glass
E-Glass 500 11.0 4.7 2.58 4.9-6.0 5-20
S-2 Glass 650 12.6 56 2.48 29 5-10
Quartz 490 10.0 5.0 215 0.5 9
Organic
Kevlar 29 525 12.0 4.0 1.44 2.0 12
Kevlar 49 550 19.0 2.8 1.44 2.0 12
Kevlar 149 500 27.0 2.0 1.47 2.0 12
Spectra 1000 450 25.0 0.7 097 - 27
PAN Based Carbon
Standard Modulus 500-700 32-35 15-2.2 1.80 -0.4 6-8
Intermediate Modulus 600-900 40-43 1.3-2.0 1.80 -0.6 5-6
High Meodulus 600-800 50-65 0.7-1.0 1.90 -0.75 58
Pitch Based Carbon
Low Modulus 200-450 25-35 0.9 19 - 11
High Modulus 275-400 55-80 05 2.0 -0.8 1"
Ultra High Modulus 350 100-140 0.3 22 -1.6 10

Note: Reprasentative only. For specific properties, contact the fiber manufacturer.

Figure 1.7: Different reinforcement systems
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Figure 1.8: Manufacturing of a composite laminate
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2. MODELING OF SPECIMEN FOR TENSILE TEST

2.1 Introduction

2.1.1 Tensile test of a material

The tensile test is the most basic mechanical test that can be performed while characterizing a
material. In this test, the specimens are subjected to a tensile load until they reach their fracture
point. The behavior of the material under a tensile load is determined. The data that is obtained
from these tests is further used to determine properties like the ultimate tensile strength, yield
strength and also the elongation of the specimen at fracture. Some of the elastic constants are also

obtained from this data.

When a composite material is under tension, the load is typically carried by both the fiber and the
matrix. For a brittle fiber and a ductile matrix, there are three stages as shown in Figure 9 (In
Appendix). Stage 1 comprises elastic deformation, in stage 2 the fiber has elastic behavior whereas

the matrix has plastic behavior. In stage 3 both the matrix and the fiber have a plastic deformation.

2.1.2 Modeling in Abaqus

Abaqus is one of the most efficient software that is used to solve finite element problems of a wide
range. In this work, five different tests that are used to characterize a composite material were
modeled using Abaqus. The test specimens were modeled to full scale along with the glass fiber
tabbing on them to study the end effects of these tabs. The Double Cantilever Beam (DCB)
specimens were modeled with their respective stainless-steel hinges. These models hence act as

the digital twins for the actual specimen that are tested in the experiment.

The system of units is unique in Abaqus and care has to be taken that there is consistency in
entering the values as input. For all the modeling that was carried out in this work, the following
units were used:

Length (mm), Force (N), Mass (tonne; 103kg), Time (s), Stress (MPa), Energy (mJ; 1073)),

Densit (tonne)
ensi
Y mm3
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2.1.3 Constitutive relations

Stress and strain are the most basic terms in the mechanics of materials. Tensile tests are used to
plot the stress versus strain plots. The following equations are the basic descriptions of stress and

strain:

Force

" Area
_ AL

€T

Where stress is defined as the force acting per unit cross-section area and strain is defined as the

ratio of change in length to the original length of the sample. Young’s modulus or elastic modulus
is the measure of the stiffness of a material. It relates the proportion of stress to strain under elastic
deformation. The relation is known as Hooke’s law and is formulated as,

oc=E=x¢
Figure 10 (In Appendix) shows a plot of stress versus strain for composite material. The
constitutive relations which determine the mechanical properties of the material are listed as

1 aul- N auj
&= —| — —
Y 2 axj axi
Eijkt t Ekiij — Erik — Eikji = 0

9jij +fi =0

follows:

Oij = fij(5111522:€33;523:513;512)

2.1.3.1 Young’s Modulus

The Young’s modulus of composite material is determined by the rules of mixtures. The strength
of the composite, when measured along the direction of the fibers, is known as the longitudinal
strength. If the load is applied parallel to the fiber direction, the fiber and the matrix have the same
strain and hence deform the same amount as in the following equation:

Ec =& =&ny
Assuming a length of 1, hence, considering the areas as volumes, and applying the equal strain
condition, the rules of mixtures can be applied to calculate the young’s modulus as follows:

E. = EfVy + EpVpn
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The strength of a composite when measured perpendicular to the fiber direction is known as
transverse loading. In this case, the loads on the matrix and the fiber are equal, hence

P.=P; =Py,
The area normal to the loading direction is equal. Hence, the constituent stresses are equal as
follows:

O = 0f = Oy
For an iso-stress case, substituting these relations, we get,

Er E;

Em  EnVi+EfV,

2.1.3.2 Ultimate Tensile Stress

Ultimate Tensile Stress is the maximum load the specimen can carry during the test. This value is
the strength of the specimen at its first fracture and may always not be equal to the strength at the

break. Tensile strength is defined as the ultimate stress at failure.

2.1.3.3 Poisson’s Ratio

Poisson’s ratio is defined as the ratio of transverse contraction strain to longitudinal extension
strain in the direction in which the stretching force acts. In this experiment, only v;, and v,, were

considered and they can be formulated as follows:

—& —&

Vig =——, Vo1 = ——
& &

2.2 Overview of the experimental procedure

2.2.1 Testing of the specimen in MTS

The composites in which the fibers are continuously aligned along the axis have high strengths as
they have high orthotropy. These laminates are strong longitudinally, whereas, they are weak
transversely. This is because the orthotropic fibers are capable of carrying higher tensile loads
along their length than an isotropic matrix. The test method that was used was an ASTM
D3039/D3039M standard (test fixture as shown in figure 1).
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Figure 2.1: ASTM D3039/D3039M test fixture
(Image from Experimental characterization of advanced composite materials (2014))

Wedged hydraulic grips are used in these tests. These grips perform well. But, they are heavier
and bulkier than the mechanical wedge grips. These grips can also be changed if more friction has
to be given to the specimens. The transfer of this load onto the specimen is very crucial. For high
stress-bearing structures, holes cannot be drilled through them for the fixture as it might lead to
local failure around the holes due to high-stress concentrations. Hence, clamping grips or tabs are
used on the specimen. In this method, the load is transferred onto the specimen by shear on the
clamp-specimen interface. Figure 2 shows the different types of test specimen geometries. These
tabs are used to protect the end of the specimen from the grip damage. But they induce stress

concentrations due to sudden change in the thickness.

(a) Dog bone samples

. = 1
i 1

(b) End-tabbed samples

Figure 2.2: Tensile test specimen geometries
(Image from Experimental characterization of advanced composite materials (2014))

44



The geometry of the test specimens was also set according to the standards. This was done to avoid
the loading eccentricities on the sample. The typical width of a 0° laminate with 6-8 plies is 12.7
mm width and for a 90° laminate with 16-24 plies, the width is 25 mm. The tab length is required
to be greater than 38 mm and its thickness should be between 1.6-3.2 mm. The gauge length should
be between 125-155 mm.

2.2.2 Digital Image Correlation

Digital Image Correlation (DIC) is an optical method that is used to measure the deformation on
the surface of an object. This method tracks the changes in the speckle pattern on the sample. It is
then used to determine the displacement and further translated into the strain field. Two cameras

were used in order to generate a 3Dimensional image of the sample.

2.3 Micromechanical Analysis

A micromechanical analysis was done for the three laminates to predict the material properties.
The material properties of the fiber and the matrix were considered and the properties of the
laminate were calculated by Representative Volume Element (RVE) method, where a hexagonal
unit cell was considered. Figure 3 shows an RVE with a mesh size of 0.01 and a one-dimensional

SG element.
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Figure 2.3: Simulation images from SwiftComp
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The data for the stiffness, compliance matrices along with the elastic constants for the three
laminates is given in Figure 4. It can be observed that the values of the elastic constants are the

same for the [90]g and [90],, samples and the data for the [0]g sample is the same as the data

obtained for the composite laminate in general.

The Effective Stiffness Matrix
1.37308533E+11 7.59468262E+09 7.5945303E+08 2.8212529H03 0.0000000E+00 0O.0000000E+00
7.35946262E+09 1.4137955E+10 S9.0471836E+09 1.9126601E+04 0.0000000E+00 0. 0000000E+QQ
7.59468303E+09 9.0471836E+09  1.4137972E+10 -8.0798684E+03 0.0000000E+0QQ0 0. 0000QQ00E+QQ
2.8212529E+03 1.91268601E+04 -8,07986B4E+03 2.5454251H05 0.0000000E+00 0O.0000000E+00
0.0000000E+00 0.0000000E+R0 O.0000000E+00 0O.0000000E+0Q 3.9901516E+08 3. 7556265E+04
0. 0000000E+00 0.0000000E00 0O.0000000E+OD  O.000D0D0OE+DO  3.7556265E+04 3.9900536E+09
The Effective Compliance Matrix
7.35517365E- 12 -2.4736807E- 12 -2.4736790E-12 2.3653203E-18 0.0000000E+0Q0 0.0000Q000E+QQ
-2.4736807E- 12 1.20359267E-10 -7.5B40857E-11 -1.1441444E-15 0.0000000E+Q00 0.0000000E+Q0
-2.4736790E-12 -7.5B40957E-11 1.20589253E-10 S5.5541228E-16 0.0000000E+00 0O.0000000E+HBO
2.3653203E- 18 -1.1441444E-15 9.5541228E-16 3.928B6169E-10 0.0000000E+00 0. 0000000E+QQ
0.0000000E+00 0.0000000EHR0 O.00C0C0000E00 0O.00000R0E+0Q  2.5061704E-10 -2.3589198E-15
0.0000000E+00 0,0000000E+00 O.0000000E+OD  O.000D000E+DO -2.358B919B8E-15  2.5062257E- 10
The Engineering Constants (Approximated as Orthotropic)
El = 1.3241987E+11
E2 = 8, 292378309
E3z = 8.2923878H09
Glz = 3. 990063609
Gl3 = 3.59901516E+09
G23 = 2.5454251E09
nula= 3. 2756440E- 01
nul3= 3. 2756426E- 01
nu23= 5.2890190E- 01

() [0]

Figure 2.4: SwiftComp simulation results

47



Effective Stiffness Matrix

LA4137956EH10
. S946262E+09
.D471836E+09
. DO00EO0E+00
. 000C0000E+0O
. 7978495E- 08

Effective Compliance Matrix

. S946262E+09
.3739533E+11
. 584630309
Molelelolololo]= Jolo]
Bolelelolololo]= Jolo]

Figure 2.4 continued

047183609
. 59463035+09
L41379726+10
Molelalolalalol= JO10]
flolclololelelol= Jo10]

.4593589E- 06 -8.8943237E-08

LA736808E-12 -7.5840956E-11
.53517368E-12 -2.4736731E-12

. 2008267E- 10
LA736808E- 12
.SB40956E- 11
Rlololololnlelo/ = JoT0]
Rlolclololelalol=do10]
. 7A492583E- 28

Engineering

LA736791E-12
Blolelelolololo]= Jolo]
Molelelolololo]= Jolo]
.4118447E- 26

oo

. 2059253E- 10
Rlololololelelol= JOT0]
Rlolelololelalol= JO10]
.9849001E- 27

CDoDwWwooo

DDmMNo oo

. D000000E+00
. OO0OOO0E+QO
. O00OOO0E+QO
.8901516E+09
.B463984E- 08
. OO0OOOOE+QO

. D000000E+0Q
. 0000000E+00
. O00OOOOE+QO
. D061704E- 10
L 7099723E-27
. O00OOOOE+QO

Constants (Approximated as Orthotropic)

WKWK WD om

. 2923783609
L3241987E+11
L 2923878E+09
. S900636E+09
. S45A251E+09
.B901516E+09
.0512697E- 02
. 2B90190E- 01
L 2756426E-01

Effective Stiffness Matrix

. 4137956+ 10
. SD46262E+08
. 047183608
Aolololalalole) = Jolo]
Aolololalalole) = Jolo]
. 7978485E- 08

Effective Compliance Matrix

. S946262E+09
. 3739533E+11
. S945303E+09
Molelalalolole=ol0]
Molelalalololel= (o]
.4593589E-06 -

8.

. 047183609
.SD46303+08
4137972610
Mololelalelolo=Jol0]
Molololalelolo= o 0]

B943237E- 08

. 2059267E- 10
.A736808E- 12
. 5B40856E- 11
Aolololalalole) = Jolo]
flolelolelalolols Jelo]
. 7492583E- 28

Engilneering

L4736808E-12 -
.5317368E-12 -
LA736791E-12
. 000000OE+CD
Blolelolelololol= Jol0]
LA4118447E-26

P
2.

moo-

SB40956E- 11
4736791E- 12

. 2059253E- 10
Mololololelolo=Jo 0]
. Q000000E+OO
.9B42001E- 27

[ofwENNoRoNoC]

[of+N NN oRoNo]

Aololelelololo S ool
Rololalelelolo) S ool
. O0000OOE+CO
.9901516E+08
. B463984E- 08
Mololelelelolo) S ool

. D000000E+0Q
Mololelelelolo) S o]
fololalalololo) = Jolo]
.S0E1704E- 10
. 7089723E-27
. D000000E+00

Constants (Approximated as Orthotropic)

W ok Wk Wo - o

. 2923783E+08
.3241987E+11
. 292387805
. O900E36E+03
. S454251 08
.9901516E+08
.0512697E- 02
. 2890150E- 01
. 27564 26E- 01

(c) [90]46

48

oSN NoNoNol

WO ooo

[of SN RoRoNol

QWO o oo

. D000000E00
Molololalelelol= Jolo]
Molololalelolo]= Jolo]
. B453984E- 08
L S454251E+09
Molololalelelo= Jolo]

. D00O0000E+00
. D0000O0E00
Bolololalelelo= Jolo]
. 7O0S8723E- 27
. 9286169E- 10
Molololelelelo= dol0]

Molelelololole/= Jol0]
. 00000QOE+OO
. O000000E+0O
. 8463984E- 08
. S454251E+09
Molelelolololel= Jol0]

. 0000000E+00
Molelelolololel= 0l0]
Molelalololole/=dol0]
. 7099723E- 27
. 92B6169E- 10
. O000000E+00

MOoODomDHE M

W oom=-lm

Wo oo~ o

MNODODOHN

. 7978495E- 08
.4593589E- 06
.B843237VE- 08
. QO00000E+00
. D000000E+00
. S500636E+09

. 7492583E- 28
L4118447E- 25
.SB49001E- 27
. D000000E+Q00
. Q000000E+00
.SO62257E- 10

. 7978455E- 08
.4593585E- 08
.B943237E-08
Molololalalola) S Jolo]
Molololalalola) = Jolo]
. 9900E36E+03

. 7492583E- 28
.4118447E- 26
.9B849001E- 27
Alolololelalola) = Jolo]
. Q000000E+H00
. SO62257E- 10



2.4 Comparison of experimental and simulation results

Tensile tests on the 0° and 90° samples are very crucial to determine the values of the longitudinal
and transverse Young’s modulus and Poisson’s ratio on a composite laminate. It was observed that
the 0° sample was much stiffer than the 90° sample as all the fibers were aligned along the loading
direction. These properties along with the tensile strength are intrinsic to the material and they do
not depend on the thickness of the specimen. Hence, the properties obtained for the [90]g and the
[90],, samples were very close to each other. The 0° samples were used to obtain the values of E;
and v, and the 90° samples were used to calculate the E, of the material. The value of v,; was
obtained from these 3 values by utilizing the symmetric property of the compliance matrix. The 0°
samples also appeared to stiffen with the application of the load and this might be because the
fibers get aligned along the direction of the load and hence make it stiffer along the loading

direction.
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Table 1 shows the values of Young’s modulus and the Poisson’s ratio that were obtained for each

of the [0]g samples and Table 2 shows the statistical values of a combination of these values.

Table 2.1: Sample-wise data for [0]g

Sample Tensile Modulus, E1 Poisons Tensile
(GPa) ratio, viz Strength
X1 (MPa)

0.001 to 0.008 to

0.003 pe 0.0014 pe
1 108.605 123.521 0.336 1890.650
2 101.849 115.741 0.465 1730.500
3 104.588 119.594 0.366 1868.974
4 102.653 120.652 0.304 1755.318
5 106.227 121.331 0.305 1841.700
6 108.911 124.365 0.413 1884.959
7 104.182 120.478 0.337 1862.802
8 113.141 123.057 0.419 1922.212
9 110.208 122.632 0.413 1818.364
10 105.550 120.514 0.335 1872.303
11 112.314 125.278 0.349 1873.674

Table 2.2: Statistical averages of properties of [0]g

Mean Standard Co-variance
deviation
E1(GPa) 107.112 3.798 3.545
E1 Tangent Modulus 121.564 2.642 2.173
V12 0.367 0.053 14.320
X1(MPa) 1847.405 58.233 3.152
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Table 3 consists of specimen-wise data for the elastic constants and Table 4 consists of the
statistical averages of the data for the [90]g samples. Table 5 consists of specimen-wise data for
the elastic constants and Table 6 consists of the statistical averages of the data for the [90],,

samples.

Table 2.3: Sample-wise data for [90]g

Sample Tensile Poisons ratio, Tensile
Modulus, E2 V21 Strength X2

(GPa) (MPa)

1 6.910 0.005 52.765
2 6.574 0.021 54.832
3 6.932 0.001 54.785
4 7.095 0.053 57.474
5 6.928 -0.007 51.342
6 7.225 0.041 53.370
7 7.038 -0.061 58.419
8 7.451 0.074 48.303
9 7.250 0.020 50.545

Table 2.4: Statistical averages of properties of [90]g

Mean Standard | Co-variance
deviation
E>(GPa) 7.045 0.252 3.578
V21 0.016 0.039 240.217
X2(MPa) 53.537 3.247 6.065
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Table 2.5: Sample-wise data for [90] ¢

Sample Tensile Modulus, | Poisons ratio, | Tensile Strength
E2 (GPa) Va1 (MPa), X2
1 7.518 -0.013 59.166
2 7.531 0.047 54.484
3 7.065 0.031 52.684
4 7.550 -0.017 58.856
5 6.993 0.045 52.721
6 7.143 0.014 57.965
7 7.426 0.025 59.108
8 7.671 0.012 59.352
9 1.747 0.048 59.309
10 7.617 -0.036 57.734

Table 2.6: Statistical averages of properties of [90]¢

Mean Standard | Co-variance
deviation
E>(GPa) 7.426 0.265 3.570
Va1 0.016 0.029 187.850
X2(MPa) 57.138 2.748 4.810

Table 7 shows the values of tensile modulus, Poisson’s ratio and the ultimate tensile strength of
the [0]g, [90]g and [90],, samples and Table 8 shows the data for [0]g samples compared with

the simulation results and the material datasheet. The values of v,, were calculated by using the
formula v,; = vy, (?) by utilizing the symmetry of the compliance matrix as the DIC is very
1

sensitive in obtaining this data.
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Table 2.7: Summary of material properties

[O]s [90]s [90]16

Tensile modulus 107.112 7.045 7.426
(GPa)

Poisson’s ratio 0.367 0.016 0.016

(0.024) (0.025)

Ultimate strength 1847.405 53.537 57.138
(MPa)

Table 2.8: Comparison of experimental, simulation data with material datasheet

Experimental results Simulation Material
results Data Sheet

Tensile 107.112 121.563 132.420 128.2

Modulus, E1
(GPa) (15.12% error) | (3.67% error)
0.001- 0.008-0.0014 pe
0.003 pe

Transverse 7.235 8.347 -
Modulus, E>

(GPa)

V12 0.367 0.327 -
Vo1 0.025 0.020 -

Tensile 1847.4 - 1834
strength, X1

(MPa) (0.72% error)

X1 (Method2*) 1711.650 1942.529
0.01598*107.1 | 0.01598*121.563

Tensile 55.34 - -
strength, X»

(MPa)
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After conducting all the experiments on the tensile coupons, the elastic constants were measured
and was compared to the values obtained from the simulation. Table 9 shows the comparison of

simulation and experimental data. The values are obtained to be very close to each other.

Table 2.9: Elastic constants from simulation and experiments

Elastic Constants Simulation Experiments
E; 132.4 GPa 128.2 GPa
E,= E; 8.3 GPa 7.4 GPa
G12= Gq3 4.0 GPa 3.9 GPa
623 25 GPa =
V12= V13 0.33 0.37
V23 063 =
@11 094 112
°C °C
— £ UE
#22 = X33 38.055 35.5—
°C °C

2.5 Specimen geometry and material properties

For all the tensile tests that are discussed in this document, 8-plied composite plates were used
with different stacking sequences. The off-axis tensile specimens were made to be half-inch (12.7
mm) wide and the other specimen was one inch (25.4 mm) wide. Figure 5 shows the geometry of
the tensile coupon modeled to full-scale with the glass fiber tabbing on both sides. The tabs were
modeled with a thickness of 3.175 mm (1/8"" inch) and a length of 50.8 mm (2 inches). Hence, the
gage length of the coupons was 152.4 mm (6 inches). The ply thickness was set to be 0.14224 mm
as obtained from the physical measurements of the test specimen. For the respective tests, there
can be small changes in the geometry of the coupons. The laminate is assumed to be perfectly
bonded to the tabs. But, this is a very basic outline of all the tensile coupons in general. The
specimens are modeled to have straight tabs. But, it is observed that the deformed tabs obtain an
oblique shape after the specimens undergo tensile loading. Hence, in most of the cases, the

experimental specimens are manufactured with oblique tabs. It can be observed that the transverse
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and the normal directions are along the Z and Y directions respectively in the Abaqus model.
Hence, the stresses, strains, and displacements have the respective nomenclatures. X, Y and Z

directions are denoted by 1, 2 and 3 respectively in the output parameters.

Figure 2.5: Geometry of the tensile coupons, One-inch width (Left), Half-inch width (Right)

2.5.1 Material Properties

The laminate was modeled to be an elastic orthotropic material with the material properties as
obtained from the micromechanical analysis of the fiber-matrix properties as shown in the
SwiftComp results for [0]g laminate in Figure 6. The elastic constants that were given as the input
for the lamina properties are as follows:
E; = 132419.87 MPa,E, = 8292.3783 MPa, E; = 8292.3878 MPa
Vi, = 0.32756449,v,5 = 0.32756426,v,5 = 0.6289019

Gy, = 3990.0636 MPa, Gz = 3990.1516 MPa, G,3 = 2545.4251 MPa
The main purpose of using the micromechanical analysis to get the material properties is that they
can be predicted from the details from the datasheet and hence, this method can be generalized to
any composite material system with any laminate orientation. Another method would be to use a
black Aluminum approach where the global elastic constants are predicted and they can be used
as input without having any separate orientations for each lamina. But this approach would not
give the variation of stresses across the thickness of the laminate and the properties would

constantly be varying every time the stacking sequence of the laminate is changed.
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All the tensile test specimens were modeled with elastic isotropic fiberglass tabs on them and the
input material properties for the tabs as obtained from their datasheet are as follows:
E =11721.0874 MPa,v = 0.3
The Double Cantilever Beam (DCB) specimen were modeled with stainless steel hinges on them
and the properties of those hinges are as follows:
E =210000 MPa,v = 0.3

2.5.2 Orientation of plies in the laminate

As mentioned in the previous section, since each of the laminae is modeled as an orthotropic
material, it is crucial to assign the material orientations accordingly. Hence, sections were created
across the thickness of the laminate and local material orientations were assigned. For the off-axis
tension test, 5 different laminates were modeled such as, [15]g, [30]g, [45]s, [60]g, [75]g. For the
laminate tension test, laminates with 4 different stacking sequences such as [0 / +45 /90], [0, /
+45],,[90, / £45],,[£30 ],,. For the open-hole tension test, 3 laminates with three different
hole sizes were modeled with stacking sequences as [0,/+45],, [0 / £45 /90],, [+30 ],, and the
CTE analysis conducted for the [+30 |, laminate. For the test on free-edge effects, two different
laminates, [+30 |, and [+30/90,], were compared. The Double Cantilever Beam (DCB) test
was modeled for [0],4 Specimen.

Since local material orientations were assigned for each ply individually, while post-processing
the data it is very crucial to transforming all the results back to the global coordinate system in

order to obtain the global displacements, stresses, and strains.

2.6 Mesh Parameters and convergence studies

A structured mesh with a mesh type of an 8-node linear brick, reduced integration, hourglass
control with a global size of 1 was used to mesh the part. Few edges were seeded by assigning
them a certain number of nodes for more accuracy of solutions at those locations. Each ply was
seeded with 4 elements across the thickness. Each of the tabs was also seeded with 6 elements
across the thickness. Figure 6 shows the mesh on half-inch (12.7 mm) and one-inch (25.4 mm)
wide tensile coupons along with the seeded edges. The former and the latter parts have a total of

121576 and 233800 elements on them respectively.
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(@) Seeded edges at the laminate and the tabs

A

z X

(b) Mesh on the entire coupon (width: 12.7 mm)

Figure 2.6: Mesh on the tensile test part geometries
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Figure 2.6 continued

(c) Mesh on the entire coupon (width: 25.4 mm)

A mesh convergence study was carried out for the parameters described in Table 10. Figure 9 also
shows the variation of these parameters with the number of elements in the model. The number of
elements is varied depending on the global mesh size that was assigned to the geometry. This study
was done to check the variation of parameters with the increase in the number of elements in the
geometry. Hence, the computational time can be significantly reduced when the number of
elements is reduced without significantly reducing the parameters that are studied. Two plots are
made for mesh convergence because of the difference in the scale and to make the plots more
defined.
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Table 2.10: Mesh convergence study data for tensile test specimen

Figure 2.7: Mesh convergence study plots for tensile test specimen
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Mesh Size Number of Number of Max S. Mises Max S11 Max RF
elements nodes (MPa) (MPa) mag
(N)
0.5 468400 501852 1120.8 1156.8 57.93
0.6 327768 353958 1120.5 1156.4 57.62
0.7 241200 262599 1119.6 1155.9 57.32
0.8 187200 205275 11194 1155.2 57.11
0.9 144704 160110 1119 1154.8 56.85
1 121576 135282 1118 1154 56.16
1.1 101952 114192 1110.6 1148.7 58.31
1.2 85360 96336 1092 11294 86.65
1.3 71760 81708 1075.6 1102.6 94.81
1.4 59904 68940 1010.9 1047.6 100.8
1.5 50048 58347 1006 1035 121.2
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2.7 Boundary and Load conditions

The sample is gripped by the wedges in the MTS. The grips apply a pressure of 1500 psi (10.3421
N/mm?) on the surface of the tabs. The movement of the sample is restricted in the transverse and
the normal directions and the load is applied on one side of the sample by using a method of
displacement control where the rate of displacement is 2mm/min. This load is applied in a quasi-
static manner where a displacement of 2 mm is applied for a time period of 60s. Figure 8 shows
the load and boundary conditions applied to the sample. The grip pressure is applied on the sample
as a ‘Total Force’ where the pressure is uniformly distributed and its magnitude is the total

magnitude of the applied force.

Figure 2.8: Load and Boundary Conditions on the tensile coupon

2.8 Step Outputs

A step was created with a type of static, general and the simulation was run for a time period of 60
s with the initial and maximum increment size of 1 and a minimum increment of 0.0006. The
maximum number of increments was set to be 100. All the loads and boundary conditions were
applied in this step in linear increments. Each unit time interval displays how the tensile coupon

deforms at every second and how the stresses and strains are varied gradually.
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Hence, a linear elastic analysis was carried out for the tensile tests and the results were analyzed

for the different outputs that are required from the respective tests.
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2.10 Appendix

2.10.1 Arc-Resistant GP03 Fibre Glass sheet Data Sheet:
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2.10.2 Poisson’s Ratio data:
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2.10.3 Images

Fiber
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Figure 2.9: Mechanical behavior of composites

O b/~

Figure 2.10: Stress-strain curve for matrix and fibers
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3. MODELING OF SPECIMEN FOR CTE TEST

3.1 Introduction

3.1.1 Coefficient of Thermal Expansion (CTE)

The coefficient of thermal expansion (CTE) is a material property that is indicative of the extent
to which a material expands upon heating. It is related to the binding energy of the material. Larger
the bonding energy, lower the CTE of the material. The thermal expansion is due to the asymmetric
curvature of the potential energy trough as shown in Figure 1a. It is also reflected by an increase

in the average interatomic distance as shown in Figure 1b.

Interatomic distance Interatomic distance

o
=
w

Potential energy

Potential energy
Vibrational energies

]

ra

Vibrational energies

S

r

By oMo N
w

=

(a) (&)

Figure 3.1: Potential Energy Vs interatomic distance

(Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed)

For polymers, the magnitude of CTE reduces with the increase in crosslinking. The lowest CTE is
found in the thermosetting network of polymers where the covalent bonds are strong. Figure 2

shows the different kinds of cross-linking in polymers.
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Figure 3.2: Different types of cross-linking in polymers

(Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed)
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Composites are used in the temperature ranges between -50 °C to 170 °C in the aerospace industry.
Hence, it is very important to analyze their properties between wide ranges of temperatures. CTE
is often defined by the glass transition temperatures of the material. Glass transition temperature
of a material can be defined as the temperature, below which the physical properties of plastics
change to those of a glassy or crystalline state. The material is hard and brittle below the glass
transition temperature and it is soft, flexible and in a rubbery state above the glass transition
temperature. Figure 3 shows the variation of the physical property of the material with respect to

temperature.

PROPERTY CHANGE

Hard & Glassy Soft & Rubbery

Glass Transition
(Te)
Region

Modulus / Hardness

Physical Property

Dimension / Volume

Figure 3.3: Variation of the physical property with temperature
(Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed)

3.1.2 Constitutive relations for thermal expansion

The thermal expansion of a body is defined as the change in dimensions of it as a result of the
change in temperature. There are many structures that undergo a change in temperature as they are
subjected to different conditions as a part of their application. The coefficient of thermal expansion

of a material is defined as follows:

Ae
AT
Where Ae is the increment of strain for an unconstrained material that is subjected to a temperature

a

change of AT. Hence, for small temperature ranges, thermal expansion of uniform linear objects
is proportional to the temperature change. If the value of CTE of material is negative, it implies
that it contracts upon heating. Composite laminae are orthotropic and hence, the in-plane thermal

deformation in the orthotropic composite lamina can be given by:
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Agq Ag,
a; = EF ap = AT
Where Ae; and Ae, are the thermally induced strains in the principal material directions. Hyer and
Wass determined a self-consistent field relationship for CTE which is given by the following
equations. Here, the fiber(f) and matrix(m) properties are used to determine the values of CTE in
the principal material coordinate system.
@ = a17E f Ve + OBV
EifVe+ EnVn

ayfE 1 fVtamEmVm
E1fVf+EmVm

a, = a3 = (azf + vlzfalf)Vf +a,(1+ vm)(l — Vf) - (vlszf + vme) [
The composite laminates exhibit transversely isotropic CTEs and its value in the fiber direction is
close to zero. The CTE of the matrix phase is restricted by the fibers in the fiber direction. The
laminates expand more in the transverse direction as the CTE is unconstrained by the fibers in the

transverse direction.

3.1.3 Residual stresses in composite laminates

Residual stresses can be defined as the internal stress distributions that are locked into the material.
They are present even after the external loading forces have been removed. These stresses can be
caused by thermal stresses and chemical shrinkage in composites and are a result of the material
obtaining equilibrium after it has undergone plastic deformation. A unidirectional laminate has no
residual stresses in the ply-scale as there is no inhibition to its desire to expand in the transverse
direction, whereas, in a cross-ply laminate, the expansion of one layer is restrained by its
neighboring layer that desires to expand in the opposite direction. This leads to the formation of
stresses between the layers. Figure 4 shows the constrained and unconstrained expansions in

unidirectional ply and cross-ply laminates respectively.
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Figure 3.4: Unconstrained and constrained expansion in unidirectional and cross-ply laminates
(Image from Multiscale Structural Mechanics (2017))

3.1.4 Coefficient of Thermal Expansion for composite laminates

The coefficient of thermal expansion in a composite laminate can be determined theoretically by
using composite laminate plate theory. It assumes the thickness of the laminate is much smaller
than its length or width, which allows the elimination of out of plane shear and strain. The stiffness
form of the laminate constitutive relations is written as follows:
0
=15 oIl
Where N is the force per unit width, M is the laminate resultant moment per unit width, ° are the
mid-plane strains x are the laminate mid-plane curvatures. The following equation represents the
compliance form of the laminate constitutive equations as follows:
0
(115 20
For a symmetric and balanced laminate, b = ¢ = 0 and hence, the equation reduces to the
following:
=15 Sl
K 0 dilm
For a thermal analysis, N7 and MT are thermally induced forces and moments. In this experiment,

MT = 0. Hence, the equation is reduced to the following:
[£°] = [a][NT]

[x] = [0]
gx all a12 O N;
[gy] = [alz Az O ||N]
Vxy 0 0 Qe 0
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Yxy = 0 shows that the balanced laminate will not deform in shear due to the temperature change.
Hence, reducing to the in-plane terms, we get the following relation:

[32] _ [A11 1‘112]_1 leT]

839 A Az N;
Combining the equation with the relation of the CTE, L = Ly(1 + a4T), we get the following

relation:

[axAT] __[A11 AIZ]‘l NT
ayAT]| A1, Azl |Ny

e

T T
_ alle + alzNy

Ox = AT
_ a12N£ + azzN;‘
%y = AT

3.2 Overview of the experimental procedure

The procedure carried out in this experiment is not the ASTM standard and the most commonly
used ASTM standards used to estimate the coefficient of thermal expansion are D696 and E228
which use a push rod dilatometer for a temperature range of —-30 to 30°C and —180 to
900 °C respectively. E289 is another method using an interferometer which is a non-contact and
absolute measurement that is suitable for low CTEs as in the case of a fiber. The precision is greater
than 40 nm/m/K. Figure 16 (In Appendix) shows the pushrod dilatometer that is used for the
determination of CTE with ASTM standards.

3.2.1 Set-up of the experiment
The samples ([+30],, laminates) were prepared and speckled using the high-temperature paint.
Holes of two sizes of diameter, % (3.175 mm) and %4” (6.35 mm) were drilled on the laminates.

Only one layer of the paint was applied as the CTE of the material is quite low and if more layers
of paint are applied, we would measure the CTE along with the CTE of the paint. Figure 5 shows
the speckled samples that were used for the CTE analysis. INSTEC temperature controller was

used to create the recipe and the sample was placed in the set-up to conduct the analysis. DIC set-
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up was used for obtaining the 2D strain on the specimen. Only one camera was used in this case
and the aperture was set in such a way that the displacement of the sample is perpendicular to it.
It is ensured that the specimen has proper lighting and focus and the program is run with the set
recipe. Figure 6b shows the extent of the focus of the specimen. It can be seen that the specimen
is properly focused for the analysis.

Figure 7 shows the INSTEC mk2000 temperature controller that was used to conduct the analysis.
The temperature stability is + 0.01 °C and it has a temperature resolution of + 0.1 °C. Figure 7b
shows the experimental set-up and the apparatus used for CTE analysis.

The DIC images were taken every 15 seconds and the temperature data is taken about once every
second and is automatically written into a file. Figure 6b shows the DIC set focusing on the sample.
An area of interest is chosen on the DIC images as shown in Figure 8. The area is partitioned into
50 subsets and the strain data was averaged within each subset. All the DIC images are analyzed
according to the area of interest and the strain is collected into a single data file. Figure 9 shows
the variation of X for the cooling cycle and the variation of Y for the heating cycle on the specimen
with a hole diameter of 3.683 mm. To avoid the free-edge effects around the hole, the region

surrounding it is removed during the analysis.

Ao A

ok
A g

“/(3; 1A X

Figure 3.5: Speckled specimen before analysis
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INSTEC

hitp:/Iwww.instec.com

(a) Placement of the sample
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|FPS:75. Imm 1w {50° " Use mouse wheel to zoom.

(b) Focus of sample in DIC

Figure 3.6: Set-up of the specimen in the apparatus
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(a) INSTEC mk2000 temperature controller (b) Experimental apparatus

Figure 3.7: Apparatus
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Figure 3.8: DIC analysis of the sample with two different regions of interest
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Figure 3.9: X and Y deformation on the sample with a hole diameter 3.683 mm for cooling (left)
and heating (right) cycles respectively with a maximum temperature of 100°C

The samples were heated or cooled with a series of steps with two stages. Stage 1 was where they
were heated or cooled 10 degrees at a rate of 4 °C/min and stage 2 was where they were held at
the same temperature for 5 minutes. In the heating cycle, the samples were heated from 30 °C to
180 °C and brought back to 30 °C. In the cooling cycle, the samples were cooled from 20 °C to -
50 °C and brought back to 20 °C.

3.2.2 Prediction of CTE from cdmHUB data

Figure 11 shows the properties obtained from cdmHUB for the [+30],, laminate. It can be
observed that the CTE is predicted to be negative in the longitudinal direction and positive in the
transverse directions. This implies that the sample shrinks in the longitudinal direction when it is
heated.
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Figure 3.10: Laminate properties from cdmHUB for [+30],,

3.3 Comparison of cdmHUB results with experimental data

Tables 1 shows the comparison of the CTE data from the experiment with the results obtained

from cdmHUB. The average values of a; was obtained to be -8.83 ue/°C and -2.75 pe/°C for

heating and cooling respectively. Similarly, the average values of a, was obtained to be 31.95

ue/°C and 18.5 pe/°C for heating and cooling respectively. The average value of the heating and

cooling cycles was obtained to be close to the experiment.

Table 3.1: Comparison of CTE data for [+30],

Laminate Analytical Experiment Experiment
CTE (ue/°C) heating cycle cooling cycle
(ue/°C) (ue/°C)
a, —4.5 —8.83 —2.75
ay 241 31.95 18.5

3.4 Specimen geometry and material properties

Average from
experiment
(ue/°C)
—5.79
25.23

For the CTE tests that are discussed in this document, 8-plied composite plates with a stacking

sequence of [+30],, were used. The specimens were manufactured in such a way that they have

dimensions of a square with a side of one-inch (25.4 mm). Figure 12 shows the geometry of the

CTE specimen modeled to full-scale with holes of two sizes of diameter [1/
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8” (3.175 mm) and %4” (6.35 mm)] cut through them. The ply thickness was set to be 0.14224
mm as obtained from the physical measurements of the test specimen. They were modeled as a
squared specimen with a side of one-inch (25.4 mm).

The input of lamina material properties for the CTE specimen is the same as the tensile test
specimen. However, in the definition of material behavior, a tab for expansion was also created

defining the values of Co-efficient of Thermal Expansion (CTE) for the orthotropic lamina at a

reference temperature of 20° C. The values of lamina CTE that were given as input are as follows:
a1 = 0.898 ue/°C, ay, = az3 = 38 ue/°C

Figure 3.11: Geometry of the CTE specimen, 1/8-inch hole diameter (Left), 1/4-inch hole
diameter (Right)

3.5 Mesh Parameters and convergence studies

A structured mesh with a mesh type of an 8-node linear brick, reduced integration, hourglass
control with a global size of 0.3 was used to mesh the part. Few edges were seeded by assigning
them a certain number of nodes for more accuracy of solutions at those locations. Each ply was
seeded with 4 elements across the thickness. The region around the hole was seeded with 40
elements along the circumference. Figure 13 shows the mesh on the CTE specimen with two
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different sizes of hole diameter [1/8” (3.175 mm) and %” (6.35 mm)] through them. The former
and the latter parts have a total of 216800 and 195968 elements on them respectively. Different
sections were created on the part (as shown in Figure 12) in order to get a structured mesh around
the hole.

A

Figure 3.12: Mesh on the CTE part geometries

A mesh convergence study was carried out for the parameters described in Table 2. Figure 14 also
shows the variation of these parameters with the number of elements in the model. The number of
elements is varied depending on the global mesh size that was assigned to the geometry. This study
was done to check the variation of parameters with the increase in the number of elements in the
geometry. Hence, the computational time can be significantly reduced when the number of
elements is reduced without significantly reducing the parameters that are studied. Two plots are
made for mesh convergence because of the difference in the scale and to make the plots more
defined.
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Table 3.2: Mesh convergence study data for CTE specimen

Mesh Size Number of Number of Max S. Mises Max S11 Max E22
elements nodes (MPa) (MPa)
0.1 1899008 1975512 3787.9 1150.7 0.216
0.2 476800 500610 3786.2 1149.2 0.214
0.3 216800 229746 3785 1148 0.213
0.4 129152 138072 3672.4 1042.5 0.204
0.5 79360 85800 3467 984.6 0.192
0.6 55808 60984 3258 911.3 0.175
0.7 42112 46464 3174 900.6 0.1742
0.8 33408 37224 3125 889.1 0.1659
0.9 25728 29040 2987 876.4 0.1634
1 22272 25344 2935 863.7 0.1621
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Figure 3.13: Mesh convergence study plots for CTE specimen

3.6 Boundary and Load conditions

As described in the experimental procedure section, the samples were placed in INSTEC mk2000
temperature controller to conduct the tests. They were modeled ensuring that the boundary
conditions are the same as the test apparatus. In order to avoid free body translation, the two

mutually perpendicular midplanes of the specimen were constrained from the motion along X and
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Y directions respectively. The bottom face was constrained from movement along the Z direction.

Figure 15 shows the boundary conditions applied to the specimen.

Figure 3.14: Boundary conditions on CTE specimen

For applying the temperature boundary conditions on the specimen, predefined fields were created
for both the initial conditions and for the temperature ramp to be applied in the step. The predefined
field was temperature and it was set to be constant throughout the region that contained the
specimen. The initial value of the temperature was set to be 30°C for the heating cycles and 20°C
for the cooling cycles. The magnitudes of temperature in heating and cooling ramps were given as

an amplitude as shown in Figure 16. The ramp was an increase or decrease of 10°C at a rate of
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49C /min and the specimen was held at that temperature for 5 minutes. The maximum temperature
in the heating cycle was 180°C and the minimum temperature in the cooling cycle was —100°C
according to the limitations of the experimental apparatus. The heating cycle has a total time period
of 13200 s and the cooling cycle has a total time period of 10500 s. For the first half of these cycles,
the temperature is ramped to reach the maximum or the minimum value and in the second half, it
is brought back to room temperature. Simulations were also carried out for the cooling cycle with
a minimum temperature of —180°C. This was done to compare the variation of deformation

between 180°C and —180°C since there is no limitation on the minimum temperature in Abaqus.

Temperature ramp for heating cycle Temperature ramp for cooling cycle
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Figure 3.15: Load and Boundary Conditions on the tensile coupon

3.7 Step Outputs

A step was created with a type of static, general and the simulation was run for a time period of 1s
with the initial and maximum increment size of 1 and a minimum increment of 1e-5. The maximum
number of increments was set to be 100. All the loads and boundary conditions were applied in
this step in linear increments. The whole analysis was carried out in this single step as the main
output required was the final deformation of the laminate and not on how it deforms for every unit

time interval.
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3.9 Appendix
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Figure 3.16: Pushrod dilatometer
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4. OFF AXIS TENSION

4.1 Introduction

4.1.1 Analysis of shear strength

In the characterization of a composite laminate, it is very important to analyze its shear strength.
This is because most of the applications of the composite materials are not in the axial loading
direction and the overall strength of the composite material depends on the shear strength of the
material. Typically, [+ 45] laminates were used to calculate the shear properties of the material.
But, the fracture mechanism in these laminates is quite difficult to analyze due to the complex
interactions between the +45° and -45° plies which causes difficulty in defining locations where
the ply failure may happen. For this reason, the off-axis tensile test is used where the laminates are
designed to have failures that are shear-dominated.

The plane stress reduced stiffness and compliance matrices in the laminate coordinate system are
as follows:

oy m?  n? 2mn ][ %
oyl =| n*> m? —2mn Oy
T12 —mn mn (m?—n?)]1Txy
€ m? n? mn [ &
& |=| n? m? —mn &y
Y12 =2mn 2mn  (m?—n?)11Vxy
m = cosf
n = sin6

For the off-axis specimen, the loading is only in the axial direction and hence, the stress in the

transverse direction and the shear strain are zero. Hence, for this specimen, the compliance matrix

is given as follows:

Ex _11 512 516
[‘Sylz 512 522 SZ6 [ ]
Vxy Si6 Sa6  Ses

Since the values of g, and 7,,, are zero for the specimen, the matrix can be reduced as follows:
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1
Ex Si1 [_ /Ex ]
[83’]:0'9: Siz :O'xi

Yxy Sie lr]x’xy/ J

&  Spp
Vyy = —— = —=—
Ex S11
n _ VYxy  Si6
XXy — -
&  Sia

The in-plane shear modulus can be calculated as follows where m = cosf andn = siné

T12 mno,

Yiz 2mn(e, — &,) + (M2 — n?)y,,

Gz =

4.1.2 Effect of end-constraints (tabs) on the test specimen

The off-axis specimen tends to deform at the ends due to the shear when they are free. But, when
it is constrained by tabs on the ends, it gets constrained leading to a more complex loading state.

This causes the specimen to deform in an S-shape as shown in Figure 21 (in Appendix).

It can be observed that the value of G,, can be calculated from the material properties and can be
compared against the experimental values. However, these equations assume that the specimen is
allowed to freely deform under the load. But, the specimens are gripped using the tabs and hence,
they are constrained leading to a complex loading condition as shown in Figure 21. Hence, to
correct the effects of the constraint due to tabs on the ends, the following equation is used for the
calculation of Young’s modulus, where, w is the width of the specimen, E, is Young’s modulus
of the unconstrained specimen and L is the gauge length:
1 35%

Ey = Ex,apparent 1- 5711 35 198 (L_G)Z
66 11 w
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[ 377x Xy \—l

=E |1— : |
x,apparentl 3E, ) (L_G)Z |

| Gy w /J

It can be observed that as the value of L; /w approaches infinity, the value of Ey ;,,qren: tends

towards the value of E,.

4.1.3 Determination of failure in off-axis specimen

For determining the deformation and failure in the off-axis specimen, there is no single criterion
that can be used. The most popular criteria are maximum stress, maximum strain, maximum shear,
and Tsai-Wau criterion.

Analysis of the failure characteristics is also very important in order to understand the performance
of composite laminates. There are different types of failure criteria that can be used to analyze
failure in composite laminates. Figure 22 (in Appendix) shows the plot for the failure envelope for
a typical anisotropic material for different failure criteria. The material does not fail as long as the
values of stress are within the envelope. The failure index is 1 when the values of the stress lie

exactly on the curve.

4.1.3.1 Maximum Stress Failure

Failure happens when the value of any of the stress components in the principal material axes

exceeds the value of strength in that direction. The following equations denote the failure in this

criterion:
o, = XT
o, = —Xf
0y = XzT
0 = — 2C
T12 = S
T2 = —S6

Where, XT, X£, XTI X represent the tensile and compressive strengths in the 1 and 2 directions

respectively and S is the strength in 1-2 direction.
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4.1.3.2 Maximum Strain Failure

Failure happens when the value of any of the strain components in the principal material axes
exceeds the value of ultimate strain (uniaxial tension, compression, and pure shear) in that

direction. The following equations denote the failure in this criterion:

g =el
& = _91C
g, =6
& = _ezc
V12 = €6
Y12 = —6¢

Where, ef, ef, eI, el represent the ultimate tensile and compressive strains in the 1 and 2

directions respectively and e is the ultimate strain in 1-2 direction.

4.1.3.3 Tsai-Wu Failure

The Tsai-Wu failure criteria are used for anisotropic composite materials that have different
strengths in the tensile and compressive directions. It is a particular case of the generalized Hill
yield criteria. It is used to predict the failure when the failure index in the laminate reaches 1. It is
a specialization of the general failure criterion given by Kopnov and Gol’denblat and it is
expressed in the following form:
Fi0; + Fjo;0; <1
Where, i, j range from 1 to 6 and the stresses are represented in Voigt notation, F;; should satisfy
the following condition:
F;F;; — F =0
Hence, F;; must be positive.
For the off-axis specimens, the Tsai-Wu failure criteria can be represented by the following
formula:
F1011 + Fy055 + F1107; + F2303, + 2F 1501105, + Fge0é = 1
The coefficients are calculated as follows:

1 1

Fl:F-I_F
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B=yrtye
1
1
1
Fee = ﬁ

The value of the interaction coefficient, F;, can be predicted from complex experimental methods

or can be approximated as follows:

1
F, =— E\/ Fy1F;;

The values of F;, F;; are obtained from the stiffness results of longitudinal tension and
compression tests and the values F,, F,, are obtained from the stiffness results of transverse

tension and compression tests. Fg is obtained from the shear test.

4.2 Experimental Procedure

Samples were made with 5 different orientations of the lamina, [15]g, [30]g, [45]s, [60]g, [75]s. 6
samples of each orientation were tested. Three measurements were taken of the samples for each
of the values of thickness, width and gage length. The coupons were first spray-painted on one
side with white color and they were speckled with a dot size of 0.013. to analyze the data with
DIC. The relative displacement of these speckles is analyzed to calculate the strain on the
specimen.

For the DIC set-up, two cameras and lights were used to focus the specimen. The set-up is
calibrated by using a calibration panel and a couple of images were taken of the panel in different
orientations so that the relative displacement of the speckle pattern can be observed. Figure 1
shows the DIC set-up for the tensile test.
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Figure 4.1: DIC Set-up

Tensile tests were conducted on the samples on the 22-kip load frame with a shear rate of 1
mm/min and the samples were tested until failure and the DIC data was analyzed using VIC 3D

and the 2D plot was extracted. The images were captured with a frequency of 2 Hz.

4.3 Processing of experimental results

The data from the DIC is exported and is read using a MATLAB script to remove any kind of
erroneous data or negative values. The strain data was directly obtained from the DIC and the
stresses were calculated as force per unit area. Before conducting the tensile tests, the dimensions
of the samples were measured in order to calculate the elastic properties of the specimens. The

average values of the dimensions are given as follows in Table 1:
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Table 4.1: Off-axis sample dimensions

Sample Width Thickness Gauge Length X-Sec Area
(mm) (mm) (mm) (mm?)
[15]g 12.68 + 1.34+0.10 152.85+0.14 16.99 +1.29
0.05
[30]g 12.75 + 1.73+£0.03 152.91 £ 0.06 22.04 £0.43
0.06
[45]g 12.71 1.35+0.03 152.68 £ 0.07 17.13 +0.49
0.08
[60]g 12.62 + 1.31+0.10 152.33+0.14 16.53 + 1.60
0.10
[75]g 12.64 + 1.30 £ 0.08 152.49 £ 0.11 16.40 +1.14
0.12

It was observed that the [30]g specimens were slightly thicker than the other specimens. This

might be due to some human error during the lay-up.

The failure angles of the specimen were analyzed and tabulated as follows in Table 2:
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Table 4.2: Failure angles of the off-axis specimens

Sample Average Failure Angle (°)
[15] 14.84 +0.48
[30]g 29.78 +1.08
[45] 4314 +2.13
[60]g 59.32+1.50
[75]s 74.44+1.88

It was observed that the failure angles were close to the fiber angles with slight variations. Figure
2 shows the image of the failed samples where the samples are lined up from [15]g to [75]g from
left to right. It can also be observed that none of the fibers break in these samples.

Table 3 shows the parameters obtained from the DIC analysis of the specimens with different fiber
orientations. The data for 0 Degree and 90 Degree is obtained from the previous experiments.

Figure 3 shows the stress versus strain curves for the off-axis specimens.

Figure 4.2: Failure angles of specimens
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Table 4.3: Off-Axis tensile properties

Fibers | Avg. Shear | Standard | Ctd. Avg. Avg. Standard
Modulus | Deviation Shear Ultimate | Deviation
Modulus Strength
0° 39.18 GPa* - - 1847.4 GPa -
15° 6.949 GPa 3.299 7.183 GPa | 202.470 GPa | 15.077
GPa GPa
30° 2.462 GPa 1.072 2.545 GPa | 105.260 GPa 1.851
GPa GPa
45° 4.814 GPa 1.965 4.975 GPa 80.568 GPa 3.614
GPa GPa
60° 0.705 GPa 1.761 0.730 GPa 59.574 GPa 12.020
GPa GPa
75° 0.228 GPa 0.758 0.236 GPa 59.579 GPa 5.487
GPa GPa
90° 3.439 GPa* - - 55.34 -
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Figure 4.3: Stress Vs Strain curves for off-axis specimens
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The shear modulus was calculated from the slope of the shear stress versus shear strain plot for
each of the samples. Figure 4 shows the plot of shear modulus versus the angle for all the angles
tested. It is observed that the measured values and the corrected values overlap with each other for
almost all the angles. The dotted line is from the experimental values of one-inch-wide (25.4 mm)

[45]g laminate.
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Figure 4.4: Shear modulus Vs Angle

Figure 5 shows the variation of the axial modulus with the angle for the off-axis samples along
with 0 and 90 data. It is observed that the axial modulus reduces as the angle increases from 0° to
90°. The slope of the curve is highest between 0° and 15°, hence, the value reduces the most

between these values. The line for theoretical data was obtained using the following equation:
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Figure 4.5: Axial Modulus Vs Angle

Figure 6 shows the axial strength versus the off-axis angle. It is observed that the axial strength of
the specimens decreases drastically from 0° to 15° and continues to decrease, but at a slower rate
until 90°. The specimen loses more than 50% of its strength for a fiber angle of 5° and for a fiber

angle of 309, the strength is only 5% of 0° specimen. Table 3 shows the values of these data along
with the standard deviation values for these parameters.
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Figure 4.6: Tensile failure strength Vs Angle
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Figure 7 shows the variation of Poisson’s ratio with the angle. The experimental values were

always observed to be higher than the theoretical values, but they follow the same trend. The

highest value of experimental Poisson’s ratio was observed at 15° and the value reduces after it.

The theoretical value was calculated using the following formula:
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Figure 4.7: Poisson's ratio Vs Angle

Figure 8 shows the variation of shear coupling ratio versus the angle for the specimen. It is

determined from the slope of shear strain versus the axial strain. It can be observed that the

experimental and theoretical values follow the same trend and are very close to each other. The

theoretical values were calculated using the following equation:
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Figure 9 shows the variation of the failure stress with the off-axis angles. It considers the Tsai-Wu

failure, maximum axial failure, maximum transverse failure, maximum shear criterion and they

were compared with the experimental values. It can be observed that the Tsai-Wau failure criterion

is in close agreement with the experimental data.
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Figure 4.9: Failure stress Vs Angle
It was also observed from the DIC images that the samples undergo transverse displacement before

failing. The stress gradient shows that the samples take up an ‘S’ shape. This deformation is very

small to be noticed by the human eye but can be noticed from the displacement plots.
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Figure 4.10: DIC image with the transverse displacement of the specimen
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4.4 Modeling and analysis of simulation for off-axis test

The magnitudes of the stress and strain were evaluated for these samples by simulating the load
and boundary conditions the same as what the test coupon experiences on the MTS. For getting
more accurate results, the test coupon was modeled along with the tabs with an assumption that
they were bonded perfectly with each other and the interaction of the material and the tabs were
analyzed.

The test specimens were modeled as discussed in chapter 2. They were half-inch (12.7 mm) wide
and comprised of 8-ply laminates with 5 different orientations as in the experiment. The fiber
orientation was assigned individually to each of the plies and hence, for the post-processing of the
data, a global coordinate system is created and all the parameters are hence rotated in terms of the
global coordinates. The load and boundary conditions for the test are the same as a typical tensile
test as discussed in section 2.7. The deformation output has a scale of 12.6987.

4.4.1 Analysis of simulation results for [15]g,[30]g, [45]g, [60]g, [75]g laminates
4.4.1.1 Displacement
4.4.1.1.1 In-plane deformation

The specimen undergoes in-plane bending that is caused because of coupling between normal and
shear deformations. This tends to deform the specimen in shear. But, due to the presence of the
grips, the specimen ends do not shear and this leads to in-plane bending in the specimen. It can be
observed from Figure 11 that the magnitude of the deformation is very symmetric and uniform
with the magnitude decreasing gradually towards the center and there is no deformation at the
center of the sample. This hence gives it a characteristic S-shape.

Comparing the states of deformation in the specimen with an increase in the off-axis angle, it can
be observed that the magnitude of deformation gradually reduces with an increase in the angle.
The maximum in-plane deformation for the [15]g, [30]g, [45]g, [60]s, [75]g Specimen is 0.4193
mm, 0.2651 mm, 0.1401 mm, 0.05657 mm and 0.01105 mm respectively. The side-view of the

specimens also shows that there is no out-of-plane deformation in them.
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U, U3 (CSvs-1)
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-4.193e-01

(@) [15]g

U, U3 (Csvs-1)
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+1.767e-01
+1.325e-01
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-7.451e-09
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(b) [30]s
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+2.336e-02
-2.603-08
-2.336e-02
-4.67 1e-02
-7.007-02
-9.343e-02
-1.168e-01
-1.401e-01

(c) [45]s

Figure 4.11: In-plane deformation (U3) of the off-axis specimen
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Figure 4.11 continued

U, U3 (CS¥s-1)
+5.657e-02
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(d) [60]g

U, U3 (CEvs-1)
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-1.105e-02

(e) [75]s

4.4.1.1.2 Out-of-plane deformation

The specimen is restricted from moving in the transverse direction by the machine and is gripped
in the normal direction by the means of the hydraulic grips. Hence, the tabs are free to move only
in the axial direction and there is no displacement in the normal direction, Figure 12 shows that
there is no out of plane bending of the sample. There is a slight deformation on the tabs due to the
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applied pressure on the tab surface. The small magnitude of displacement that is visible is due to

the junk values that are projected as an output during the Finite Element simulation in Abaqus.

U, Uz (CsYsS-1)

+5.235e-02
+4.850e-02
+4.464e-02
+4.079e-02
+3.693e-02
+3.308e-02
+2.922e-02
+2.537e-02
+2.151e-02
+1.766e-02
+1.380e-02
+9.947e-03
+6.092e-03

() [15]g

Figure 4.12: Out-of-plane deformation (U2) of the off-axis specimen
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Figure 4.12 continued

4

(b) [30]s
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U, U2 (CSYS-1)

+4.853e-02
+4.673e-02
+4.493e-02
+4.314e-02
+4.154e-02
+3.954e-02
+3.775e-02
+3.595e-02
+3.416e-02
+3.2536e-02
+3.056e-02
+2.877e-02
+2.697e-02




Figure 4.12 continued

Figure 4.12 continued

(c) [45]s
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U, U2 (CSYs-1)
-2.627e-01
-2.637e-01
-2.647e-01
-2.657e-01
-2.667e-01
-2.677e-01
-2.687e-01
-2.697e-01
-2.707e-01
-2.717e-01
-2.727e-01
-2.737e-01
-2.747e-01




Figure 4.12 continued

U, Uz (CSYs-1)

+8.186e-03
+7.263e-03
+6.340e-03
+5.417e-03
+4.494e-03
+3.570e-03
+2.647e-03
+1.724e-03
+8.010e-04
-1.222e-04
-1.045e-03
-1.968e-03
-2.892e-03

(d) [60]s
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Figure 4.12 continued

U, U2 (CsYs-1)

+1.998e-03
+9.82%e-04
-3.260e-05
-1.048e-03
-2.064e-03
-3.079e-03
-4.095e-03
-5.110e-03
-6.126e-03
-7 141e-03
-8.157e-03
-9.172e-03
-1.019e-02

(e) [75]s

4.4.1.1.3 Axial deformation

Figure 13 shows the axial deformation. Since one of the sides is completely constrained and the
displacement is applied only to the other side of the coupon, it is observed that the axial
deformation is zero on the constrained side and the deformation on the other side is equal to the
applied displacement which is 2mm. The increase in the magnitude of the displacement is not
linear and is uniformly increasing at an angle in the X-Z plane. Similar to the case of out-of-plane
deformation, there is a small value of deformation present in the constrained end and these values
are attributed to the junk values generated by Abaqus.
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U, UL {CSYS-1)
+1.771=-04
-1.665e-01
-3.332e-01
-4.99%9e-01
-6.666e-01
-8.333e-01
-1.000e+00
-1.167e+00
-1.333e+00
-1.500e+00
-1.667e+00
-1.833e400
-2.000e+00

(@) [15]g

Figure 4.13: Axial deformation (U1) of the off-axis specimen
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Figure 4.13 continued

U, U1 (C8Ys-1)
+1.472e-04
-1.665e-01
-3.332e-01
-4.999=-01
-6.666e-01
-8.333e-01
-1.000e+00
-1.167e+00
-1.333e+00
-1.500e+00
-1.667e+00
-1.833e+00
-2.000e+00

(b) [30]s
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Figure 4.13 continued

U, U1 (CsYs-1)
+1.521e-04
-1.665e-01
-3.332e-01
-4.99%9e-01
-6.666e-01
-8.333e-01
-1.000e+00
-1.167e+00
-1.333e+00
-1.500e+00
-1.667e+00
-1.833e+00
-2.000e+00

(c) [45]s
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Figure 4.13 continued

U, UL (Cevs-1)
+1.552e-04
-1.665e-01
-3.332e-01
-4.99%9e-01
-6.666e-01
-8.333e-01
-1.000e+00
-1.167e+00
-1.333e+00
-1.500e+00
-1.667e+00
-1.833e+00
-2,000e+00

(d) [60]s
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Figure 4.13 continued

U, Ul (Csvs-1)
+1.496e-04
-1.665e-01
-3.332e-01
-4.999%-01
-6.666e-01
-8.333e-01
-1.000e+00
-1.167e+00
-1.333e400
-1.500e+00
-1.667e+00
-1.833e+00
-2.000e400

(e) [75]s

4.4.1.2 Stress
4.4.1.2.1 Axial Stress

The in-plane bending causes a variation of axial stress across the width of the sample. The values
of o, vary between 740 MPa to 340 MPa across the width of the [15]g sample (the variation is
shown in Figure 14). The values, however, average to around 540 MPa at the center of the [15]g
specimen. The trend is similar for the specimen with all angles and it can be observed that as the
angle increases, the amount of variation of stress across the length and near the tabs reduces. In
the [75]g specimen, the value of stress is almost constant along the length of the sample. The
variation of the axial stress across the sample is shown in Figure 14. It can be observed from Figure

16 that the magnitude of axial stress has a parabolic profile and it increases gradually along with
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the thickness of the laminate and it reaches a maximum value at the end of the tab. This stress
concentration may lead to the debonding of the tabs from the laminate if they are not bonded
strongly enough. The magnitude of axial stress is not uniform even after the tab endings. From
Figure 14, it can be seen that after the region of high-stress concentration at the tab endings, the

magnitude of stress gradually reduces until it becomes uniform at the center of the sample.
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(1) Inside the tab (if) Tab Ending

S, 811 {Csvs-1)
(Awvg: 75%)
+1.154e+03
+1.058e+03
+9.618e+02
+8.655e+02
+7.692e+02
+6.729e+02
+5.766e4+02
+4.803e+02
+3.83%e+02
+2.876e+02
+1.913e+02
+9.500e+01
-1.321e400

(iii) Variation of axial stress across the width

(@) [15]g

Figure 4.14: Axial stress (o1,) on the off-axis specimen
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Figure 4.14 continued

(i) Inside the tab

(i1) Tab Ending

S, 511 (CSYs-1)
[Awg: 75%)
+3.839e+4+02
+3.519e+4+02
+3.198e+02
+2.877e4+02
+2.557e4+02
+2.236e4+02
+1.916e4+02
+1.595e+02
+1.274e402
+9.537e+01
+6.331e+01
+32.125e+01
-2.028%9e-01

(iii) Variation of axial stress across the width

(b) [30]s
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Figure 4.14 continued

(i) Inside the tab

(ii) Tab Ending

S, 511 (CSYS-1)

(Awg: 75%)
+1.903e+02
+1.744e4+02
+1.586e4+02
+1.427e+02
+1.268:+02
+1.109=4+02
+9.500e+01
+7.912=4+01
+6.323=+01
+4.734=+01
+3. 1452401
+1.557e+01
-3.155e-01

(iii) Variation of axial stress across

(c) [45]s
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Figure 4.14 continued

(i) Inside the tab

(i1) Tab Ending

S, 511 (CSYS-1)
(Awg: 75%)

+1.257e+02
[ +1.152e+02

+1.047e+02
+59.416e+01
+8.367e+01
+7.317e+01
+65.267e+01
+5.217e+01
+4.168e+01
+3.118e+01
+2.068e+01
+1.019e+01
-3.111e-01

(iii) Variation of axial stress across the width

(d) [60]s
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Figure 4.14 continued

(i) Inside the tab

S, 511 (CSYS-1)
(Avg: 75%)
+1.102e+02
+1.010e+4+02
+9.180e+01
+8.259+01
+7.338=+01
+5.417e+4+01
+5.496e+01
+4.575e+01
+3.654e+01
+2.733e401
+1.812e401
+2.908e+00
-3.021e-01

(i) Variation of axial stress across the width

(e) [75]s
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4.4.1.2.2 Transverse Stress

The magnitude of the transverse stress is smaller compared to the axial stress and it is compressive
in nature owing to the thinning of the sample as it stretches and the sample has a Poisson’s ratio
of about 0.4 in the plane of the laminate. But, the magnitude of the stress is slightly high in the
tabs (as shown in Figure 15). The laminate is constrained by the tabs and it cannot deform. This
induces a stress in the transverse direction in the tabs. The stress is in the state of compression
within the tab and gradually it transforms into a state of tension at the tab ending. The magnitude
of the stress is uniform in the rest of the laminate. At the region of interaction of the laminate with
the tab, the stress has a parabolic profile and the magnitude reduces towards the center of the
laminate. The magnitude of stress variation near the tab endings reduces considerably with the
increase in the off-axis angle. Similarly, the variation of stress across the thickness of the laminate
also reduces with an increase in the angle. For the [60]g and [75]g Specimen this variation is close
to negligible as seen in the side-view of the tabs. The value of stress at the center of the length is

very low compared to the tab endings.
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5, 33 (CSYS-1)

{(Bwg: 75%)
+1.318e+02
+1.188e+02
+1.057e+02
+9.260e+01
+7.953e+01
+&.6452e+01
+5.337e+01
+4.030e+01
+2.722e+01
+1.415%e+01
+1.069e+00
-1.201e+01
-2.508e+01

(@) [15]g

Figure 4.15: Transverse stress (o,,) on the off-axis specimen
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Figure 4.16 continued

(b) [30]s
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5, 533 (C5vs-1)

(Avg: 75%)
+1.059e+02
+9,554e+01
+£.520e+01
+7.485e+01
+6.451e+01
+5.417e+01
+4.383e+01
+3.348e+01
+2.314e+01
+1.280e+01
+2.454e+00
-7.889e+00
-1.823e+01




Figure 4.17 continued

S, S33(CSYs-1)

(Awg: 75%)
+9.176e401
+2.163e401
+7.151e401
+6.12%9e+01
+5.127e+01
+4.115e+01
+3.10Ze401
+2.090e401
+1.078e401
+6.600e-01
-9.462e+00
-1.958e+01
-2.971e401

(c) [45]s
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Figure 4.18 continued

S, S33 (CSYS-1)
(Avg: 75%)
+6.253e+01
. +5.420e+01
+4.587e+01
+3.753e+01
+2.920e+01
+2.086e+01
+1.253e+01
+4,195e+00
-4,139e4+00
-1.247=401
-2.081e+01
-2.914=+401
-3.748e401

(d) [60]g
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Figure 4.19 continued

S, 833 (CSYsS-1)

(Avg: 75%)
+3.604e+01
+3.007e+01
+2.410e+01
+1.813e+01
+1.216e+01
+5.187e+00
+2.173e-01
-5.753e+00
-1.172e+01
-1.76%9e+01
-2.366e+01
-2.963e+01
-3.560e+01

A

(e) [75]s

4.4.1.2.3 Normal Stress

The magnitude of normal stress is also very less compared to axial stress. The stress is dominantly
compressive in the tabs (as shown in Figure 16) and this is because of the pressure applied to them
by the hydraulic grips in the MTS. At the tab endings, there is a state of tension which indicates
that there are more chances for the tabs to de-bond at this region due to the build-up of stress
concentration. The magnitude of normal stress is uniform at the rest of the laminate. The variation

of this stress in the tabs also reduces with the increase in the off-axis angle.
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S, 522 (C5YS-1)

(Avg: 75%)
+1.673e+02
+1.504e402
+1.335e+02
+1.166e+02
+9,973e+01
+8.284e+01
+6.594e+01
+4.904e+01
+3.214e+01
+1.524e+01
-1.657e400
-1.856e+01
-3.545e+01

(@) [15]g

Figure 4.20: Normal stress (o33) on the off-axis specimen
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Figure 4.21 continued

(b) [30]s
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S, S22 (C3vs-1)

(Avg: 75%)
+8.607e+01
+7.651e4+01
+6.695e+01
+5.738e4+01
+4.782e+01
+3.826e+01
+2.870e4+01
+1.914e+01
+9.575e400
+1.322e-02
-9.549e4+00
-1.911e401
-2.867e+01




Figure 4.22 continued

S, S22 (CEvYS-1)

(Avg: 75%)
+5.832e4+01
+5.133e+01
+4.4342401
+3.735e+01
+3.036e+01
+2.336e4+01
+1.637e4+01
+9.280e+00
+2.38%9e+00
-4.603e4+00
-1.15%e+01
-1.85%e+01
-2.558e4+01

(c) [45]s
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Figure 4.23 continued

(d) [60]g
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S, 222 (CSYs-1)

(&g 75%)
+4.596e+01
+4.045+01
+3.496e+01
+2.945e+01
+2.395e+01
+1.845e+01
+1.295e+01
+7.448e+00
+1.947e+00
-3.555e+00
-9.055e+400
-1.456e+01
-2.005e+01




Figure 4.24 continued

5, S22 (CSvYS3-1)

(Avg: 75%)
+4.005e+01
+3.553e+01
+3.101e+01
+2.64%9e4+01
+2.197e4+01
+1.745e+4+01
+1.293e+4+01
+8.414e+00
+3.894e 400
-5.262e-01
-5.146e400
-9.666e4+00
-1.419e+01

A

zZ X

(e) [75]s

4.4.1.2.4 In-plane Shear Stress

The magnitude of the in-plane shear is larger than the transverse and normal components of stress
though it is still lower than the axial stress. The magnitude of shear stress is high at the tab endings
(as shown in Figure 17) and it can also be observed that at the interaction of the tabs and the
laminate towards the tab endings, there is a reversal of the direction of the shear stress and the
magnitude gradually increases with a parabolic path. This is a consequence of the in-plane bending
of the sample. The magnitude of in-plane shear stress is uniform at the rest of the sample along its
length. As the off-axis angle increases, the variation of stress across the thickness of laminate and

tabs reduces and for the [75]g specimen, this variation is close to negligible across the thickness.
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(@) [15]g

3, 513 (C5Ys-1)

[Awg: 75%)
+4.697e4+01
+3.190e+4+01
+1.683e+01
+1.761e400
-1.331=+01
-2.838e+01
-4.5344e4+01
-5.851e+01
-7.358e4+01
-8.865=+01
-1.037e4+02
-1.188=+02
-1.339e+02

Figure 4.25: In-plane shear stress (o;,) on the off-axis specimen
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Figure 4.17 continued

(b) [30]5
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S, 513 (CSYS-1)

(fwg: 75%)
+2.404=+01
+1.487=+01
+5.704=+00
-3.d85=+00
-1.264=+01
-2.180e+01
-3.097e+01
-4, 014=+01
-4,931e+01
-5.848e+01
-6, 765=+01
-7.682e+01
-8,59%9e+01




Figure 4.17 continued

5,513 (CsY3-1)

(Avg: 75%)
+2.372e401
+1.692e+01
+1.012e4+01
+3.323e400
-3.474e4+00
-1.027e4+01
-1.707e+01
-2.387e4+01
-3.066e4+01
-3.746e4+01
-4 426e4+01
-5.106e+01
-5.785e+01

(c) [45]s
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Figure 4.17 continued

S, 513 (Csys-1)

(Awvg: 75%)
+1.969=4+01
+1.552e+01
+1.135e+01
+7.180=e400
+3.010e+00
-1.161e+00
-5.332e400
-9. 502400
-1.367e+01
-1.784e+01
-2.201e+01
-2.618e+01
-3.0362+01

(d) [60]s
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Figure 4.17 continued

5, 513 (C5Ys-1)

(Awg: 75%)
+7.008e+00
+5.751e+00
+4. 495400
+3.2236e4+00
+1.978e4+00
+7.206e-01
-5.369e-01
-1.794e400
-3.052e400
-4.310e+00
-5.567e+00
-6.825e+00
-8.082e4+00

(e) [75]s
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4.4.1.3 Strain
4.4.1.3.1 Axial Strain

The axial strain in the sample is chiefly due to the in-plane bending in it. It can be seen from Figure
18 that there is a region of high-stress concentration at the edges that have the highest displacement
in-plane. The region of strain inside the tabs shows that the laminate is in high amounts of strain
at the tab endings at the interface with the laminate. At most of the regions in the tab, there is no
strain present and there is strain concentration only at the endings of the tab. The strain is high
even after the tab and it propagates to some region onto the laminate. But, the distribution of strain
is symmetric and the magnitude reduces uniformly. As the off-axis angle increases, it can be
observed that the strain variation in the tabs gradually reduces and also along the gage length of

the specimen, the distribution of strain becomes more uniform.

E, E11 {CSvsS-1)

(Avg: 75%)
+1.949e-02
+1.778e-02
+1.608e-02
+1.437e-02
+1.267e-02
+1.097e-02
+9.263e-03
+7.55%-03
+5.855e-03
+4.151e-03
+2.448e-03
+7.437e-04
-9.601e-04

(@) [15]g

Figure 4.26: Axial strain (g4,) on the off-axis specimen
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Figure 4.18 continued

(b) [30]s
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E,E11 (CSYS-1)

(Anvg: 75%)
+1.573e-02
+1.439-02
+1.3205e-02
+1.171e-02
+1.037e-02
+9.029e-03
+7 .68%9-03
+656.349e-03
+5.00%e-03
+3.670e-03
+2.330e-03
+9.903=-04
-3.494e-04




Figure 4.18 continued

(c) [45]s
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E, E11{CEYs-1)

[Awg: 75%)
+1.430e-02
+1.311e-02
+1.191e-02
+1.072e-02
+9.522e-03
+8.327e-03
+7.133e-03
+5.939e-03
+4.744e-03
+3.550e-03
+2.355e-03
+1.161e-03
-3.362e-05




Figure 4.18 continued

E, E11 (CS¥5-1)

(Awg: 75%)
+1.346e-02
+1.233e-02
+1.120e-02
+1.007e-02
+8.945e-03
+7.816e-03
+6.686e-03
+5.557e-03
+4.427e-03
+3.298e-03
+2,168e-03
+1.03%9-03
-9.051e-05

(d) [60]g

134




Figure 4.18 continued

E,E11(CSYS-1)

(Avg: 75%)
+1.325e-02
+1.213e-02
+1.102e-02
+9.900e-03
+8.783e-03
+7.665e-03
+6.248e-03
+5.431e-03
+4.314e-03
+3.197e-03
+2.080e-03
+9.624e-04
-1.547e-04

A

(e) [75]s

4.4.1.3.2 Transverse Strain

The magnitude of the transverse strain is lower than that of the axial strain and the magnitude is
negative as expected. The value of the transverse strain has a high amount of variation across width
near the tabs and this variation is because the tabs restrict the shearing of the sample in the
transverse direction at the ends. The value of the transverse strain reaches a constant value towards
the center of the sample. The strain value is high at the ends across the width of the sample where

the transverse displacement is the highest. This variation across the width also reduces as the off-
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axis angle increases. The magnitude of strain, however, increases with the increase in the angle.
Hence, the [75]4 the specimen has the highest magnitude of strain and the lowest variation across

the width of the sample.

E, E33 (CS5¥S5-1)
(Awg: 75%)
+2.448e-06
-9.134e-04
-1.835e-03
-2.757e-03
-3.6792-03
-4.601e-03
: -5.523e-03
-6.445e-03
-7.367e-03
-8.288=.-03
-9.210e-03
-1.013=-02
-1.105e-02

() [15]g

Figure 4.27: Transverse strain (&,,) on the off-axis specimen
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Figure 4.19 continued

(b) [30]s
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E, E33 (C5Y5-1)

(Avg: 75%)
+6. 442e-07
-5.635e-04
-1.128e-03
-1.692e-03
-2.256e-03
-2.820e-03
-3.384=-03
-3.948e-03
-4.513e-03
-5.077e-03
-5.641e-03
-6.205e-03
-6.769-03




Figure 4.28 continued

(c) [45]s
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E, EZ3 (CSYsS-1)

(Avg: 75%)
+2.003e-07
-4.061e-04
-8.123e-04
-1.219e-03
-1.625e-03
-2.031e-03
-2.437e-03
-2.844e-03
-3.250e-03
-3.656e-03
-4.062e-03
-4, 4692-03
-4.875e-03




Figure 4.29 continued

(d) [60]g
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E, E33 (CSYS-1)

(Awg: 75%)
+1.83%e-07
-2.475e-04
-4,952e-04
-7.429e-04
-9.906e-04
-1.238e-03
-1.486e-03
-1.734e-03
-1.981e-03
-2.229e-03
-2.477e-03
-2.724e-03
-2.972e-03




Figure 4.30 continued

E, E33 (CSYs-1)

(Avg: 75%)
+5.567e-07
-9.248e-05
-1.855e-04
-2.785e-04
-3.716e-04
-4.646e-04
-5.576e-04
-5.507e-04
-7.437e-04
-8.367e-04
-9.298e-04
-1.023e-03
-1.116e-03

A

(e) [75]s

4.4.1.3.3 In-plane Shear Strain

The profile of the In-plane shear strain is similar to that of the axial strain but, the magnitude is
smaller. The trend is similar to the axial strain where the magnitude keeps increasing in the tab
and reaches a maximum at the ends and propagates along the edge of the sample where the
displacement is the highest. The distribution of the shear strain also symmetric and the value varies

uniformly. The magnitude of in-plane shear strain reduces at the gage length as the off-axis angle
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increases. The gradient of the strain also reduces across the laminate within the tabs and the

magnitude of the strain becomes almost zero for the [75]g specimen.

E, E13 (CSYS-1)

(Avg: 75%)
+4.428e-02
+4.058e-02
+3.689e-02
+3.319e-02
+2.949e-02
+2.579e-02
+2.210e-02
+1.840e-02
+1.470e-02
+1.101e-02
+7.310e-03
+3.613e-03
-8.404e-05

(@) [15]g

Figure 4.31: In-plane shear strain (&,,) on the off-axis specimen
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Figure 4.20 continued

(b) [30]s
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S, 513 (CSYS-1)

(Avg: 75%)
+2.404e+01
+1.427e+01
+5.704e+00
-3.466e+00
-1.264e+01
-2.180e+01
-3.097e+01
-4.014e+01
-4.931e+01
-5.848e+01
-5, 765e+01
-7 682e+01
-8.599%9e+01




Figure 4.20 continued

S, 513 (CSYS-1)

(Avg: 75%)
+2.372e+01
+1.692e+01
+1.012e+01
+3.323e+00
-3.474e400
-1.027e401
-1.707e4+01
-2.387e+401
-3.066e+401
-3.746e401
-4, 426e401
-5.106e+01
-5.785e+401

(c) [45]s
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Figure 4.20 continued

S, S13(CSYS-1)

(Ayvg: 75%)
+1.969e+01
+1.552e+01
+1.135e+01
+7.180e+4+00
+3.010e+4+00
-1.1&1e+00
-5.332e400
-9.502e+00
-1.367e+01
-1.784e4+01
-2.201e+01
-2.618e4+01
-3.036e+01

(d) [60]g
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Figure 4.20 continued

S, 513 (CSYS-1)

(Awvg: 75%)
+7.008e+00
+5.751e400
+4.49Ze400
+3.226e4+00
+1.978e+00
+7.206e-01
-5.369e-01
-1.794e400
-3.052e+00
-4.310e+00
-5.567e+00
-6.825e+00
-8.082e400

A

(e) [75]s

4.5 Conclusions

From the experimental data that was obtained from the off-axis tensile specimen, it was observed
that by assuming the plane stress condition on them, the effective moduli of the samples can be
predicted for a wide range of fiber orientations. The failure angles of the specimens were close to
the fiber orientation. None of the fibers were broken during the tensile test. It was observed that
the axial modulus and strength decrease with an increase in the off-axis angle and this decrease is

very steep in the initial portion of the curve. The Poisson’s ratio and shear coupling ratio increase
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initially reaching their maximum values at 15° and then reduce gradually. For most of these curves,
the data obtained from the experiment was in close agreement with the theoretical data. The highest
amount of variation between experimental and theoretical data was observed for the Poisson’s
ratio. Different failure criteria were applied to these samples to predict their failure under combined
stress. It was observed that the experimental data agreed with the Tsai-Wu failure criterion and
had variations with the other criteria, especially at the initial angles.

From the simulation results, it can be observed that the off-axis angle plays a very important role
in the stress state of the test specimen. The characteristic S-shape that was predicted in the
experiment from the DIC analysis is clearly visible as the deformed shape of the specimen. The
stress, strain, and displacements of the specimen were analyzed and it was observed that there was
a uniform variation in these values and the results were also consistent with the variation of these
values in the experiment. The variation of stresses at the tabs was also analyzed to understand the
effects of constraining the specimen at the ends. The axial stress, out of plane shear stress 7., and
normal stress is responsible for the failure of the specimen at the tabs in some cases. The magnitude
of shear strain is found to be greater than the magnitude of axial strain accounting for the coupling

due to constrained ends.
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4.7 Appendix
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Figure 4.33: Failure envelope for a typical anisotropic material
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5. LAMINATE TENSION

5.1 Introduction

5.1.1 Global and Local coordinate systems

A laminate comprises multiple layers of the lamina, which is a thin unidirectional ply of carbon
fiber prepreg. As we add more layers in the laminate, we can design it to be symmetric and/or
balanced. The laminates are balanced when there is an equal number of positive and negative
oriented layers in the laminate and it is symmetric when the lay-up is symmetric about the mid-
plane axis. Figure 1 shows the global and local coordinate systems for the analysis of composite

laminates.

Figure 5.1: Local and global coordinate systems
(Image from Multiscale Structural Mechanics (2017))

X, Y, Z axes are the principal axes and 1, 2, 3 define the local coordinate system, where 1 is along

the fiber direction and the angle 0 is measured from the laminate principal axis. Figure 2 shows

Kirchhoff’s observations for the geometric deformations for rotated axes.
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e

Figure 5.2: In-plane forces and moments
(Image from Multiscale Structural Mechanics (2017))

The strain varies within the plate as a linear function of position with respect to the laminate mid-
plane. The strain equations in Kirchhoff’s hypothesis are given as follows:

& = &2+ zK,

gy = &y + 2K,

— 4,0
ny - yxy + Zny

Where, €2, ¢z, vxy are the midplane strains and k., ky, Ky, are the curvatures. The radii of
curvatures are the inverses of respective curvatures. The force resultants can be obtained by the
integration of stress through-thickness and the moment resultants are obtained by the integration
of the first moment of stress through the thickness. Figure 3 shows the In-plane forces per unit

length (N) and moments per unit length (M) in a laminate in the principal coordinate system.
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Figure 5.3: In-plane forces and moments per unit length
(Image from Multiscale Structural Mechanics (2017))

The magnitudes of forces and moments are obtained from the following equations:

h/2

E, = f—h/z o,dz
h/2

F, = f—h/z oydz
h/2

Eyy =f Tyydz
~h/2

h/2
M, = f—h/z 0,zdz

_ hy2
M, = f—h/z oyzdz

h/2
My, = f TyyZdz
~h/2

5.1.2 Obtaining elastic constants from the stiffness matrix using Classical Laminate Plate
Theory (CLPT)

The Classical Laminate Plate Theory assumes that the laminate as a whole acts as a single layer
where laminae are perfectly bonded to each other, which enables continuous displacement between
the layers so that they do not slip relative to each other. It also assumes that a line that is straight
and perpendicular to the middle surface remains straight and normal to the middle surface and the
length of the line also remains unchanged during the plate deformation. The constitutive relations
of the composite laminate in the laminate coordinate system are given in the form of symmetric

matrices as follows:
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012 Cie Cy C36 Cae Cs6 Cop 2¢12
€11 S11 S12 Sz S1a S5 Sie 011]
€22 S12 S22 Sz Saa Sas Sue IUzz |
€33 _ S13 S23 S3z S3a S35 Sze||033
2&;3 S1a S24 S3a Sas Sas Sae | 023 |
2813 Si5 S25 S35 Sas Sss Sse l013J
L2€1] 1S16 S26 S36 Sae Sse  Seed 012

Applying the plane stress assumption on the laminate, we consider that o;3; = 0. Hence,
constitutive relations reduce to the following:

S11 S12 Si6
Ee = |S12 S22 S26| 0. = Se0,
S16 S26 Ses

S13 S23 S36
& = |S514 Sz2a Sae O-eESZtO-e

515 S25 556
€33
Where, ¢, = 522 022 ;& = |2¢€23
2812 2843

S, 1s known as the plane stress reduced compliance matrix. The following equation represents the
plane stress reduced stiffness matrix (Q):

Q11 Q12 Q16
O = [012 Q22 st] g = Q¢
Qe Q26 Wos

Q(Q = S;1) matrix can also be obtained from the following equation:
Q=0C,— CetCt_lceTt
Where C;, C, and C,; are as follows:
Cl 1 Cl 2 Cl 6 Cl 3 C14- C1 5 CS 3 C34— CB 5
Co=|Ci2 Cop Cpg|; Cop =|Caz Coy Cos|; Cp=|C34 Can Cys
Cl6 CZ6 C66 C36 C46 CS6 635 C45 CSS
These equations are valid for composites that are anisotropic. Laminates are made of plies and

they can be approximated as orthotropic in the material coordinate system. It becomes monoclinic
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due to rotation of layup angle 85. The constitutive relations for monoclinic system in a laminate
coordinate system for plane stress assumption are as follows:

511 512 516
Ee = 512 522 526 O = SeO'e

Sl6 526 566
Sl3 SZ3 S36
& = 0 0 0 O,
0 0 0

The transverse shear strains vanish and the transverse normal strain is given by the following
relation:
€33 = S13011 + 52302 + S36012
Figure 4 shows the laminate stacking up along the thickness. The plane stress reduced stiffness
matrix can be rotated into the lamina coordinate system using the following equation:
Q, = RaeQRge
Where the rotation matrix is as follows where ¢ = cosf and s = siné.

c s? —2sc
Rye = [s2 (2 2sc
sc —sc c?—s?

|

|
B

=

Figure 5.4: Laminate stacking across the thickness
(Image from Multiscale Structural Mechanics (2017))

Q matrix in the lamina coordinate system is used to find the A, B, D matrices as follows:

A={Q)); B={((x3Q)); D= {((x5Q))

A= Z:: JZi Qidx3 = Z Qi(zi — z-1) = Z Qit;

i=1 " Zi-1

152



=3

i=1 "Zi-1

1 n n
x3Q;dx3 = EZ Qi(z® — z;4%) = 2 Qit; Z;
i=1 i=1

'Ni171 [A11r Az Aie Bir Biz Big|y €11
Ny, A, Ayy Aye Biz By Byl €22
Ny, Aie Aze Ass Bic Bas Besl||2€12
M4 Bi1 Biz Bie D11 D1z Diglf K11
M, Bi; By; By D1z Dyp  Digly K2z
IMi,1 IBig Bz Bes Dic Dze  Deel 2Ky

N11 Mll- 611 Kll
N =|Nyy|; M =|My,|; e=|€2]; N=|Kx
Ny, M;, | 2€12 2K12

Where A = Extension stiffness matrix

B = Extension/Bending Coupling stiffness matrix

D = Bending matrix

N = Laminate resultant forces per unit width

M = Laminate resultant moments per unit width

€ = Laminate midplane strain

kK = Laminate midplane curvature

For balanced and symmetric laminates, the elastic constants can be obtained from the Laminate

stiffness matrix as follows:

E. = (A11A22 - A%Z)
x Aysh
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_ (4114, — A%,)

E
y Ai1h
A1z
Y Ay,
A
G =7

5.2 Experimental Procedure

The samples were made in a process similar to the previous tensile test experiments. Four different
lay-up sequences were used to analyze the tensile properties of laminates. [0 / £45 /90], [0, /

+45],,[90, / £45],,[£30 ],5. 10 specimens of each lay-up sequence were tested. Figure 5
shows the samples that were used for testing.

Figure 5.5: Laminate tension samples
The samples were speckled for DIC as shown in Figure 6. They were first to spray painted to create
a white background for the speckles.
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Figure 5.6: Speckled samples for DIC analysis

Table 1 shows the dimensions of the laminates that were tested. It was observed that the

[0, / £45]; the laminate was thicker and [+30 ], the laminate was thinner than the expected

values and the other 2 laminates.

Table 5.1: Dimensions of the test samples

Layup Width (mm) | Thickness (mm) Area (mm?) Standard
Deviation

[0 / +£45 /90], 25.41 1.71 43.5 0.297015
[0, / £45], 25.45 1.96 49.93 1.670187
[90, / +45], 25.53 1.7 43.42 0.714842
[£30 ], 25.41 1.51 38.26 0.414428

Figure 7 shows the load cell and DIC set-up for the experiment.
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Figure 5.7: Load cell and DIC set-up for the experiment

A CLPT analysis was carried out for the laminates using cdmHUB. The axial stress, transverse

stress, and shear stress were plotted along the thickness of the laminate.

5.3  Processing of experimental results

The results obtained from the tensile test were compared to the results of the CLPT analysis. Figure
8 shows the fractured specimens. Every specimen has multiple points of failure. It is a high impact
failure where the specimen had exploded into multiple directions. The samples that had 90 plies
in them failed in the 90 direction and the samples that did not have 90 plies failed off-axis.
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(C) [i30 ]25

Figure 5.8: Fractured specimens

157



Figure 5.8 continued

(d) [90, / £45];

5.3.1 Stress-Strain plots of the laminates

Tensile modulus was obtained from the slope of the stress-strain plots for the specimens. Figure 9
shows the stress-strain plots for the laminates. It was observed that the data was coincidental for
all the specimens and the plots overlap with each other for a particular lay-up. The values of tensile
modulus obtained from the data were compared to the CLPT and SwiftComp results in the later
section. The ultimate strength of the. [0, / £45],, [0/ +£45 /90],, [+30 ], [90, / £45],
laminates are 884.3 MPa, 590.0 MPa, 492.2 MPa, and 207.9 MPa respectively. It can be observed
that the strength is more for the laminates with a greater number of 0 plies and the strength reduces
as the 90 plies increase. A change in slope is observed for the [90, / +45] laminate and the point
where this change happens is called the knee-point which is caused due to failure of the 90 plies,
but the laminate has not failed as a whole. Figure 9 shows the stress-strain plots for each of these

laminates.
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Figure 5.9: Stress-Strain plots for the laminates
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Figure 5.9 continued
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5.3.2 Transverse Strain-Longitudinal Strain plots for the laminates
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Poisson’s ratio was obtained from the slope of the transverse strain Vs longitudinal strain plots for

the specimens. Figure 10 shows the transverse Vs longitudinal strain plots for the laminates. The

values of Poisson’s ratio obtained from the data were compared to the CLPT and SwiftComp

results in the later section. These plots are not as smooth as the stress-strain plots, but, the data was
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coincidental for all the specimens and the plots overlap with each other for a particular lay-up.
There is a change in slope for the [0 / +45 /90], laminate. This is because of the failure of 90
plies, but not the laminate as a whole. This increases the transverse strain on the laminate.
Poisson’s ratio was obtained using the following equation:

—&
y =Y
gxx

Transverse Strain vs. Longitudinal Strain [0/0/45/-45]s
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Figure 5.10: Transverse strain Vs Longitudinal strain for the laminates
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Figure 5.10 continued

Transverse Strain vs. Longitudinal Strain [30/-30/30/-30]s
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5.3.3 Homogenization of elastic constants for the laminates
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Figures 11-14 show the data that was obtained from SwiftComp and CLPT. The results obtained

from both these applications are exactly equal to one another. 1-D SG was used for homogenization

in SwiftComp. For the [+30 ], laminate, the value of v,5 is negative and v;, is 1.48, which is
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quite larger than the typical values of Poisson’s ratio. The laminates can also be modeled without
specifying individual ply orientation, that is, a black-Aluminum approach can be used to determine
the behavior of it. In this case, the homogenized material properties can be directly given as input
for the laminate. It can also be observed from the results from SwiftComp using the 1D structural
genome that each different ply orientation is represented with a different color in it. The values of

elastic constants from the results of CLPT and SwiftComp are the same.

The Effective Stiffness Matrix
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Figure 5.11: Analytical results for [0, / +45];
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Figure 5.12: Analytical results for [0 / +45 /90],
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Figure 5.13: Analytical results for [+30 ],
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Figure 5.14: Analytical results for [90, / +45],
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5.3.4 Comparison of theoretical and experimental data

No o0
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Tables 2 and 3 show the comparison of data for axial modulus and Poisson’s ratio that was obtained
from the experiment with the CLPT and SwiftComp results. The error in the data for most of the
parameters is less than or close to 10%. The modulus and Poison’s ratio reduce as the laminate

moves more towards the off-axis with the value being the highest for the laminate with more



number of 0 plies. The modulus of [0, / +45], is half of the modulus obtained for the

[0]g laminate. This is because half of the number of plies in this laminate is 0.

Table 5.2: Comparison of modulus data

Layup CLPT (GPa) | SwiftComp (GPa) Experiment Error (%)
(GPa)
[0/ £45 /90], 74.197 74.19654 66.47 10.41
[0, / £45], 50.148 50.147842 45.48 9.30
[£30 ], 42.043 42.043153 44.62 6.12
[90, / £45], 20.936 20.93569 18.8 10.20

Table 5.3: Comparison of Poisson’s ratio data

Layup CLPT SwiftComp Experiment Error (%)
[0 / 45 /90], 0.72 0.72326116 0.785 9.02
[0, / £45], 0.32 0.31833526 0.351 9.68
[£30 ], 1.48 1.4829408 1.429 3.44
[90, / £45], 0.2 0.20407922 0.207 3.5

5.4 Modeling and analysis of simulation

The variation of the stress across the thickness both at the edge and the center of the width of the
sample was analyzed by simulating the load and boundary conditions the same as what the test
coupon experiences on the MTS. This is done to account for and to study the free-edge effects on
the edges of the samples as well. Four laminates were modeled for this study from the experimental
analysis, [0, / +45],,[0 / +45 /90],, [+30 |5, [90, / +45];.

The test specimens were modeled as discussed in chapter 2. They were one-inch (25.4 mm) wide
and comprised of 8-ply laminates with 4 different orientations as in the experiment. The fiber
orientation was assigned individually to each of the plies and hence, for the post-processing of the

data, a global coordinate system is created and all the parameters are hence rotated in terms of the
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global coordinates. The load and boundary conditions for the test are the same as a typical tensile

test as discussed in section 2.7. The deformation output has a scale of 12.6987.

5.4.1 Analysis of simulation results
54.1.1 [0,/ +45]; Laminate

Figure 15 shows the variation of stresses through the thickness and also the variation through the
axial length of the specimen. It can be seen that the 0° plies take the highest axial loads and the
459 plies take all the shear stress. The magnitude of all these stresses does not vary a lot across
the length of the specimen. The shear stress changes its direction between the +45° and —45°
laminates. The axial and the transverse stresses on the +45° laminates are however the same. The
off-axis plies take positive transverse loads whereas, the 0° plies take negative transverse loads
denoting the reduction of the width of the specimen with the tensile load applied on it. There is a
region of stress concentration near the tabs for the transverse stress case. This is because of the
Poisson’s effect where the laminate deformation is restricted because of the tabs and hence it

cannot reduce its width.
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Figure 5.15: Variation of stresses for [0, / +45] laminate
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Figure 5.15 continued
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Figure 5.15 continued
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54.1.2 [0/ +45 /90]; Laminate

Figure 16 shows the variation of stresses through thickness and through the axial length of the
laminate. It can be observed that the axial loads are mostly carried by the 0° plies and the 90°
plies take the least number of axial loads. All the shear stress is carried by the +£45° laminates.
They carry the same amount of shear loads. But, the magnitude is opposite in direction. The highest
amount of transverse load is carried by the 90° laminates and the magnitude of this stress is
negative accounting for its compressive nature and the transverse loads carried by the +45°
laminates are positive but of lower magnitude. The free-edge effects are also clearly visible in
these images. The variation of these stresses is constant across the length of the specimen and the
free-edge effect on the specimen can be clearly visible in the image of transverse stress variation
across the length of the sample.
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Figure 5.16: Variation of stresses for [0 / +45 /90], laminate
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Figure 5.16 continued
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Figure 5.16 continued
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54.1.3 [+30 ], Laminate

Figure 17 shows the variation of stresses across the thickness and the axial length of the specimen.
It can be observed that the plies undergo a non-uniform displacement at the free-edge, whereas,
they deform uniformly at the center of the laminate. The variation of axial stress is constant across
the thickness and also across the length of the specimen. The transverse stress on the specimen is
zero throughout the thickness of the laminate. At the free-edge, however, there is a slight variation
in these values. The direction of shear stress keeps varying between the +£30° plies whereas, the
magnitude of it remains the same. At the free-edge however, the variation of this stress within a
ply varies slightly. The values of these stresses are constant across the gage length of the laminate
and the Poisson’s effect can be observed to be very distinctly visible as the laminate deforms due
to the axial loading. There is a region of stress concentration near the tabs for the transverse stress
case. This is because of the Poisson’s effect where the laminate deformation is restricted because
of the tabs and hence it cannot reduce its width. The axial stress and in-plane shear stress on the
specimen are also concentrated at the tabs. This is because of the range of Poisson’s ratio the

laminate has (v, = 1.4829408,v,3 = —0.34801005) as discussed in section 5.3.3.
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Figure 5.17: Variation of stresses for [+30 ], laminate
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Figure 5.17 continued
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Figure 5.17 continued

3, 513 (CSYS-1)
(Awg: 75%)
+4.553e4+02
+3.760e+02
+2.978=+02
+2.191e+02
+1.404e402
+6.162=+01
-1.711e+01
-9.585e+01
Y -1.746e+02
-2.535%e+02
-3.320e+02
-4, 108e+02
=P X -4.895e+02

0] Variation through thickness (Left: Edge, Right: Center of width)

(i)  Axial Variation

(c) In-plane Shear Stress (015,)

179



54.14 [90, / +45], Laminate

Figure 18 shows the variation of stresses across the thickness and the axial length of the specimen.
The +45° carry more axial stress than the 90° laminates. All the shear stress is carried by the
+45° laminates, but, the direction of stress is opposite at these plies and the 90° plies do not carry
any shear stress. The magnitude of transverse stress is negative at the 90° plies and is positive for
the +£45° plies. The magnitude is however very close for both the orientations. The transition of
these stresses is however not uniform across the thickness of the plies at the free-edge and the
deformation of the plies is also not uniform at the edge. In the axial variation of transverse stress,
the variation of the stress at the free-edge is clearly visible. In other cases, the variation of stress

across the length of the specimen is very less and the value is constant at the gage length.
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Figure 5.18: Variation of stresses for [90, / +£45] laminate
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Figure 5.18 continued
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Figure 5.18 continued
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5.5 Comparison between theoretical and simulation results

5.5.1 Theoretical variation of stress through the thickness of the laminate

CLPT application in cdmHub was used to predict the plots of axial stress, transverse stress and
shear stress across the thickness of the laminates. The axial load per unit thickness of the laminate
was set to be the same as the corresponding value from the experiment. Figure 19 shows the plots
for all the laminates. The axial stress is carried mostly by the O plies and the least axial stress is
carried by the 90 plies. The 0 and 90 plies do not carry the shearing stress and its value is O for
these plies. The 0 plies also do not carry transverse stress on them. The off-axis plies carry the
shear loads on the laminates. It can be observed that the transverse stress is zero throughout the
thickness for the [+30 |, laminate. The green, red and blue plots are the shearing stress, transverse

stress, and axial stress respectively.
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Figure 5.19: Stress Vs thickness plots from CLPT
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Normalised Thickness

Figure 5.19 continued
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5.5.2 Variation of stress through the thickness of the laminate from the simulation

Figure 20 shows the plots of variation of axial, transverse and in-plane shear stresses with the
thickness of the laminate at the center of the width of the laminate. The trend of variation of these
stresses is exactly the same as that predicted from CLPT as discussed in section 5.5.1. These plots
were made by choosing a set of nodes in the center of the gage length of the laminate. 1, 2

directions correspond to the axial and transverse directions respectively.
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Figure 5.20: Stress Vs thickness plots from Simulations

188



Figure 5.20 continued
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5.6 Conclusions

This experiment was used to determine the tensile modulus, Poisson’s ratio and the ultimate tensile
strength of the laminates and the experimental data was compared to the results obtained from
CLPT and SwiftComp. The error for most of the parameters was obtained to be less than 10%.
The axial, shear and transverse stresses were plotted across the thickness of all the specimens using
CLPT to check their variation throughout. The samples that have 90 plies in them tend to fail in
the 90 direction and other laminates fail in the off-axis direction. Hence, 0 plies have the highest

189



strength and the number of O plies determines the strength of the laminates. The modulus of
[0, / £45], laminate is half of the modulus of the [0]g laminate. This is because this laminate is
half comprised of 0 plies.

Using Abaqus simulations, the variation of these stresses across the thickness and the length of the
laminates were analyzed. It was observed this is different at the free-edge and at the center of the
laminate. The variation of the stresses across the thickness was found to be the same for the CLPT
and the simulation results for all the laminates. The laminates also deformed in a non-uniform
manner at the edge. This is to balance the forces at the free surface and this effect is discussed
elaborately in chapter 7.
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6. OPEN HOLE TENSION AND CTE ANALYSIS

6.1 Introduction

6.1.1 Finite and Infinite width specimen

In the practical use of carbon fiber composites, the presence of notch is very common and the
strength of the laminate changes to a great extent due to the stress concentrations around the hole
in the laminate. The properties of the laminate are also changed by the stacking sequence and size
of the hole. These holes are made in the structural composites for fastening purposes. For an
infinite plate, this stress concentration factor is independent of the hole size of the laminate. Since
the failure modes are complex, the methods discussed are semi-empirical. For an ideally brittle
infinite plate, the notched strength can be defined as the failure load over the cross-section area

and it can be written as the follows:

0o
O-N = _K
[0/0)

Where, g, is the strength of the plate without a hole, oy is the strength of the plate with the hole
and K., is the stress concentration factor. The stress concentration factor for a plate containing a
circular hole of radius R is given by

oy (R,0)

o
For a finite plate, the stress concentration can be defined as the following where there is no

dependence on R:

[E
Ko =14 [2( E—x — Vyy + Ex/(2Gyy))
y

Where E, and E, are the modulus of elasticity in the loading and the transverse directions
respectively, v, is the Poisson’s ratio and G, is the shear modulus.

For finite width specimen, as shown in Figure 1, the stress concentration is different from that of

an infinite plate. It is given by the following equation:

K 2+@1-®/M)3

Ko 31— P/w))
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Figure 6.1: Finite plate
(Image from Experimental characterization of advanced composite materials (2014))

Where D is the hole diameter and w is the plate width. The corrected notch strength is as follows:
oy(0) = oy(W)K /Ko

The approximate stress distribution for an infinite plate containing a circular hole is given as

follows:

0y ()
2

Where, ¢ = R/yand g, () is the far-field applied normal stress. Figure 2 shows the distribution

o, (0,y) = [2+§7 +38* — (Ko, — 3)(5§° — 76°)]

of g, across the width for quasi-isotropic plates with two different hole sizes (R /R, = 0.1 and 1.0),
where R, is the reference radius. The volume of the material that is subjected to high stress is much
larger for a plate with a larger hole, increasing the opportunity for damage accumulation and stress

distribution and this also explains the reduced notch strength with an increase in hole size.
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Figure 6.2: Normal stress distribution for quasi-isotropic laminates with 2 hole sizes
(Image from Experimental characterization of advanced composite materials (2014))

The hole size effect was incorporated into two different computationally simple fracture criteria,

namely, Point Stress Criterion and Average Stress Criterion.

6.1.2 Point Stress Criteria (PSC)

The laminate is assumed to fail in tension when the stress o, reaches the unnotched laminate
strength o, at a distance of d, ahead of the hole edge (x = 0,y = R + d,).
PSC: Oy (O,R + do) = 0y

Combining this with the equation of approximate stress,
oy 2
0y 2+ A2+ 3% — (Ky — 3)(516 — 718)

R

Where, 1 =
R+dg

For very large holes, do is small compared to R. Hence, the equation becomes,

ON
— =1/K
0o /

The PSC thus contains two parameters (d,, g,) that have to be determined by experiment. Having
established d, and g, the PSC allows for strength predictions of laminates containing holes of
arbitrary size. Figure 3 shows the experimental data along with the predicted values from PSC for
different hole sizes for boron/aluminum composite. Figure 4 shows the graphical representation of
PSC.
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Figure 6.3: Experimental data on predicted values from PSC
(Image from Experimental characterization of advanced composite materials (2014))

o ‘_?' B | L

Y
| |
\
: B W i ¢ \
. KN
\ T s ey o - /

*:J L |

Figure 6.4: Graphical representation of PSC
6.1.3 Average Stress Criteria (ASC)

For the Average Stress Criterion (ASC), the laminate is assumed to fail in tension when the stress,
oy, averaged over a region spanning from the hole edge (y = R) to (y = R + ag,)., reaches the

unnotched laminate strength, a;.

1 R+a0
ASC: —f 0,(0,y)dy = g,
QAo Jr
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Substituting the stress equation into the ASC equation, we get the following expression for the
notched laminate strength after the integration:

On 2
oo (1+8)(2+ 62+ (Ky —3)5%)

R
R+a0

Where, 6 =

Figure 5 shows the experimental strength data for a carbon-epoxy laminate with the ASC estimate.
It can be observed that the data is in close agreement with each other. Figure 6 shows the graphical

representation of ASC.
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Figure 6.5: Experimental data on predicted values from ASC
(Image from Experimental characterization of advanced composite materials (2014))
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Figure 6.6: Graphical representation of ASC
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6.1.4 Modified Point Stress Criteria (MPSC)

PSC was modified to improve the accuracy of the notched strength predictions. The characteristic
distance do becomes a power function of the hole radius as follows:
do = (R/Ro)™/C

Where, m is the exponential parameter, R, is the reference radius, C is the notch sensitivity factor.
This model adds the exponential parameter m to the formulation of PSC. The reference radius is
arbitrarily chosen to be R, = 1 mm and the parameter A becomes as follows:

A=1/1+R™1Cc™Y)
The parameter m affects the slope of the notch sensitivity curve when the parameter C moves the
curve along the log R axis. The admissible range of m is between 0 and 1 and C > 0. Figure 7
shows that the experimental and the theoretical data are in close agreement with each other for the
carbon-epoxy laminates with [+45/0/90]s and [90/0/+45];.

1.00
T m = 0475 T30v934 carbon/epoxy
ST C=137 ' .
ae | “‘C:H,\nk i o [+45/0/90],
N
WH} & [90/0/+45],
"N psol m=040 “hIle
T C=165mm! T~~~
o025 | VK
[ 1 1 1 1 1 1
05 0 0.5 1.0 1.5 20
Log B {mm)

Figure 6.7: Experimental data on predicted values from MPSC
(Image from Experimental characterization of advanced composite materials (2014))

The Notch Sensitivity Factor (C) and exponential parameter (m) are calculated by using the

following equation on the curve fit as shown in Figure 8.
—log(1/A—1) =logC + (1 —m)logR
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Curve fitting for modified PSC [0/0/45/-45]s

log((1/A

) Log RL. '
Figure 6.8: Curve fit to calculate parameters in MPSC
6.1.5 CTE for [+30 ], laminate from CLPT

Figure 9 shows the values of CTE predicted from the CLPT application in cdmHub. The

parameters that are given as input are the same as the material properties used in the simulations.

The value of a, is negative (—4.5 MS/OC ), indicating that the laminate shrinks in the X direction

when the temperature is increased. a,, is (24.1 'ug/oc ), indicating that expansion of the laminate

in the Y direction is more than the deformation in the X-direction.

Laminate Properties:
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Figure 6.9: Elastic constants and CTE values of [+30 ], laminate
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6.2 Experimental Procedure for tensile test

A total of 90 samples were made from three different stacking sequences, [0, / +45],,[0 / £45 /
90], and [£30 ],. Three different hole sizes were made on the samples, 1/8”,3/16” and %”. 10
samples of each of the hole size were made and tested. All the laminates were symmetric and
balanced. Out of these samples, 10 of them were speckled for the DIC analysis, which included, 2
large hole specimens for each specimen, 2 medium and small hole specimens for the quasi-
isotropic laminate. The specimens were tested with a cross-head rate of Imm/min. Figure 9 shows

the samples that were tested with the DIC to obtain the strain distribution on the samples and

Figure 10 shows the setup of DIC and MTS that was used to test the samples.

dn 195 i W

4R

Figure 6.10: Specimen tested with DIC

(@ MTS (b) DIC

Figure 6.11: Experimental Set-up
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The other samples were only tested to get the strength values to compare them with the strengths

of the laminates without a hole in them.

6.3 Experimental procedure for CTE test

The experimental procedure to conduct the CTE test and the experimental set-up for the CTE test
are discussed in section 3.2. The values of strain data and displacements around the hole are
analyzed using the DIC analysis and section 3.3 discusses the comparison of experimental data

with the predicted theoretical values.

6.4 Processing of experimental results for tensile test

6.41 [0,/ +45]

Figure 11 shows the strength distribution of the laminate with three different hole sizes, namely,
3.56 mm, 5.55 mm and 6.39 mm. It can be observed that the strength of the laminate reduces as
the size of the hole increases. The strength of the on-notched laminate is 884.3 MPa as obtained

from the previous experiments.

(0/0/45/-45) - Smallest hole

1000 + I Strength values | 4
- = *Mean Strength |

Strength (MPa)

1 2 3 4 5 6 7 8 9 10
Specimen Number

(a) Hole diameter = 3.56 mm

Figure 6.12: Strength distribution for [0, / +45], laminate
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Figure 6.12 continued
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(c) Hole diameter = 6.39 mm

Figure 12 shows the plots of normalized stress calculated from three criteria as discussed in the
theory section. The data is then compared to the experimental results that were obtained and they
are also plotted along with the theoretical results. Figure 13 shows the failed specimen with
different hole sizes for the [0, / +45] laminate, where small, medium and big holes denote a hole

of d=3.56 mm, 5.55 mm and 6.39 mm respectively.
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Figure 6.13: Stress distribution as a function of hole size for [0, / £45] laminate
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Figure 6.13 continued
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(@) Small hole (b) Medium hole

(c) Big Hole

Figure 6.14: Failed specimen for [0, / £45], laminate

It was observed that there was delamination in the first and last plies as shown in Figure 14. This
is because the 0-degree plies fail but the 45-degree plies are still intact.
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Figure 6.15: Delamination observed in [0, / +45] laminate

Figure 15 shows the strain distribution around the largest hole on the [0, / +45] laminate and
Figure 16 shows the force versus displacement curves for the specimen with the smallest hole. The
curve is linear and there is slight discontinuity and drop in force when there is a failure of a few

layers in the laminate but the laminate as a whole is still intact.
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Figure 6.16: Strain distribution around the big hole of [0, / +£45], laminate
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Figure 6.17: Force-displacement curve for [0, / +45], laminate with smallest hole

6.42 [+30],

Figure 17 shows the strength distribution of the laminate with three different hole sizes, namely,
3.57 mm, 5.62 mm and 6.48 mm. It can be observed that the strength of the laminate reduces as
the size of the hole increases. The strength of the on-notched laminate is 492.2 MPa as obtained

from the previous experiments.
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Figure 6.18: Strength distribution for [+30 ], laminate
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Figure 18 shows the plots of normalized stress calculated from three criteria as discussed in the
theory section. The data is then compared to the experimental results that were obtained and they
are also plotted along with the theoretical results. Figure 19 shows the failed specimen with
different hole sizes for the [+30 ], laminate, where small, medium and big holes denote a hole of

d=3.57 mm, 5.62 mm and 6.48 mm respectively.
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Figure 6.19: Stress distribution as a function of hole size for [+30 |, laminate
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Figure 6.19 continued
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(@) Small hole (b) Medium hole (c) Big hole

Figure 6.20: Failed specimen for [+30 ], laminate

Figure 20 shows the strain distribution around the largest hole on the [+30 ], laminate and Figure
21 shows the stress versus strain curves for the specimen with the largest hole. It can be observed
that the strain distribution is in the shape of a butterfly around the hole and that there is no
discontinuity as what was seen in the previous laminate as the laminate fails as a whole and there

is no partial failure of the laminate as what was observed in the previous case.
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Figure 6.21: Strain distribution around the big hole of [+30 ], laminate
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Figure 6.22: Stress-Strain curve for [+30 ], laminate with the largest hole

6.43 [0/+45/90],

Figure 22 shows the strength distribution of the laminate with three different hole sizes, namely,
3.66 mm, 5.59 mm and 6.35 mm. It can be observed that the strength of the laminate reduces as
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the size of the hole increases. The strength of the on-notched laminate is 590.9 MPa as obtained

from the previous experiments.
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Figure 6.23: Strength distribution for [0 / +45 /90], laminate
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Figure 6.23 continued
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(c) Hole diameter = 6.35 mm

Figure 23 shows the plots of normalized stress calculated from three criteria as discussed in the
theory section. The data is then compared to the experimental results that were obtained and they
are also plotted along with the theoretical results. Figure 24 shows the failed specimen with
different hole sizes for the [0 / 45 /90], laminate, where small, medium and big holes denote a

hole of d=3.66 mm, 5.59 mm and 6.35 mm respectively.
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Figure 6.24: Stress distribution as a function of hole size for [0 / +45 /90], laminate
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Figure 6.24 continued
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(@) Small hole (b) Medium hole

(c) Big hole
Figure 6.25: Failed specimen for [0 / 45 /90], laminate

Figure 25 shows the strain distribution around the holes on the [0 / 45 /90] laminate and Figure
26 shows the comparison of the strain around all three hole sizes. It can be observed that the region
of high strain increases as the hole size increases. Figure 27 shows the force versus displacement
curves for the specimen with holes. It can be observed that there is no discontinuity and the curves

appear to be almost linear owing to the quasi-isotropic behavior of the laminate.
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Figure 6.26: Strain distribution around the big hole of [0 / +45 /90], laminate
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Figure 6.27: Comparison of strain data around the hole in [0 / +45 /90], laminate with hole size
increasing from left to right
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Figure 6.28: Force displacement curve for [0 / £45 /90], laminate

218



450

400 1

350

Stress (Mpa)
= adh N N w
(=} (4] o (42} o
o o o o o

o
o

-50

400

Figure 6.28 continued

Stress vs. Strain - [0/45/-45/90]s - Medium Hole

d

0 2 4 6 8 10 12 14 16
Strain <10~

(b) Medium Hole

Stress vs. Strain - [0/45/-45/90]s - Largest Hole

350

300 |

250

200

150 |

Stress (Mpa)

100

50

-50

Table 1 shows the comparison of strength data for the three laminates with all the three hole sizes
with the un-notched laminate strength. The strength of the laminate reduces as the size of the hole

increases and there is a reduction in the strength of the laminate even with the smallest hole size.
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[0 / £45 /90], has the highest ultimate strength as it has a larger number of 0° plies and hence, it

takes more load.

Table 6.1: Comparison of strength data of notched and un-notched laminates

Ultimate Notched Strength (oy) MPa
Laminate Small hole | Medium hole | Large hole Un-
notched (MPa)
[0, / £45], 854.47 696.75 616.60 884.30
[£30], 397.25 307.39 301.69 492.20
[0/ 45 /90], 388.84 352.88 332.49 590.90

The parameters a, and d,, obtained for the laminates for all the three hole sizes are tabulated in
Table 2.

Table 6.2: Parameters a, and d, for the laminates with all the hole sizes

Qo
Laminate Small hole Medium hole Large hole
[0, / £45], 277.07 25.26 16.42
[+30],, 15.09 8.38 9.76
[0 / +45 /90], 5.88 7.05 6.87
do
Laminate Small hole Medium hole Large hole
[0, / +45], 19.56 5.71 4.43
[+30],, 3.72 2.96 3.43
[0 / +45 /90], 1.95 2.49 2.52
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6.5 Modeling the geometry for simulations

6.5.1 Geometry, Load, and Boundary conditions

The specimens were modeled as one-inch (25.4 mm) wide tensile coupons and the holes were
made on them at the center of the gage length and width. The average values of the hole diameters
from the experimental specimens were chosen to be the diameters of the holes in the models. The
hole sizes (diameter) corresponded to be 3.683 mm,5.715 mm and 6.604 mm. The load and
boundary conditions on these models were the same as discussed in section 2.7. Three different
laminates with stacking sequences as [0, / +45],, [0 / £45 /90]s and [+30 ], were modeled

and analyzed with three different hole sizes in each of them.

6.5.2 Mesh

The mesh around the holes was also made structured to get more accurate and better convergence
of results. Sections were created around the holes to get the required mesh. The seeding of edges
was the same as discussed in section 2.6. The edge along the circumference of the holes was seeded
with 40 elements. Figure 29 shows the mesh on the coupons for different hole sizes. The models
with hole diameters as 3.683 mm,5.715 mm and 6.604 mm had 263648, 246736, 246736

elements in them respectively.
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(@) Hole diameter = 3.683 mm

Figure 6.29: Mesh on open-hole tensile test specimen
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Figure 6.29 continued

(b) Hole diameter = 5.715 mm
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Figure 6.29 continued

(c) Hole diameter = 6.604 mm

224



6.6  Analysis of simulation results for tensile test

As discussed in the previous chapters, the results were first rotated into the global coordinate
system as the laminate material orientations were given as an input individually. The default
deformation output has a scale of 12.6987 and for the better visualization of results, the scale was

reduced to 1.

6.6.1 Distribution of stress on laminates
6.6.1.1 [0,/ +45];

Figure 30-32 show the variation of axial stress at the hole and also across the length of the
[0, / £45], laminate. It can be observed that there is compressive and tensile stress around the
hole and the magnitude of these stresses increases as the hole size increases. From the (b) part of
these images, the free-edge effects at the holes are observed. The 0° plies take more tensile loads

than the 45° plies. This agrees with the CLPT results discussed in section 5.5.
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(a) Axial variation of stress near hole
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Figure 6.30 continued

(b) Variation of stress through thickness near the hole

(c) Variation of stress on the entire coupon
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Figure 6.31: Variation of axial stress g,, on the [0, / +45], laminate with a hole of diameter
5.715 mm
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Figure 6.31 continued

(c) Variation of stress on the entire coupon
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Figure 6.32: Variation of axial stress g,, on the [0, / +45], laminate with a hole of diameter
6.604 mm
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Figure 6.32 continued

(c) Variation of stress on the entire coupon
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6.6.1.2 [+30],,

Figures 33-35 show the variation of axial stresses on the [+30 ], laminate. The gradient of tensile
and compressive stresses has an angle with the axial direction and this is along the fiber direction
30°. The magnitude of these stresses also increases with the hole size. The stresses also have a
butterfly profile around the hole. The variation of stress across thickness near the holes has an

effect of free-edge also on it. This agrees with the results of CLPT.
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(a) Axial variation of stress near the hole

(b) Variation of stress through thickness near the hole

Figure 6.33: Variation of axial stress a,; on the [£30 ], laminate with a hole of
diameter 3.683 mm
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Figure 6.33 continued

(c) Variation of stress on the entire coupon
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(a) Axial variation of stress near the hole

-

(b) Variation of stress through thickness near the hole

Figure 6.34: Variation of axial stress g,; on the [£30 ], laminate with a hole of
diameter 5.715 mm
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Figure 6.34 continued

(c) Variation of stress on the entire coupon
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(a) Axial variation of stress near the hole

M

(b) Variation of stress through thickness near hole

Figure 6.35: Variation of axial stress g,; on the [+30 ], laminate with a hole of diameter
6.604 mm
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Figure 6.35 continued

(c) Variation of stress on the entire coupon
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6.6.2 [0/+45/90],

Figure 36-38 shows the variation of stress on the [0 / 45 /90], laminate. As in the previous
laminates, there is tension longitudinally and compression transversely around the hole. The
magnitude of these stresses increases with the hole size. The region around the hole also has free-
edge effects and hence, there is a variation of these stresses across the thickness of the laminate.

This variation is also in agreement with the results from CLPT as discussed in the previous chapter.
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(a) Axial variation of stress near the hole

(b) Variation of stress through thickness near the hole

Figure 6.36: Variation of axial stress a,; on the [0 / £45 /90], laminate with a hole of
diameter 3.683 mm
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Figure 6.36 continued

(c) Variation of stress on the entire coupon
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(a) Axial variation of stress near hole

(b) Variation of stress through thickness near hole

Figure 6.37: Variation of axial stress a,; on the [0 / +45 /90], laminate with a hole of diameter
5.715mm
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Figure 6.37 continued

(c) Variation of stress on the entire coupon
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(a) Axial variation of stress near the hole

(b) Variation of stress through thickness near the hole

Figure 6.38: Variation of axial stress a,; on the [0 / £45 /90], laminate with a hole of
diameter 6.604 mm
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Figure 6.38 continued

A

(c) Variation of stress on the entire coupon

6.6.3 Variation of stress across the width of the specimen from the hole

Figure 39 shows the variation of axial stress across the width of the laminates from the hole edge.
It can be observed that the stress is maximum at the edge of the hole and the magnitude of the
normalized stress increases with the increase in the hole size. The value converges to 1 at the edge
of the laminate. The plots for [0 / £45 /90], and [0, / £45] laminates are similar to each other,
whereas, the maximum stress for the [+30 |, laminate is more than these two laminates. The
stress concentration factors were observed to be 3.49, 3 and 2.71 for the [0, / +45];,
[0/ £45 /90], and [£30 ], laminates and these values are the same as what is predicted from
the analytical solution of the stress concentration factor which is independent of the hole size and

is only dependent on the laminate material properties.
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(b) [0/ £45 /90];

Figure 6.39: Normalized variation of axial stress o;, across the width of the specimen with three
different hole sizes
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Figure 6.39 continued

Variation of stress across width for [-£30] 29 laminate
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6.6.4 Strain distribution around the hole
6.6.4.1 [0,/ +45];

Figure 40 shows the variation of axial strain on the [0, / £45]; laminate. The magnitude of
maximum strain increases with the hole size and the variation is identical to the variation of axial

stress on the laminate. The images also show the strain variation at the tabs in these specimens.
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(@) Hole diameter = 3.683 mm

Figure 6.40: Variation of axial strain £, on the [0, / +45] laminate for three different
hole sizes
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Figure 6.40 continued
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(b) Hole diameter = 5.715 mm
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Figure 6.40 continued
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(c) Hole diameter = 6.604 mm

6.6.42 [+30],,

Figure 41 shows the variation of axial strain on the [+30 ], laminate. The magnitude of maximum
strain increases with the hole size and the variation is identical to the variation of axial stress on

the laminate. The images also show the strain variation at the tabs in these specimens.
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(@) Hole diameter = 3.683 mm

Figure 6.41: Variation of axial strain £;; on the [£+30 ], laminate for three different hole
sizes
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Figure 6.41 continued
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(b) Hole diameter = 5.715 mm
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Figure 6.41 continued
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(c) Hole diameter = 6.604 mm

6.65 [0/+45/90],

Figure 42 shows the variation of axial strain on the [0 / £45 /90], laminate. The magnitude of
maximum strain increases with the hole size and the variation is identical to the variation of axial
stress on the laminate. The images also show the strain variation at the tabs in these specimens.
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(@) Hole diameter = 3.683 mm

Figure 6.42: Variation of axial strain £;; on the [0 / +£45 /90], laminate for three
different hole sizes
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Figure 6.42 continued

(b) Hole diameter = 5.715 mm
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Figure 6.42 continued
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(c) Hole diameter = 6.604 mm

6.7 Analysis of simulation results for [+30],; CTE test

The results are obtained for two different cooling cycles which go down up to —100°C & — 180°C
and the heating cycle runs up to 180°C. There are two different cooling cycles to validate the
experimental results and to compare the heating and cooling cycles to the same magnitude of
temperatures in the positive and negative scales. For the [+30 ], laminate, a, is negative

(—4.5 ”‘E/oC ), ayis (24.1 “‘g/oC ) Hence, the deformation of it along the Y-axis is much greater

than its deformation along X-axis and the laminate shrinks in the X-direction when heated
accounting for the negative value of CTE.
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6.7.1 Deformation along X-axis

Figure 43 shows the deformation along X-axis on the [+30 ], laminate with two different hole
sizes od diameter 3.683 mm & 6.604 mm. The laminate expands more along X-axis in the cooling
cycles and shrinks along X-axis in the heating cycle. This accounts for the negative CTE of the
laminate in the X-direction. As the temperature is reduced from —100°C to —180°C, the
deformation along with the X-axis increases. The range of the variation of deformation is the same

for both the hole sizes for a given cycle.
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(1) Cooling cycle minimum temperature magnitude —100°C

Figure 6.43: Deformation along X-axis U; due to temperature change on the [£+30 ], laminate
for two different hole sizes
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Figure 6.43 continued
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(@) Hole diameter = 3.683 mm

255




o

-

(i)

Figure 6.43 continued
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Figure 6.43 continued
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(i)  Heating cycle maximum temperature 180°C
(b) Hole diameter = 6.604 mm

6.7.2 Deformation along Y-axis

Figure 44 shows the deformation along Y-axis on the [+30 ], laminate with two different hole
sizes od diameter 3.683 mm & 6.604 mm. The laminate expands more along Y -axis in the heating
cycle and shrinks along Y-axis in the cooling cycles. This accounts for the positive CTE of the
laminate in the Y-direction. As the temperature is reduced from —100°C to —180°C, the
deformation along with the Y-axis increases. The range of the variation of deformation is the same
for both the hole sizes for a given cycle. This is much more than the deformation in the X-direction

as the CTE in Y-direction is much higher than in X-direction.
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(i)  Cooling cycle minimum temperature magnitude —180°C

Figure 6.44: Deformation along Y-axis U, due to temperature change on the [+30 ], laminate
for two different hole sizes
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Figure 6.44 continued

(iii)

(@) Hole diameter = 3.683 mm
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Figure 6.45continued
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(b) Hole diameter = 6.604 mm
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6.7.3 Stress in X-direction

Figure 45 shows the variation of stress along the X-axis of the specimen. For the heating and
cooling cycles, the regions of tensile and compressive stresses are swapped accounting for the
swapping of the major and minor axes in these 2 cases. The stresses on the laminate increase as
the magnitude of cooling temperature increases. The top edge undergoes tension in the cooling

cycles and it undergoes tension in the heating cycles. This is because of the negative CTE the

laminate has in X-direction.
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Figure 6.46: Variation of stress in X-direction, g, due to temperature change on the
[£30 ], laminate for two different hole sizes
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Figure 6.45 continued
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Figure 6.45 continued
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(ili)  Heating cycle maximum temperature 180°C

(@) Hole diameter = 3.683 mm
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Figure 6.45 continued
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Figure 6.45 continued
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(i)  Cooling cycle minimum temperature magnitude —180°C
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Figure 6.45 continued
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(iii)  Heating cycle maximum temperature 180°C
(b) Hole diameter = 6.604 mm
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6.7.4 Effect of negative CTE on the deformation of the hole during heating

Figure 46 shows the effect of change in temperature on the [+30 ], laminate for two different
hole sizes when it is heated and cooled up to 180°C and —180°C respectively. Tables 3 and 4 show
the variation of dimensions of both the holes in the heating and cooling cycles. The aspect ratio
(major axis/minor axis) for the deformed ellipse at the end of cooling cycles (X deformation/Y
deformation) up to —100°C & — 180°C is about 1.06 and 1.12 respectively and the aspect ratio at
the end of heating cycle (Y deformation/X deformation) up to 180°C for both the holes is about
1.17.

Effect of change in temperature on [30/-30/30/-30], laminate

300
200

(180°C)

100

(undeformed)

Temperature (°C)
o

-100

-180°C
.2 OO - n ( )

300 . . . L H ) ) . .
50 40 -30 -20 -10 0 10 20 30 40 50

(@) Hole diameter = 3.683 mm

Figure 6.47: Effect of temperature change on the [£30 ], laminate for two different
hole sizes
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Figure 6.46 continued

Effect of change in temperature on [30/-30/30/-30] 4 laminate
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(b) Hole diameter = 6.604 mm
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Table 6.3: Deformation of holes in the cooling cycle

Cooling Initial Deformed () Deformed (X) Aspect
(Minimum diameter (mm) (mm) Ratio
Temperature) (mm) (X1Y)
(°C)
-100 3.68 3.49 3.70 1.06
-180 3.68 3.34 3.74 1.12
-100 6.60 6.27 6.65 1.06
-180 6.60 6.00 6.72 1.12
Table 6.4: Deformation of holes in the heating cycle
Heating Initial Deformed (Y) Deformed (X) Aspect
(Maximum diameter (mm) (mm) Ratio
temperature) (°C) (mm) (YIX)
100 3.68 3.87 3.65 1.06
180 3.68 4.02 3.58 1.12
100 6.60 6.93 6.54 1.06
180 6.60 7.28 6.48 1.12

6.8 Conclusions

Holes of three different sizes were made on laminates with three different stacking sequences and
the failure modes were determined for them. It was observed that the laminate with stacking
sequence [0, / £45], has the highest strength as it has a greater number of 0° plies in it. The
strength was estimated from two different methods, ASC and PSC. A broad range of gy /o, were
found for different values of a, and d, for ASC and PSC respectively. It was observed that the
modified PSC is a better estimate for the calculations. It gives a single plot for all the hole sizes
and it gives a narrower range of estimate compared to the other two cases where there is a wider

range of values for ay/0,. Once the oy /0o, was corrected for finite width, they seem to fit the
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oy /0, estimates better. As the size of the hole increases, the strength of the laminates appears to
reduce. Even the laminates with the smallest hole have a significant reduction in the value of
strength compared to the un-notched laminate. The stress is the highest at the corner of the hole
and it reduces exponentially towards the end of the laminate plate.

The digital twins for the stiffness of the laminates display the detailed variation of stresses on the
length of the laminate and across the width of it. The magnitude of normalized stress is the highest
for [0,/+45 |; laminate. The [£30],, laminate has a negative CTE along X-axis and hence,
simulations were run for the deformation of it with an increase and decrease of temperature. It was
observed that the hole deforms to an ellipse and the major axis flips for the heating and cooling
cycles. As a result, the stress concentrations around these holes also flip directions of tension and
compression. A detailed analysis was carried out for the deformation and the stress distribution

around the holes of two different sizes.
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/. FREE EDGE EFFECTS

7.1 Introduction

7.1.1 Stress distributions at the free edge

With the increasing use of composites in the industry, there is an increasing need to understand
and solve different problems that are encountered. Free-edge is one such problem which is very
commonly faced. Due to a mismatch in the elastic properties of the neighboring layers in a
composite laminate, there are concentrated stresses that arise in the interface of the laminates at
the free edges when the laminates are thermally or mechanically loaded. These stress fields are
located at the boundary layers of the laminates where there are steep stress gradients and they
eventually die out towards the center of the laminate. It is very crucial to obtain the 3D stress field
at the edges of the laminate to prevent the premature failure of the laminates as they can result in
delamination and transverse cracking of the laminates. Figure 1 shows the variation of stresses on
the surface and across the thickness of the laminate. The characterization of the strength of fiber-
reinforced composite materials that are laminated shows that the stress state near free-edge is three-
dimensional in nature and is not predicted accurately by the laminated plate theory. Some
experimental results have shown that the strength of certain angle-ply laminates can be predicted
by the laminate strength theories, but the strength of coupons of other fiber orientations cannot be

predicted by these theories.
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Figure 7.1: Stress state at the free edge of the specimen
(Image from Experimental characterization of advanced composite materials (2014))

7.1.2 Axial displacement and interlaminar shear strain across the thickness

From a few analyses conducted in the past, it was very evident that a cogent amount of interlaminar
stress is required to allow shear transfer between layers of an angle-ply laminate that has a fine
width. The interlaminar stress is restricted to a narrow region near the free-edge and a uniform
stress field as predicted by the lamination theory is recovered from the inner region of the laminate.
The location of maximum interlaminar shear stress is found at the interface of the lamina with
fiber orientations of +6 and -6. The interlaminar normal stress, a,, gy, 7, are very small in the
angle-ply laminates. When a uniform uniaxial stress is applied to a laminate, it can be proven that
the lamina state of stress contains only two components in the laminate coordinate system. These

components of stress are o, and 7.
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Figure 2 shows the variation of interlaminar shear strain and Figure 3 shows the variation of axial
displacement distribution across the thickness of the laminate. The first Distribution I, corresponds
to the elastic analysis and hence to a state of stress-strain at or below the proportional limit. As the
load is increased and the material response enters the nonlinear range, the axial displacement
distribution changes to a form corresponding to Distribution Il. Finally, an interlaminar shear
failure results in a separation of the laminae at the interfaces (z/h, = +1.0) and produces the

displacement Distribution I1l. Distribution IV corresponds to the interlaminar shear failure.

[ I III

o /)7

ueCx + Uly,zb

p 6.0 uly.2
I

SHEAR STRAIN

SHEAR STRESS

20

Figure 7.2: Axial displacement across the thickness
(Image from Experimental characterization of advanced composite materials (2014))
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Figure 7.3: Interlaminar shear strain across the thickness
(Image from Experimental characterization of advanced composite materials (2014))

7.1.3 Variation of stresses across the width

When uniform uniaxial stress is applied to a laminate, it can be proven that the lamina state of
stress contains only two components in the laminate coordinate system. These components of
stress are o, and . Further, it can be shown that o, is zero. Also, the direction of the shear stress
is the only varying parameter for a lamina of 6 and - 6 directions.
Thus, we have

0x(0) = 0x(=0) =0y

Txy(g) = _Txy(_e)
Free edge effects arise to the fact that for finite width specimens to maintain a traction free surface
at the edge, there arises interlaminar shear stress.

If the stress state is independent of the x — coordinate (St. Venant’s principle) we have

dao,
d0x

Thus, the equilibrium equations are given by

=0
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0Tyy 0Ty,
dy 0z

Since the in-plane shear stress must vanish on the free surface of the specimen, we have

=0

0Tyy 0Ty,
dy 0z

The uniform axial extension form of the strain-displacement relationship is assumed in order to

yield stress filed independent of the axial coordinate, x

u=¢gx+U(yz)

Oy =0, =045=0

That leads to
al,, +U,, =0
511555

odQ=—"
[511566 - 5126]

1
~ Sic€
faz" 216 0\/511555[511566 — S%6]

It is important to note that the components of the compliance matrix, referred to as S;; are in the
laminate coordinate system. The surface deformation in Figure 4 clearly illustrates the nature of
the interlaminar phenomenon. Here we see that the axial displacement in the direction of the
applied load has an anti-symmetric form that is clearly restricted to as boundary layer. More
important, as we saw in analyzing the off-axis tensile coupon, the gradient in displacement in this
region reflects the “freedom” of the surface layer to exhibit deformation as if it was not bonded to
the rest of the laminate, but free to deform as it would as an off-axis coupon of the same orientation,
0.
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Figure 7.4: Axial displacement across width and thickness of the laminate
(Image from Experimental characterization of advanced composite materials (2014))

The through thickness results show that the interlaminar shear stress is zero on the upper and lower
surfaces, as it must be. Note also that the interlaminar shear stress changes sign at the multiple
interfaces in much the same way as the in-plane shear stress changes sign for 8 and —6. While a
finite maximum value for the interlaminar stress at the free-edge is shown, this is certainly not the
case. Rather, the stress at the intersection of the interlaminar planes: z = +3h and +h are unbounded.

Namely, a mathematical singularity exists in these positions. This can be seen in Figure 5.
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Analytic Solution
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Figure 7.5: Interlaminar shear stresses through the thickness
(Image from Experimental characterization of advanced composite materials (2014))

A simplified shear stress distribution is shown in Figure 6. The mathematical singularity at the free
edge can be simplified, wherein t,, has a finite value at the free-edge and the smooth curves are
replaced by linear approximations. This approach will preserve the relationship between the in-
plane and interlaminar stresses, but will allow simple relationships to be developed for relating the
couples, C,, and C,,, to the magnitude of the shear stress at the free edge. Further, Figure 7 shows
the variation of complete stress results at the interface of a [+45] laminate with the material
properties of the laminate specified accordingly.
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Figure 7.6: Simplified and Actual shear stress distributions across the width of the sample
(Image from 12a, 12b Free-edge Phenomena, Presentation. PPT. (2019))
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Figure 7.7: Variation of stresses at the interface of [+45] laminate
(Image from 12a, 12b Free-edge Phenomena, Presentation. PPT. (2019))

7.2 Experimental Procedure

4 types of laminates were prepared to study the free-edge effects. These were
[£30 ], [£30, |55, [£30/90, |, [£30,/90, ]s. Ten specimens of each laminate were studied.
For the calibration of the DIC camera, the position of the samples and the lighting conditions affect
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the exposure of the image. The samples were aligned as accurately in the load cell as was possible.
The level checked using a spirit level. The load cell was calibrated for a 22kip calibration. The
ramp rate for the test was 2 mm/min for the first two samples and was increased to 4 mm/min for
the remaining samples. The samples were loaded until failure. There was no speckling on the
samples and the data obtained from DIC cameras was used to capture the video of the samples
failing. The data reduction was done using the aforementioned formula and the results were
compared to those obtained using CDMHub. Figure 8 shows the experimental set-up that was used

to test the samples for free-edge effects.

Figure 7.8: Experimental Setup

7.3 Processing of experimental results

The sample dimensions were measured for further calculations to be carried out on the specimen.
Table 1 shows the average and standard deviation values of these data for the four laminates that
were tested. It can be observed that the sample dimensions are close to each other as the standard
deviation values are quite low. The samples with 16 plies have a thickness twice of the samples

with 8 plies.
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Table 7.1: Average and standard deviation values of sample dimensions

Specimen Dimensions
Laminate [£30 ] [£30; ]2s [£30/90; ]5 | [1£30,/904 ],
Width (mm) 25.39 25.37 25.37 25.32
Width STD 0.04 0.04 0.08 0.06
Thickness (mm) 1.52 3.17 1.62 3.17
TSTD 0.04 0.07 0.03 0.08
Length (mm) 152.79 152.70 152.78 152.59
Length STD 0.41 0.28 0.06 0.10
CSA (mm?) 38.48 80.51 41.11 80.21

Load-displacement data was extracted and cleaned using a MATLAB code and plotted per
specimen per laminate. The cleaning process only adjusted the offsets on the loads and
displacements data by ensuring a start at the origin. The approximate value of the axial strain was
taken by dividing the displacement by the mean gauge length of the laminate type. Axial stresses
were calculated by dividing the force by the mean cross-sectional area of the laminate type.

For the simplified version of calculating the anti-symmetric in-plane shear and interlaminar shear,

the following formula was used:

h = mho
b — mho/ 2
mlb —mhy/ 3

Where h, is the thickness of each layer, and b is the half-width of the specimen.

7.3.1 [£30 ], laminate

Figure 9 shows the load versus displacement curves and the axial stress versus strain curves for all
the samples made from the [+30 ], laminate. The mean ultimate stress, Young’s Modulus,

Interlaminar Shear Stress, and Peel Stress values are calculated from the data accordingly.
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Figure 7.9: Load Displacement and stress-strain plot for [£30 ], laminate

7.3.2 [£30, |, laminate

Figure 10 shows the load versus displacement curves and the axial stress versus strain curves for
all the samples made from the [+30, ], laminate. This laminate has a ply thickness twice of that
of the previous laminate. As the thickness of the laminate increases, the strength of it decreases.
Hence it can be observed that the ultimate stress of the laminate is lower. The mean ultimate stress,

Young’s Modulus, Interlaminar Shear Stress, and Peel Stress values are calculated from the data
accordingly.
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Figure 7.10: Load Displacement and stress-strain plots for [+30, ], laminate

From Figure 11 we can see evidence of delamination failure at the edges of the specimen. Since
the ply thickness is two times more than the laminate with 8 plies, the delamination is more clearly
visible in this case. The simplified version was used for calculating the peel stress. For this
laminate, b = 12.685mm, h = 3.17mm, m=16 and in-plane shear stress (from CPT) is 558.25 MPa,
interlaminar shear stress at failure was 66.61 MPa and peel stress was 7.12 MPa. The mean
ultimate stress was calculated to be 411.47 MPa and Young’s Modulus was 28.44 GPa.
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Figure 7.11: Delamination failure at the edge of the specimen for [+30, |, laminate

7.3.3 [£30/90, | laminate

Figure 12 shows the load versus displacement curves and the axial stress versus strain curves for
all the samples made from the [£30/90, |, laminate. The mean ultimate stress and Young’s
modulus were calculated for this laminate. Since this is not an angled ply laminate, the interlaminar
shear stress and peel stress of the laminate is not calculated. The ultimate stress of this laminate is
less than the previous laminate with 8 plies because of the presence of 90 oriented plies which
reduce the strength of the laminate significantly to about half the previous strength as the number
of angled plies are reduced to half in this case. The code in cdmHUB is also not valid for laminates
with 90 angled plies. Hence, the plots with the analytical solution are not obtained for this laminate.

The average ultimate stress was found to be 299.88 MPa and Young’s Modulus was 26.8 GPa.
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Figure 7.12: Load Displacement and stress-strain plot for [+30/90, ] laminate

7.34 [£30,/90, | laminate

Figure 13 shows the load versus displacement curves and the axial stress versus strain curves for
all the samples made from the [+30,/90, | laminate. The mean ultimate stress and Young’s
modulus were calculated for this laminate. As discussed for the previous laminate, since not plies
are angled, the interlaminar shear stresses and the peel stresses of the laminate are not calculated
and the analytical results from cdmHUB are also not obtained. The ultimate strength of this
laminate is also lower than the laminate with a lower ply thickness. The average ultimate stress
was found to be 209.59 MPa and Young’s Modulus was 26.21 GPa.
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Figure 7.13: Load Displacement and stress-strain plot for [+30,/90, ], laminate

Figure 14 shows the delamination in the [+30,/90, ], laminate. This is not that evident in the

laminate with lower ply thickness and it is more visible in this case.
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Figure 7.14: Evident delamination at the edges for [+30,/90, ], laminate

7.4 Modeling of geometry for simulations

Laminates with two different stacking sequences, [+30 ], and [+30/90, |, were modeled with
the same geometry as the experiment with a width of 5.6896 mm, which is 5 times the thickness
of the laminate. This was done to have more elements across the width and to capture the free edge
effects. The properties of the other two laminates are the same as these but the laminate thickness
is twice as them. Hence, to study the deformation and stress properties, it is sufficient to analyze
these two. This is done to account for and to study the free-edge effects on the edges of the samples
as well. The variation of stresses across the thickness, width is analyzed for both the laminates and
the free-edge effects are analyzed.

The fiber orientation was assigned individually to each of the plies and hence, for the post-
processing of the data, a global coordinate system is created and all the parameters are hence
rotated in terms of the global coordinates. The load and boundary conditions for the test are the

same as a typical tensile test as discussed in section 2.7.

7.4.1 Mesh

To capture the free edge effects on the coupon, the mesh was further refined as the width was five

times the thickness of the entire laminate. 40 elements are seeded across the width and each
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element has a width of one lamina. The geometry was modeled with standard 3D stress elements
with a quadratic geometric order (C3D20- 20 node quadratic brick). Reduced integration was used
at the tabs to decrease the computation time. There are 1496320 elements on the coupon. Figure
15 shows the images of mesh on the coupon. The tabs were seeded with 4 elements across the

thickness.

Figure 7.15: Mesh on the edges of free-edge coupon with a width of 5t

7.5 Analysis of simulation results and comparison with theoretical results

Since the orientation of fibers in the laminate was assigned for individual layers, to get the final
properties of the deformed laminate, the parameters were rotated to the global coordinate system.
For the analytical results, the free edge elasticity solution application in cdmHub was used with
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the material parameters the same as that mentioned in chapter 2. The load was the same as the
maximum value of experimental strain that the laminate experiences. The results obtained from
the analytical solution and the simulation were compared and validated. For the plots from Abaqus,
the location across thickness and width were normalized by dividing the values by 1.13792 and

5.6896 respectively.

75.1 [£30 ], laminate
7.5.1.1 Axial displacement across thickness at the free edge

Figure 16 shows the plots of variation of axial displacement across the thickness from both the
analytical solution and from the tensile simulation of the [+30 ], laminate. The laminate has a
maximum displacement at the laminate center where there are —30° plies. The —30° plies also
have greater displacement than the 30° plies that are present through the thickness of the laminate.
This was measured in the middle of the axial length of the laminate. Figure 17 shows the contoured
variation of the axial displacement on the entire laminate and the variation across the thickness of

the laminate at the gage length.
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(b) Abaqus simulation result

Figure 7.16: Variation of axial displacement U, across thickness at the free edge of [+30 ],
laminate
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Figure 7.17: Contoured variation of axial displacement U, on the [+30 ], laminate
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7.5.1.2 Stresses across thickness at the free edge

Figure 18 shows the variation of stresses across thickness at the free edge of [+30 ], laminate.
The stresses in plots from Abaqus simulation are in MPa. Figure 19 shows the contoured variation
of these stresses on the laminate. All of these stresses reach their peak values at the interface
between two plies where their orientation changes. The axial and in-plane shearing stresses remain
almost constant throughout the thickness of each ply. The interlaminar shearing stress varies
through the thickness of the ply and peaks at the interface. The shear stresses also reach 0 at the
free surfaces on the top and bottom. The distribution of these stresses is also symmetric with
respect to the mid-plane of the laminate. The peak values of the stresses also remain constant as
the fiber orientations remain the same with respect to the longitudinal axis. Figure 18c shows the
superimposition of the analytical and finite element solution and it can be seen that the peak value
of 7,, iIs more in the analytical solution and this is due to the mathematical singularity in the
solution at the interfaces. As the number of Fourier terms is increased the magnitude of this stress
increases. The FE solution also approaches this value when the number of terms is increased

across the thickness of each ply.
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Figure 7.18: Variation of stresses across thickness at the free edge of [+30 ], laminate
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Figure 7.19: Contoured variation of stresses on [+30 |, laminate
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Figure 7.19 continued
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(b) Interlaminar shearing stress t,.,
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Figure 7.19 continued
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(c) In-plane shearing stress ,,,

7.5.1.2.1 Variation of normal and transverse stresses through thickness

Figure 20 shows the variation of normal and transverse stresses across the thickness of [+£30 ],
laminate. The stresses reach zero at the free surfaces on the top and bottom of the laminate. The
transverse and out of plane shear stresses are zero across the thickness of the laminate. The value
of o,, peaks at the center of the laminate. Figure 21 shows the contour variation of these stresses
at the edge and along the length of the laminate. The analytical solution assumes that the peel

stress g, is zero across thickness and hence, there is no validation analytical plot for this case.
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Variation of stress across thickness for [:t3lf]']25 laminate
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Figure 7.20: Variation of normal and transverse components of stresses across thickness at the
free edge of [£30 ], laminate
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(a) Transverse stress oy,

Figure 7.21: Contour variation of normal and transverse components of stresses across
thickness at the free edge of [+30 |, laminate
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Figure 7.21 continued

(b) Normal stress o,
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Figure 7.21 continued
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(c) In-plane shearing stress 7,,

7.5.1.3 Stresses across width

Figure 22 shows the variation of stresses across the width of the specimen from the midplane to
the edge of the sample. In the analytical plot, the blue, red and green plots in the analytical solution
represent the axial, in-plane shearing and interlaminar shearing stresses respectively. In the Abaqus
simulation results, the plots for 7., are taken from the values of stresses at the middle of each ply
and the plots for t,, and o, are plotted by considering the values at the interface between the

plies.
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In the legends of these plots, the plies are numbered from bottom to top, that is, 1 is the bottom-
most ply with an orientation of 30°. 2, 3 and 4 represent the subsequent bottom-up plies with
orientations —30°,30° and —30° respectively. The stresses were also plotted at the mid-plane of
the laminate and on its top surface. The X-axis of these plots denotes the normalized width of the
laminate. It can be clearly seen that there is a boundary layer at the edges before the stresses reach
a constant value at the center. This is a consequence of the free-edge effect on the laminate. The
sign of the stresses also reverses for the subsequent plies and interfaces.

Figure 23 shows the contour plot of the variation of these stresses across the width of the laminate

especially at the free-edge covering the boundary layer.
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Figure 7.22: Variation of stresses across the width on [+30 ], laminate

302



Figure 7.22 continued
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(ii) Interlaminar shearing stress t,.,

(iii) In-plane shearing stress t,,,
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Figure 7.23: Contoured variation of stresses across the width and at the edge of [+30 ],

laminate

7.5.1.4 Stresses across thickness at the laminate center

Figure 24 shows the variation of stresses across thickness at the laminate center. In the analytical

plots, the blue, red and green plots represent the axial, in-plane shearing and interlaminar shearing

stresses respectively. The axial stress is constant across the thickness and the interlaminar shearing
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stress is zero throughout the laminate and the in-plane shearing stress has an alternating change in
sign across thickness as the sign of the ply reverses.

Figure 25 shows the contour variation of these stresses across the thickness of the laminate at the
center.
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Figure 7.24: Variation of stresses across thickness at the center of [+30 ], laminate
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(iii) In-plane shearing stress t,,,

Figure 7.25: Contoured variation of stresses at the center of [£30 ], laminate
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7.5.1.5 Axial displacement across the width

Figure 26 shows the variation of axial displacement across the width of [+30 ], laminate. In the
plots obtained from the simulation results, the stresses are plotted at the interfaces of the plies and
the legends are numbered from bottom to top, that is, 1 is the bottom-most ply with an orientation
of 30°. 2, 3 and 4 represent the subsequent bottom-up plies with orientations —30°, 30° and —30°
respectively. The stresses were also plotted at the mid-plane of the laminate and on its top surface.
There is a boundary layer at the edges of the laminate and hence, the displacement reaches a

constant value only at the center of laminate.
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Result: |U across the width of the lamwinate
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(b) Abaqus simulation result

Figure 7.26: Variation of axial displacement U, across width of [+30 ], laminate
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752 [£30/90, | laminate
7.5.2.1 Axial displacement across thickness at the free edge

Figure 27 shows the plots of variation of axial displacement across the thickness from the tensile
simulation of the [£30/90, ], laminate. The laminate has maximum displacement where there are
—30° plies. The —30° plies also have greater displacement than the 90° and 30° plies that are
present through the thickness of the laminate. This was measured in the middle of the axial length
of the laminate. Figure 28 shows the contoured variation of the axial displacement on the entire
laminate and the variation across the thickness of the laminate at the gage length. There is no

analytical solution available for this laminate as it is available only for the [+6], case.
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Figure 7.27: Variation of axial displacement U, across thickness at free edge of [+30/90, ]

laminate
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Figure 7.28: Contoured variation of axial displacement U, on the [+30/90, |, laminate
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7.5.2.2 Stresses across thickness at the free edge

Figure 29 shows the variation of stresses across thickness at the free edge of [+30/90, |
laminate. The stresses in plots from Abaqus simulation are in MPa. Figure 28 shows the contoured
variation of these stresses on the laminate. All of these stresses reach their peak values at the
interface between two plies where their orientation changes. The axial and in-plane shearing
stresses remain almost constant throughout the thickness of each ply. The interlaminar shearing
stress varies through the thickness of the ply and peaks at the interface. The shear stresses also
reach O at the free surfaces on the top and bottom. The distribution of these stresses is also
symmetric with respect to the mid-plane of the laminate. The peak value of stresses at the interface
of £30° laminae is more than the peak value of stresses at —30° and 90° laminae. There is no

analytical solution available for this laminate as it is available only for the [+6], case.

312



L,
=

Figure 7.29: Variation of stresses across thickness at the free edge of [+30/90, |, laminate

([:30/90,] ) FE solution

1
,.—-"f/r]l
09| e — - —
08| o .""--.__\__ i'
—-____1-\_\_\_.‘7-'-7

=
0.7 |"
06 [ 1

| xy
05t — T, |

| n
0.4t Ill x| -

|
0.3t / L

_ :.-_ .-\___ i
0.2t | ~_ .'
4 g
e ———————— i —r —_—
0.1 —
0 . . . L . . . .
400 -300 -200 -100 O 100 200 300 400 500 60O
Stress

(Stresses in MPa)

313



(a) Axial stress g,
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Figure 7.30: Contoured variation of stresses on [+30/90,, |, laminate
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Figure 7.30 continued

S, 512 (CSYs-1)
(Awg: 75%)
+3.069e+02
+2.557e+02
+2.046e+02
+1.534e+02
+1.023e+02
+5.115e+01
-1.450e-04
-5.115e+01
-1.023e+02
-1.5234e+02
-2.046e402
-2.557e+02
-3.069e+02

(b) Interlaminar shearing stress t,.,
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Figure 7.30 continued
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(c) In-plane shearing stress ,,,
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7.5.2.2.1 Variation of normal and transverse stresses through thickness

Figure 31 shows the variation of normal and transverse stresses across the thickness of
[£30/90, ], laminate. The stresses reach zero at the free surfaces on the top and bottom of the
laminate. The value of o,, peaks at the interface between —30° and 90° plies. Hence, the peel
stress is maximum at these locations. The shear stress 7,,, and o, are zero across the thickness of
the laminate.

Figure 32 shows the contour variation of these stresses at the edge and along the length of the
laminate. The peak values of these stresses at the interface of plies are clearly visible in these

images.
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Figure 7.31: Variation of normal and transverse components of stresses across thickness at the
free edge of [+30/90, |, laminate
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(a) Transverse stress gy,

Figure 7.32: Contour variation of normal and transverse components of stresses across thickness
at the free edge of [£30/90,, ] laminate
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Figure 7.32 continued

(b) Normal stress o,
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Figure 7.32 continued

(c) In-plane shearing stress 7,,,
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7.5.2.3 Stresses across width

Figure 33 shows the variation of stresses across the width of the specimen from the midplane to
the edge of the sample. In the analytical plot, the blue, red and green plots in the analytical solution
represent the axial, in-plane shearing and interlaminar shearing stresses respectively. In the Abaqus
simulation results, the plots for 7,,, are taken from the values of stresses at the middle of each ply
and the plots for t,, and o, are plotted by considering the values at the interface between the
plies.

In the legends of these plots, the plies are numbered from bottom to top, that is, 1 is the bottom-
most ply with an orientation of 30°. 2, 3 and 4 represent the subsequent bottom-up plies with
orientations —30°,90° and 90° respectively. The stresses were also plotted at the mid-plane of
the laminate and on its top surface. The X-axis of these plots denotes the normalized width of the
laminate. It can be clearly seen that there is a boundary layer at the edges before the stresses reach
a constant value at the center. This is a consequence of the free-edge effect on the laminate. The
sign of the stresses also reverses for the subsequent plies and interfaces.

Figure 34 shows the contour plot of the variation of these stresses across the width of the laminate
especially at the free-edge covering the boundary layer. There is no analytical solution available

for this laminate as it is available only for the [+6] case.
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Figure 7.33: Variation of stresses across width on [+30/90, |, laminate
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Figure 7.33 continued
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Figure 7.34: Contoured variation of stresses across the width and at the edge of [+£30/90,, |
laminate
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7.5.2.4 Stresses across thickness at the laminate center

Figure 35 shows the variation of stresses across thickness at the laminate center. The axial stress
is mostly taken by the +£30°plies and 90° do not take much axial loads. 90° plies do not take any
in-plane shearing stress and all of it is taken by +30°plies with alternating signs of stress between
the positive and negative oriented plies.

Figure 36 shows the contour variation of these stresses across the thickness of the laminate at the

center.
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Figure 7.35: Variation of stresses across thickness at the center of [+30/90, ] laminate
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Figure 7.35 continued
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Figure 7.36: Contoured variation of stresses at the center of [+30/90, |, laminate

(V) In-plane shearing stress 7,,,
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7.5.2.5 Axial displacement across the width

Figure 37 shows the variation of axial displacement across the width of [+30/90, ] laminate. In
the plots obtained from the simulation results, the stresses are plotted at the interfaces of the plies
and the legends are numbered from bottom to top, that is, 1 is the bottom-most ply with an
orientation of 30°. 2, 3 and 4 represent the subsequent bottom-up plies with orientations
—30°,90° and 90° respectively. The stresses were also plotted at the mid-plane of the laminate
and on its top surface. There is a boundary layer at the edges of the laminate and hence, the

displacement reaches a constant value only at the center of laminate.
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(a) Abaqus simulation result

Figure 7.37: Variation of axial displacement U, across width of [+30/90, ] laminate
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7.6 Conclusions

Table 2 shows a summary of all the values calculated for all the laminates. It can be observed that
the ultimate stress of the laminates is dependent on the stacking sequence and the thickness of the
plies. The strength of the laminate reduces with an increase in thickness and with the number of
90 oriented plies in the laminate. However, the material properties such as Young’s modulus do
not depend on the ply thickness. The value is hence found to be almost the same for the cases of
the same stacking sequence irrespective of the ply thickness.

The interlaminar shear stresses initiate failure for small fiber angles and the strength of the angle-
ply laminates could be described in terms of Mode | and Mode Il fracture toughness. The lumping
plies also result in greater through thickness axial deformation of the laminate.

The failure in these laminates is different from each other. In the [+30 |,,, [£30, |, laminates,
there is ‘hair-like’ delamination that occurs along the flat edges of the sample and in the
[£30/90, ], [£30,/90, | laminates, there is delamination between the plies of the laminate and

they open up prior to failure and close upon failure.
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Table 7.2: Summary of the results
Mean Ultimate Stress (MPa)
[£30 ]34 [£302 ]2 [£30/90, ], [£302/904 ],

514.97 411.47 299.88 209.59

Young's Modulus (GPa) [Calculated by ASTM D3039 from 1000pe to 3000 pe]
[£30 ] [£30; ]2s [£30/90, ], [£302/904 ],
29.59 28.44 26.80 26.21

Interlaminar Shear Stress (MPa)
[£30 ]2 [£303 ]2
136.66 66.61

Peel Stress (MPa)
[£30 ]2 [£303 ]2
27.86 7.12

Simulations were carried out to analyze the stress distributions on the [+30 ], and [£30/90, ]|,
laminates across the width and across the thickness of the laminate. The free edge effects are
visible in these cases and the effect of ply orientation on the stress concentrations are analyzed.
The axial displacements and the stresses are validated with the analytical solutions obtained from
the free-edge solution on cdmHub. To capture these effects the coupon was modeled with a width
of 5 times the thickness of the laminate and the number of elements across the width is increased.
There was a presence of a boundary layer at the free edges of the laminates. This is due to the
misbalance of stresses at the free surfaces. This phenomenon was also observed in the open-hole

tension case where the edge of the hole also experiences free edge effects.
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8. MODE I- INTERLAMINAR FRACTURE

8.1 Introduction

8.1.1 Common failure modes in a composite laminate

There are three basic modes in the failure of composite materials. Mode | comprises of the opening
mode, mode Il comprises of the in-plane shear or the sliding shear mode and Mode I11 comprises
of the out of plane shear mode or twisting shear mode. These failure modes are depicted in Figure
1.

Mode I: "Opening" Mode II: "Sliding" Mode IlI: "Tearing"

Figure 8.1: Modes of failure in a composite material
(Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed)

Delamination is the phenomenon in which the two adjacent plies in composite laminates get
separated. It is one of the most critical failure modes in composite laminates. It represents the
crack-like discontinuities in a laminate which can propagate during its laminate and hence, it is a
very important factor while determining the damage tolerance and the durability of the laminate.
They can be produced during the manufacturing or the handling or even during the service of the
laminate. The delamination is produced as a combination or as a single effect of any of the modes
described above. It is a “major life-limiting failure process” for a laminate.

As the crack starts to extend, the fibers pull out of the delaminated surfaces ahead of the crack tip

and a zone of fibers bridging the gap is formed between the delamination faces. This is formed
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directly behind the crack tip. The effect of fiber bridging is more when the crack is small and the
effect is very small when the crack propagates to a bigger extent. Figure 2 shows the fiber bridging
observed in the specimen. As the delamination progresses, the displacement in the direction of
crack opening increases and these bridged fibers continue out pull out and they also break due to

the applied tensile stress.

Figure 8.2: Fiber bridging

(Image from Experimental characterization of advanced composite materials (2014))

Linear Elastic Fracture Mechanics (LEFM) is usually used to study the fracture and delamination
of the laminates. The main assumption used in this approach is that the material is perfectly elastic.
There are two main approaches used in this process. One is energy-based and the other is stress-
based. Both of these approaches produce equivalent results for elastic materials. The critical strain
energy release rate is generally an accepted measure of the total energy required to initiate
delamination in the material and is denoted by G.. This value is dependent on the mode of
delamination of the laminate. Hence, for mode I, mode Il and mode Ill, the G, values are

Gic, Gic and Gy respectively.

8.1.2 Compliance and strain energy release rate for interlaminar fracture

Double Cantilever Beam (DCB) test was used to determine the Mode | failure in the laminates as
it is the most commonly used. Mode | delamination is also the most common failure mode among

all the 3 failure modes. Figure 3 shows a standard DCB specimen with the hinged loading.
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r Film insert

Figure 8.3: DCB specimen with hinge loading
(Image from Experimental characterization of advanced composite materials (2014))

Figure 4 shows the DCB geometry under tensile loading, where § = 2u.

~+

Figure 8.4: DCB specimen under loading
(Image from Experimental characterization of advanced composite materials (2014))

PAu

AU=T,AW=PAu
PAu PAu
AH = AW — AU = PAu — —— = —
2 2

- PAu G P(du>

= —_— = — —

2 2 \dA

u = CP, (C = compliance)

du—C<dP)+P<dC _PdC
dA~ ~\dA dA)_ (dA

dP—O ixed load
T4 (fixed load)
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G_P(du)_P2<dC)
—2\dA) 2 \dA

From the classical beam theory, the load-point compliance, C (given by §/P) for the DCB
specimen, assuming that it is an ideal slender beam, becomes,

_ 2a’
- 3E,I

Where P is the applied load, 6 is the crack opening, E; is the modulus of composite in the fiber

C

direction, I is the moment of inertia and a is the crack length. The strain energy release rate, G =
G, is obtained as follows:
P? oC
2 (aA
P?%aq?
= bE,l

G =

G

Figure 5 shows the stress variation near the notch. It can be observed that the plot reaches a peak
value near the notch and it reduces exponentially to the value of oo near the end of the plate. For a

crack, the radius of curvature approaches zero and hence it is assumed to be a straight line.
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Figure 8.5: Variation of stress from near the notch to the end of the laminate
(Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed)

The stress varies as the following equation:
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K;
V2mx

2a
oyy =0(1+ ?)

o(x) =

The Mode | stress field equation is given by,

K;
Orpny =
Yy V2mx

Oxy = 0Oy, =0

+ 0(Wx)

Where K is the stress concentration factor and as x or b — 0, the stress approaches a value of
infinity.

According to Griffith’s theory of fracture, H = W — U represents the energy to create new
surfaces and AH > G.AA, where W is the work done by external forces, U is the elastic strain
energy in the body and Gc is the work required to create a new crack of area A. It represents crack

propagation and not crack initiation. At the critical condition, AH = G~A4A, where,

o_dH_ . aH
TdA - A% 2A
G > Ge

G, energy release rate is usually in J/mm? or N/mm and K, is usually in the units of MPa Vmm.

The energy release rate for plane stress and plane strain cases is as follows:

K,z
{ — Plane stressl
G, = E
! (1- VZ)KIZ

T Plane strain )

8.1.3 Load and displacement control for DCB specimen

There are two types of loading for a DCB specimen, load and displacement control. In a load

control case, the crack propagates indefinitely for a given applied load and for a displacement

control case, the crack stops after it propagates a certain displacement. For stable crack growth,
dG

— <0
da —

For a load control case:
dG 2P%a
da bE,I
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For a displacement control case:

dG _ —956°E;]

da ba3
The initiation value is obtained from the Teflon ‘crack’ that was placed in the laminate while the
sample was prepared. This crack is not sharp and it has a pre-defined size. The propagation value
is obtained from the cracks that arise from the delamination and the crack is very sharp and difficult

to measure.

8.1.4 Calculation of strain energy release rate

There are 4 methods to get the value of G, for a laminate.

8.1.4.1 Simple Beam Theory

Simple Beam Theory assumes that the beam is perfectly built-in and there is no rotation in it. The

value of G, from the simple beam theory can be obtained from the following equation:

¢ _3<P6)
€= 2\wa

This expression overestimates G; because the beam is not perfectly built-in where rotation may

occur at the delamination front.

8.1.4.2 Modified Beam Theory

The Modified Beam Theory (MBT) method corrects G, for this rotation by treating the DCB as if
it contained slightly longer delamination, a + |4|, where A is the correction factor. The value of
G ;¢ obtained from this method is given from the following equation:
Gic = §<—P6 >
2\w(a + |4])
The graph of C'/3 vs a shifts to the left by |4] as shown in Figure 6.
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Figure 8.6: MBT with correction factor

The flexural modulus hence becomes,

64(a + | A] )3P
1= Sbh3

8.1.4.3 Compliance Calibration Method

The Compliance Calibration (CC) Method uses another term called ‘n” which is the slope of the
least-squares plot of log(C) vs log(a). The compliance calibration is shown in Figure 7.

log a
Figure 8.7: Compliance Calibration
Where n = 4,/ A, and the mode | interlaminar fracture toughness is given by the following

equation:

B nPé
'™ 2ba
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8.1.4.4 Modified Compliance Calibration Method

The Modified Compliance Calibration (MCC) method introduces the term A; which is the slope
of the least squares plot of the delamination length normalized by specimen thickness, a/h, as a
function of the cube root of compliance, C*/3 as shown in Figure 8. Mode | interlaminar fracture
toughness becomes as shown in the equation below. This method considers Fiber bridging which
shows up in the A; term.

3p2¢?/3

G = ————
2A,bh

a/h Al

ch"3
Figure 8.8: Modified Compliance Calibration

8.2 Experimental Procedure

The samples were prepared by the ASTM standards for laminates with stacking sequence as [0] 4.
They were manufactured with a crack in them by inserting a non-adhesive insert such as Teflon
on the midplane of the laminate. It serves as the delamination initiator. The length of the insert
was set to be 50 mm according to the ASTM standards. The hinges were bonded to one end of the
specimen where the crack was formed and hence, the initial crack length in the specimen was 25
mm since the length of the metal hinges was 25 mm and they were attached to the laminate by
using an adhesive. Figure 3 shows the schematic diagram of how the specimen looks like after the
metal hinges are bonded on them. A total of 10 specimens were made for this test out of which 5
of them were tested. Table 1 shows the dimensions of the specimen that were tested. Figure 9

shows the side view of a DCB specimen with metal hinges on it.
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Table 8.1: DCB Specimen Dimensions

Sample Thickness (mm) Width
1 3.780 25.643
2 3.793 25.593
3 3.940 25.670
4 3.853 25.653
7 3.767 25.637

Figure 8.9: DCB specimen with hinges

From the ASTM D 5528-01 standard for the DCB test, in Figure 4, the variables to be measured
before the DCB test are 8-crack opening, a-crack length, ao. is the initial crack length and its
recommended value is 50 mm, P-applied force, h-thickness, w-width. The specimen was loaded

with a cross-head rate of 4 mm/min in the 5-kip load frame as shown in Figure 10.
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Figure 8.10: Loading of the DCB specimen in the 5-kip load frame

The samples were sprayed on the side faces and the test was performed so that the crack
propagation can be accurately measured across the length of the sample. A total of 5 runs were
performed on each of the samples where the test was stopped after the crack propagates in each of
the cases. The load versus displacement curves were plotted for each of the samples for each of
the runs. A linear fit was made on the force versus displacement was done to get the value of 1/C
for the samples. The plots were made to get the constant values for MBT, CC and MCC methods.

The value of G, was hence calculated for the samples.

8.3 Processing of experimental results

8.3.1 Data reduction from Modified Beam Theory

Figure 11 shows the data reduction from Modified Beam Theory. From Figure 6, we know that
the plot needs to be made between €'/ and a and the value of x-intercept is A. A linear curve fit

was made on the data to obtain this value. The value of A was hence obtained to be -8.2983.
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Figure 8.11: Data reduction from Modified Beam Theory

8.3.2 Data reduction from Compliance Calibration

Figure 12 shows the data obtained from the Compliance Calibration where log(c) versus log(a)
was plotted and the slope of this curve gives the value of n. This plot is expected to look similar to
Figure 7. The value of n was hence found to be 2.3995.

Log(a)
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n=2.3995

-25 F

Figure 8.12: Data reduction from Compliance Calibration
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8.3.3 Data reduction from Modified Compliance Calibration

Figure 13 shows the data reduction from the modified CC. The normalized crack length a/h is
plotted against C'/3 and A, is obtained from the slope of the curve as shown in Figure 8. The value
of A; was hence obtained to be 43.91459.

: VY,
12
10 | y
1 y=43.91459x-1.67427
6 A=43.91459
4 |
2 -
0 I 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 05
CWEI

Figure 8.13: Data reduction from Modified Compliance Calibration

8.3.4 Force-displacement plots for the tested samples

Figure 14 shows the force versus displacement curves for all the 5 samples that were tested.
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Figure 8.14: Load Vs Displacement curves for the DCB samples
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Figure 8.14 continued
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8.3.5 G calculated from different methods and propagation of the crack

The G, values were calculated using the three methods as described above and Figure 15 shows
the comparison of these plots for sample 7. ASTM standard recommends MBT as it is the most

conservative among all the different methods.

201 Sample 7

0.0 1 . 1 . 1 . 1 . 1 . 1
25 30 35 40 45 50

Crack Length a (mm)

Figure 8.15: Comparison of G;- values obtained from different methods
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The propagation of the crack across the length of the sample for each of the runs is shown in Figure
16.

Figure 8.16: Propagation of crack across the length of the sample

The phenomenon of fiber bridging was clearly observed in the samples as the crack propagates

and it is shown in Figure 17.

Figure 8.17: Fiber Bridging while testing the DCB samples

For a few samples, the hinges were separated from the sample during the test as shown in Figure

18. This is because of the shearing of the hinges from the samples.
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Tables 2, 3 and 4 show the data for the values of G, obtained from the three different methods.

Figure 8.18: Shearing of hinges during the test

Table 8.2: Results from MBT method

Sample Run 1 Run 2 Run 3 Run 4 Run 5
(kJ/m?) (kd/m?) (kJ/m?) (kJ/m?) (kJ/m?)
1 0.596 0.597 0.670 0.876 1.124
2 0.692 0.534 0.539 0.633 0.602
3 0.798 0.611 0.618 0.566 0.533
4 0.840 0.611 0.599 0.589 0.596
7 0.758 0.570 0.521 0.525 0.561
Table 8.3: Results from CC Method
Sample Run 1 Run 2 Run 3 Run 4 Run 5
(kJ/m?) (kJ/m?) (kd/m?) (kJ/m?) (kJ/m?)
1 0.609 0.585 0.633 0.807 1.025
2 0.770 0.574 0.544 0.618 0.563
3 0.864 0.647 0.639 0.572 0.528
4 0.887 0.627 0.601 0.581 0.582
7 0.889 0.655 0.590 0.589 0.624
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Table 8.4: Results from MCC method

Sample Run 1 Run 2 Run 3 Run 4 Run 5
(kd/m?) (kJ/m?) (kJ/m?) (kJ/m?) (kJ/m?)

1 0.598 0.755 0.993 1.413 1.871

2 0.810 0.562 0.569 0.761 0.569

3 0.902 0.726 0.652 0.580 0.552

4 0.824 0.561 0.564 0.527 0.539

7 1.069 0.758 0.694 0.708 0.659

8.4 Modeling of geometry for simulation

The geometry was modeled as two parts. One of them was the dcb-leg and the other one was the
hinge. The dimensions of the hinges and the dcb-leg were according to the ASTM D5528 (Standard
Test Method for Mode | Interlaminar Fracture Toughness of Unidirectional Fiber-Reinforced
Polymer Matrix) standards. A section was created at a distance of 50 mm from the end of the
composite laminate in order to account for the pre-incorporated crack in the laminate as in the case
of a typical DCB specimen. The laminate was modeled to be 25.4 mm wide and 110 mm long.
The hinges were modeled to have a base length of 22.4 mm, inner curvature of 1.6 mm and outer
curvature of 3 mm. The laminate was modeled with half thickness and was assembled later to form
an entire [0],4 laminate by importing two equivalent dcb-leg parts. Hence, each half had a
thickness of 1.9 mm and a total thickness is 3.8 mm. This value of thickness was obtained by
multiplying the number of plies (12 plies in half of the laminate) with ply thickness as obtained
from the material data sheet for a composite material composed of the F155 matrix and AS4C-
GP12K fiber. It is a thermosetting composite of the same material that was used for the previous
tests. The material properties are given in section 2.5.1. Figure 19 shows the geometry of the two

parts, dcb-leg and the hinge that were modeled.
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(a) DCB-leg

(b) Hinge

Figure 8.19: Parts modeled for DCB analysis

The parts were then assembled to form the entire geometry as shown in figure 20. The hinges were

placed towards the end of the part where there is a crack in the laminate.
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Figure 8.20: DCB part assembly

8.5 Boundary conditions and Interactions

8.5.1 Boundary conditions

The boundary conditions were assigned according to the manner in which the DCB specimen is
placed in the test fixture. The bottom hinge is given an encastre boundary condition and a reference
point is created above the top hinge where the surface of the hinge is coupled with it for all the
degrees of freedom with the surface. It is constrained movement along the X and Z axes and is
given a displacement of 7.1902 along the Y-axis. This displacement was given as a ramp. This
value is obtained from the experiment that was conducted and the maximum displacement that the
hinge has. Figure 21 shows the boundary conditions that were applied to the DCB specimen in

accordance with the experiment.
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Figure 8.21: Boundary conditions on the DCB specimen

8.5.2 Interaction properties to model cohesion

Two interaction properties were used. One was in between the bottom of the hinges with the
laminate. Only a cohesive behavior was defined for these surfaces with stiffness coefficients k,,,, =
ke = ke =1 x10°  The stiffness coefficients were set to be uncoupled with each other. The
eligible slave nodes were set to be default. For the interaction for the DCB laminate where the
crack is propagating, four different contact properties were defined, namely, tangential behavior,
normal behavior, cohesive behavior, and damage. The friction formulation in tangential behavior
was set to be frictionless. In normal behavior, the pressure-overclosure was set to have “Hard”
contact and the constraint enforcement method was set to be default with the separation to be
allowed after contact. The cohesive behavior in DCB was set to be the same as the cohesive
behavior between the hinges and the laminate. With the same values of the stiffness coefficients.
For the damage behavior modeling, the damage evolution and stabilization were specified and in
the initiation tab, quadratic traction was used where nominal stress for normal only was 70 and

was 140 for shear-1 and shear-2 only cases. Under the evolution tab, the type was set to be energy
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with a linear softening. A mixed-mode behavior was specified with power law and the mode mix
ratio was energy and the power-law/BK exponent was set to be 1. The normal fracture energy was
0.8 and 1 and 2" fracture energies were set to be 0.9 and 3 respectively. In the stabilization tab,
the viscosity coefficient was set to be 0.00002.

Hence, three different interactions were used where these 2 interactions properties were used. For
specifying these interactions, sets were created by selecting the respective surfaces. All the three
interactions were set to have a standard surface-to-surface contact. The interaction between the
hinge bottom and the laminate was modeled with the hinge being the master surface and the dcb-
leg being the slave surface. The initial clearance was set to have a uniform value of 1*1071° across
the slave surface. For the DCB, the bottom of the top half was set to be the master surface and the
top of the second leg was set to be the slave surface.

Figure 22 shows the interactions that were applied to the DCB specimen in accordance with the

experiment.

Figure 8.22: Interactions on the DCB specimen
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8.6 Mesh parameters and convergence studies

The entire geometry was modeled with a structured mesh with 3D stress solid elements. The hinges
were modeled with C3D8 elements (3D stress elements with 8-node linear brick) and the laminate
was modeled with C3D8R elements (3D stress elements with 8-node linear brick, reduced
integration, hourglass control). The global size on the hinges was 1 and, on the laminate, it was
0.5. The number of elements in each of the hinges was 1225 and the number of nodes was 2600.
In each part of the laminate, there are 44880 elements with 57460 nodes. Hence, the total assembly
has a total number of 120120 nodes and 92210 elements out of which 89760 elements are linear
hexahedral elements of type C3D8R and 2450 elements are linear hexahedral elements of type

C3D8. Figure 23 shows the mesh on the part assembly.

Figure 8.23: Mesh on the DCB part assembly
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8.6.1 Convergence studies

A mesh convergence study was carried out for the parameters described in Table 5. Figure 2 also
shows the variation of these parameters with the number of elements in the model. The number of
elements is varied depending on the global mesh size that was assigned to the geometry. This study
was done to check the variation of parameters with the increase in the number of elements in the
geometry. Hence, the computational time can be significantly reduced when the number of
elements is reduced without significantly reducing the parameters that are studied. Two plots are
made as shown in Figure 24 for mesh convergence because of the difference in the scale of the

magnitude of the Von Mises stress and hence to make the plots more defined.

Table 8.5: Mesh convergence study data for DCB specimen

Mesh _Size Number of Number of | Max S. Mises | Max S11 | Max RF2 | Max RF

elements nodes (MPa) (MPa) (N) mag (N)
0.2 1259750 1415760 961.9 428.8 432.8 453.2
0.3 376790 448272 960.8 425.7 431.7 452.4
0.4 175700 217168 958 424 429.5 450.4
0.5 92210 120120 963.6 3914 428.4 449.7

0.6 48566 68496 926.7 343 412 432

0.75 32438 46640 936.2 338.8 415 435.4
0.8 20114 32722 876.5 280.7 379.3 398.1
0.9 16226 26776 889 284.7 382.9 402.2
1 13450 22516 870.3 278.7 381.7 400.1
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Figure 8.24: Mesh convergence study plots for DCB specimen

8.7 Step Outputs

Automatic stabilization was set with a damping factor of 0.0002 and the maximum ratio of
stabilization to strain energy was set to be 0.05. The step size was set to be 1 with initial and
maximum increment size to be 0.01 and the minimum increment size was 1 = 10715, In the field
output request, the parameters CSDMG (Scalar stiffness degradation for cohesive surfaces) and
CSQUADSCRT (Quadratic traction damage initiation criterion for cohesive surfaces) were
requested to see the propagation of the crack and in the history output request, RF2 and U2 were

requested at the domain set as the reference point.

8.8 Analysis of simulation results

8.8.1 Force-displacement curve

The reaction force and displacement along Y-direction are requested as the history outputs from
the simulation to plot the Load versus displacement curves in a DCB specimen (as shown in Figure
25) and to compare it with the experimental results for a DCB. From Figure 25 it can be observed
that the load-displacement curve obtained from the history output of the simulation is as expected
and this was obtained from the reference point. Various different parameters were tried for the

viscosity coefficient and the initiation stress parameters to optimize the force-displacement plots
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with respect to the experimental data. The plots were observed to be a close match for the viscosity
coefficient of 0.00002 and a normal only coefficient of 70 MPa. The plots are very close to each
other when the shear-1 and shear-2 only components are 110 MPa and 140 MPa. The initial peak
that is seen in the experimental data is because of the Teflon insert that has a finite thickness to it
and hence leading to blunt initial crack propagation. The normal fracture energy was set to be 0.8

KJ/m?and the first shear fracture energy was set to be 0.9 KJ/ m?.
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Figure 8.25: Force-displacement plot for crack propagation on DCB specimen for different

Opening displacement 4 (mm)

(b) Final values of normal traction

simulation parameters
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8.8.2 Compliance and Strain energy release rate calculations

Tables 6 and 7 show the compliance data from the experimental and simulation data. It can be
observed that the compliance data is in the same range since the rates for crack propagation are

almost the same for both the cases and this can be seen from the values of crack length a in both

the cases.

Figures 26 and 27 show the validation data for force versus crack length and compliance versus
crack length for both the experimental and simulation results. The data is observed to be in close
agreement and there is a slight variation in the force data for the initial crack propagation because

of the Teflon insert in the laminate which acts as the initial crack length for the DCB. The data is

in close agreement in the other locations.

Table 8.6: Experimental Compliance data

a(mm) log(a) P(N) 0 (mm) P/o Compliance
(N/mm) (6/P)
25 1.40 193.38 2.16 89.60 0.01
28 1.45 140.23 2.48 56.52 0.02
35 154 120.71 3.42 35.29 0.03
40 1.60 102.73 4.23 24.26 0.04
49 1.69 95.98 6.23 15.40 0.06
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Table 8.7: Simulation Compliance data

a(mm) log(a) P(N) 6 (mm) P/d Compliance
(N/mm) (0/P)

25 1.40 150.57 2.16 69.78 0.01
29.5 1.47 139.92 2.48 56.45 0.02
335 1.52 122.47 3.42 35.80 0.03
39.5 1.60 109.40 4.24 25.82 0.04
47.5 1.68 91.81 6.24 14.73 0.06
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Figure 8.26: Force-crack length validation plot for DCB specimen
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Figure 8.27: Compliance-crack length validation plot for DCB specimen
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Tables 8 and 9 show the strain energy release rate G, calculations from different methods for both
the experimental and simulation data. The calculations are done similar to the method explained
in section 8.1.4. Table 10 shows the percentage difference between the experimental and

simulation results and the values are observed to be very close to each other.

Table 8.8: Experimental Strain energy release rate (KJ/m?) data

a(mm) G_IC G_IC G_IC
(SBT) (MBT) (CC)

25 0.98 0.66 0.73
28 0.73 0.51 0.55
35 0.69 0.51 0.52
40 0.64 0.49 0.48
49 0.72 0.57 0.54

Table 8.9: Simulation Strain energy release rate (KJ/m?) data

a(mm) G_IC G_IC G_IC
(SBT) (MBT) (CC)

25 0.78 0.64 0.65
29.5 0.69 0.60 0.59
335 0.74 0.65 0.63
395 0.69 0.62 0.59
475 0.71 0.65 0.60
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Table 8.10: Percentage error of strain energy release rate using different methods

a a SBT MBT CcC
(experimental) | (simulation) | (%) (%) (%)
(mm) (mm)
25 25 21.56 2.39 10.97
28 29.5 4.67 17.34 8.20
35 33.5 6.83 25.61 21.26
40 39.5 8.74 26.12 23.42
49 47.5 0.52 12.46 12.90

8.9 Conclusions

All the DCB samples which were made with [0],, laminates were tested for mode | failure to
determine the energy release rate of the laminate. The value of G;. was determined by using 4
different reduction methods. It was observed that it takes less force to displace the crack more.
This might be because of some issue in the sample geometry. The ASTM standard recommends a
63 mm insert to ensure that the initial crack length is more than 50 mm. This also ensures the
validity of slender beam theory equations. Fiber bridging also occurs in the samples due to which
there is an increase in the value of G, of the laminate. It was observed that the values obtained
from Modified Beam Theory were the most conservative and hence the lowest among all the
methods. Fiber bridging was observed when the crack propagated across the length of the samples.
In 2 of the samples, the hinges broke while the samples were loaded in the MTS. This might be
because the hinges were not bonded strongly enough to the laminate and the hinges hence sheared
due to the load.

The analysis was carried out for a Double Cantilever Beam specimen by using a cohesive surface
interaction between the top and the bottom surface of the laminate. The metal hinges were also
modeled on which the load was applied. The value of compliance obtained from the experimental
solution was compared to the results obtained from the output data plot of Abaqus to check the
validity of the simulation. It was observed that the compliance was in close agreement in both

cases. This variation in the results may be because, some parameters while modeling the Cohesive
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elements may not be exactly as what is expected from the analytical solution and not all the

experimental parameters would have been accounted for while simulating the test.
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9. FUTURE WORK

The process of making and testing test samples can be a very time-consuming process as it requires

a lot of labor for the same. It also requires the utilization of a lot of material to make all the

specimens required for conducting the different tests. It might be possible that such amounts of

material might not be available for conducting these tests. The way the specimens were modeled

in these tests involves taking the input of material properties from the data sheets and hence, it can

hence be generalized for any given composite material if the basic properties of the fiber and matrix

are available.

1.

9.1

Each of the properties studied for the characterization of this material is a very deep concept
of its own and hence, more detail analysis of the stress and strain conditions at different
regions of the specimen can be analyzed to study the distribution of the stresses and strains
also near the tabs which have a higher stress concentration.

The load was applied as a displacement similar to the way the experiment was conducted
for a time period of 1 minute. But, the specimens usually withstand different amounts of
deformations up to different time intervals. Hence, it is very crucial to change these
parameters while accounting for the failure of the specimen.

Different traction separation laws on DCB specimen and tune the cohesive interface
properties to get a more precise method of crack propagation. The parameters that were
used to model the DCB specimen can be validated by conducting the respective tests so

that the results are more optimized.

Failure Analysis

The work done in this thesis covers creating digital twins which account for the similarity
in stiffness of the modeled specimen and the experimental specimen. It can be further
extended to the failure analysis of the tensile specimen once some basic parameters from
the tensile test samples are obtained. This can include the energy-based evolution of the
damage variables. A part of this study was started using the Hashin failure criterion. More

research can be done on optimizing these parameters for the given material so that perfect
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digital twins can be created for all the tests. The damage evolution and damage stabilization

variables were approximated as follows:

Table 9.1: Hashin Damage parameters

Longitudinal | Longitudinal | Transverse Transverse Longitudinal | Transverse
Tensile Compressive Tensile Compressive Shear Shear
Strength Strength Strength Strength Strength Strength
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1847.405 900 55.34 100 96.52 96.52

Table 9.2: Damage Evolution parameters

Longitudinal | Longitudinal | Transverse Transverse
Tensile Compressive Tensile Compressive
Fracture Fracture Fracture Fracture
Energy Energy Energy Energy
12 12 1 1

Table 9.3: Damage Stabilization parameters

Longitudinal | Longitudinal | Transverse Transverse
Tensile Compressive Tensile Compressive
viscosity viscosity viscosity viscosity
coefficient coefficient coefficient coefficient
0.002 0.002 0.002 0.002

For the same, continuum shell elements were used to model the laminates and the tabs were
modeled with 3D stress elements as the failure in them is not analyzed. The Damage and Hashin
failure variables were selected to get as a field output. Figure 1 shows the various output variables
obtained from the Hashin failure criteria. O denotes no failure and 1 denotes complete failure of
the [£30 ], laminate. The respective compression parameters show that the damage parameters
are 0 on the laminate as it is in a state of tension only. There is no output for the tabs as they are

modeled as solid elements.
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HSMFTCRT

SNEG, (fraction = -1.0)
(Avg: 75%)
+3.406e-03
+3.122e-03
+2.838e-03
+2.555e-03
+2.271e-03
+1.987e-03
+1.703e-03
+1.419e-03
+1.135e-03
+8.515e-04
+5.677e-04
+2.838e-04
+0.000e400

(@) Hashin Fiber Tension Damage Initiation Criterion (HSNFTCRT)

Figure 9.1: Hashin failure criterion on [+30 ], laminate
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Figure 9.1 continued

HEMMTCRT
SMEG, (fraction = -1.0)
(Awg: 75%)

+4.670e-01
[ +4.281e-01

+3.8926-01
+3.5036-01
+3.114e-01
+2.754e-01
+5.3356-01
+1.0486-01
+1.557e-01
+1.1686-01
+7.7846-02
+3.8926-02
+3.382e-06

(b) Hashin Matrix Tension Damage Initiation Criterion (HSNMTCRT)

The stress on this laminate was found to be as shown in Figure 2. The magnitude of stress is lower
than that obtained from elastic analysis (section 5.4.1.3). Hence, the potential future work can be

to optimize the parameters further to get the values close to the experimental data.
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S, 511 {CsYs-1)

SMNEG, (fraction = -1.0)

(Aug: 75%)
+5.037e+01
+4.605¢+01
+4.172e+01
+3.73%+01
+3.306e+01
+2.874e+01
+2.441e+01
+2.008e+01
+1.575e+01
+1.143e+01
+7.098e+00
+2.770e+00
-1.558e+00

Figure 9.2: Axial stress on [+30 ], laminate
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