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Abstract 

Composite materials have emerged in the recent years as a frontrunning lightweight 

replacement for metals for structural applications in lightweight automobiles. However, the 

key adoption criteria for composites in lightweight vehicles is their crashworthiness, i.e., the 

amount of energy a structure made with composites would absorb in a crash event. The 

energy is absorbed in composites through various damage modes such as matrix cracks, 

delamination, fiber breakage, etc. Therefore, adoption of a certain composite material system 

requires thorough understanding of the initiation and propagation of damage until failure in 

that system under various mechanical loading conditions, which is also the central theme of 

this study.  

The response of Non-Crimp Fabric (NCF) carbon fiber reinforced epoxy composites under 

quasi-static mechanical loads was thoroughly investigated in this study. The behavior of 

unidirectional lamina and multidirectional laminates was characterized in this study. The 

engineering properties and interlaminar fracture toughness of the lamina and the laminates 

are first measured using standard test methods. An in-situ damage monitoring technique 

called as ‘edge replication’ and post-failure fractography were employed to understand the 

damage initiation and growth in the materials under quasi-static tension and compression. 

The role of stitching sites, which are the compliant areas formed due to stitching threads in 

the NCF architecture, in the initiation of damage was clearly investigated in this study. The 

damage generally initiated in the form of localized cracks in the stitching sites at low strains, 

which then nucleated other damage modes in the laminates at higher strains. It was 

concluded that, although the stacking sequence had negligible influence on the global stress-

strain response under tension, the rates and extents of damage were strongly dependent on 

the stacking sequence. The compression response, measured engineering properties and the 

observed damage modes showed higher sensitivity to the laminate stacking sequence. 

Finally, the damage observed in the composites was correlated to the energy dissipated in the 

creation of damage in this study. 
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Summary for Lay Audience 

Non-Crimp Fabric (NCF) composites have emerged as a new class of composite materials in 

the recent years which combine the advantages of unidirectional prepreg and woven textile 

materials. They are made by stacking several unidirectional fabrics, made by stitching the 

fibers together, on each other and impregnating them with the resin material. These materials 

have limited out-of-plane folding, or crimp, in their architecture, which translates into 

superior in-plane mechanical properties (like prepreg materials), and are easier to handle (like 

woven textile materials). The key distinguishing features of NCF composites are the 

relatively weaker resin-rich zones created due to the stitching fibers pushing two adjacent 

fibers apart locally and the local fiber misalignment induced by it. The damage behavior, 

from initiation until failure, in the NCF carbon fiber reinforced epoxy composites under 

quasi-static tension and compression was thoroughly investigated in this study using in-situ 

damage monitoring technique called ‘edge replication’ and post-failure microscopic 

observations.  

Damage initiation was found in the form of cracks in the stitching sites in the tested 

laminates under both, tension and compression. This damage was then found to nucleate 

other forms of damage such as ply cracks and delamination at higher loads. The rates of 

multiplication and extents of the distinct damage mechanisms depended on the laminate 

stacking sequence, geometric factors such as ply thickness and loading conditions. While the 

influence of stacking sequence on the measured engineering properties was minimal under 

tensile loads, it had a significant effect on the damage evolution process. For example, higher 

rates of crack multiplication were observed in the weak transverse plies, which were 

constrained by adjacent stiff plies. The final failure under tension was, however, governed by 

the failure of the load-bearing fibers, aligned along the loading direction. Under compression, 

on the other hand, the effect of laminate stacking sequence was more pronounced on both, 

the engineering properties and the damage evolution process. The failure of laminates under 

compression was instantaneous and a combination of different damage mechanisms. Finally, 

upon connection to energy dissipation, delamination was found to be the most critical 

damage mechanism under both tension and compression, absorbing maximum energy in its 

creation. 



 

v 

 

Acknowledgments 

I would like to begin the acknowledgements section by expressing my sincerest gratitude to 

my supervisors, Dr. Jeffrey Wood and Dr. John Montesano, for providing me with this 

opportunity to work in this industrially driven project of a collaborative nature. I would also 

like to thank them for their support, constructive feedback and patience over the last few 

years. 

I thank Honda R&D Americas, Zoltek, Hexion, Laval International, Fraunhofer Project 

Center at Western University (FPC@Western) and Natural Sciences and Engineering 

Research Council (NSERC) for their technical and financial support over the last four years. 

I would also like to thank Dr. Ying Fan for all her help during the last few years, particularly 

for all the equipment trainings and guidance in my first year as a PhD student. I would also 

like to acknowledge the support from Mr. Mesfin Gebreyes, who always went out of his way 

to make sure I got the facilities and resources I required to finish my experiments on time. 

Majority of the experiments in this study would have not been possible without the assistance 

from members of University Machine Services (UMS), especially Mr. Christopher van de 

Laar at the start, Mr. Clayton Cook through second and third years of my study and Dr. 

Duane Jacques towards the end. 

I also thank Mr. Ivan Barker and Ms. Heather Bloomfield for helping me with taking high 

quality Scanning Electron Microscopy (SEM) images of many of my specimens. The damage 

evolution tests conducted in this study would not have been possible without support from 

Mr. Stephen Wood, who polished the specimen edges for me. I would also like to thank Dr. 

Joseph Umoh for performing Computer Tomography (CT) scans of some of the tested 

specimens. 

I would like to extend my special thanks to my colleagues from the Composite Research 

Group (CRG) at University of Waterloo, especially Dr. Mehdi Ghazimoradi and Khizar 

Rouf, with whom I shared many interesting discussions.  

I also would like to recognize the support from administrative staff at Mechanical and 

Materials Engineering (MME) department, especially Ms. Joanna Blom, and the engineering 

Information Technology (IT) help desk team.  

Finally, I would like to appreciate all the help from my former colleague and best friend, 

Mingyu Yang, who made my life with regards to specimen preparations and test set-ups in 

the first two years of my time at Western significantly more efficient. I would also like to 

thank Dr. Mahdi Bagheripoor and Dr. Eric Mrindi Dusenge for showing me that the grass is 

greener where you water it, and not always on the other side. I am also grateful to the 

backing I received at various levels from all the friends I made while at Western, with whom 

I share many memorable moments. 

 

 



 

vi 

 

Dedication 

I would like to dedicate this PhD dissertation to my uncle, Mr. Prakash Suratkar, who has 

always guided me in my scientific pursuits from a very young age, and then, motivated me to 

pursue the PhD study.  

Further, this thesis is also dedicated to my grandfather, (now retired) Prof. Vinod Nand, 

whose guidance was immensely valuable, especially when it came to writing the dissertation. 

Finally, I would like to dedicate this thesis to my parents, younger brother, grandparents, 

uncles, aunts and cousins, and of course, my late grandfather, Mr. Prabhakar Suratkar. Their 

blessings, good wishes and support are what have gotten me through this hard, yet 

immensely rewarding, journey. 

 



 

vii 

 

Table of Contents 

Abstract ............................................................................................................................... ii 

Keywords ........................................................................................................................... iii 

Summary for Lay Audience ............................................................................................... iv 

Acknowledgments............................................................................................................... v 

Dedication .......................................................................................................................... vi 

Table of Contents .............................................................................................................. vii 

List of Tables .................................................................................................................... xii 

List of Figures .................................................................................................................. xiii 

List of Appendices ........................................................................................................... xix 

Abbreviations .................................................................................................................... xx 

 

1 Introduction .................................................................................................................... 1 

1.1 Project scope and objectives ................................................................................... 3 

 

2 Background and Literature review ................................................................................. 5 

2.1 Classification of composites ................................................................................... 5 

2.1.1 Polymer matrix............................................................................................ 6 

2.1.2 Continuous fiber reinforcements ................................................................. 7 

2.1.2.1 Unidirectional prepreg composites ............................................... 7 

2.1.2.2 Textile composites ........................................................................ 8 

2.1.2.3 Non-crimp fabric composites ....................................................... 9 

2.2 Damage in composite materials ............................................................................ 11 

2.2.1 Loading modes in materials ...................................................................... 11 



 

viii 

 

2.2.2 Stress-intensity approach .......................................................................... 12 

2.2.2.1 Stress concentrations around the crack ....................................... 12 

2.2.2.2 Critical stress criterion ................................................................ 14 

2.2.2.3 Crack tip plasticity ...................................................................... 15 

2.2.2.4 Influence of specimen thickness on crack tip plasticity ............. 16 

2.2.3 Energy-based approach ............................................................................. 17 

2.2.3.1 Griffith’s theory of brittle fracture ............................................. 18 

2.2.3.2 Orowan’s extension and a unified theory of fracture ................. 20 

2.2.3.3 Contributions to the work of fracture in composites .................. 21 

2.2.4 Damage monitoring techniques for composites ........................................ 23 

2.3 Mechanical characterization of and damage in continuous fiber reinforced 

composites............................................................................................................. 26 

2.3.1 Quasi-static mechanical characterization .................................................. 26 

2.3.1.1 Tension and compression testing ................................................ 26 

2.3.1.2 In-plane shear testing .................................................................. 28 

2.3.1.3 Interlaminar fracture toughness testing ...................................... 29 

2.3.2 Damage in composites under tension ....................................................... 32 

2.3.2.1 Unidirectional lamina ................................................................. 32 

2.3.2.2 Multidirectional laminates .......................................................... 34 

2.3.3 Damage in composites under compression ............................................... 38 

2.3.3.1 Unidirectional lamina ................................................................. 38 

2.3.3.2 Multidirectional laminates .......................................................... 44 

 

3 Research objectives ...................................................................................................... 46 

3.1 Gaps in the literature ............................................................................................. 46 

3.2 Research objectives ............................................................................................... 48 



 

ix 

 

4 Materials and Methods ................................................................................................. 49 

4.1 Material System .................................................................................................... 49 

4.2 Test set-up ............................................................................................................. 51 

4.3 Test methods ......................................................................................................... 52 

4.3.1 Quasi-static characterization ..................................................................... 52 

4.3.1.1 Tension, compression and in-plane shear tests ........................... 52 

4.3.1.2 Interlaminar fracture toughness tests .......................................... 53 

4.3.2 Damage evolution tests ............................................................................. 56 

4.3.3 Post-failure characterization ..................................................................... 57 

 

5 Results: Quasi-static material characterization ............................................................ 58 

5.1 Tensile loads ......................................................................................................... 58 

5.1.1 Unidirectional lamina................................................................................ 58 

5.1.2 Multidirectional laminates ........................................................................ 59 

5.2 Compressive loads ................................................................................................ 61 

5.2.1 Unidirectional lamina................................................................................ 61 

5.2.2 Multidirectional laminates ........................................................................ 62 

5.3 In-plane shear loads .............................................................................................. 63 

5.4 Interlaminar fracture toughness tests .................................................................... 64 

5.4.1 Crack propagation under Mode-I and Mode-II loads ............................... 64 

5.4.1.1 Mode-I loads ............................................................................... 64 

5.4.1.2 Mode-II loads ............................................................................. 67 

5.4.2 Resistance curves and fracture toughness ................................................. 68 

5.4.3 Post-failure characterization ..................................................................... 70 

5.4.3.1 Mode-I loads ............................................................................... 70 

5.4.3.2 Mode-II loads ............................................................................. 73 



 

x 

 

6 Results: Tensile damage in non-crimp fabric composites ........................................... 75 

6.1 Post-failure damage characterization of unidirectional composites ..................... 75 

6.1.1 Failure under axial tension ........................................................................ 75 

6.1.2 Failure under transverse tension ............................................................... 77 

6.2 Damage in multidirectional composites................................................................ 78 

6.2.1 Virgin specimens ...................................................................................... 78 

6.2.2 Damage evolution under quasi-static tension ........................................... 79 

6.2.2.1 [0/±45/90]s and [0/±45/90]s laminates ........................................ 79 

6.2.2.2 [±45/02]s and [±45/902]s laminates ............................................. 81 

6.2.2.3 Damage quantification and stiffness degradation ....................... 83 

6.2.3 Post-failure damage characterization ........................................................ 85 

6.2.4 Energy dissipation in damage ................................................................... 88 

 

7 Results: Compressive damage in non-crimp fabric composites .................................. 93 

7.1 Post-failure characterization of damage in unidirectional composites ................. 93 

7.1.1 Failure under axial compression ............................................................... 93 

7.1.2 Failure under transverse compression ....................................................... 94 

7.2 Damage in multidirectional composites................................................................ 94 

7.2.1 Damage evolution under quasi-static compression................................... 94 

7.2.1.1 [0/±45/90]s and [90/±45/0]s laminates ........................................ 95 

7.2.1.2 [±45/02]s and [±45/902]s laminates ............................................. 96 

7.2.2 Post-failure damage characterization ........................................................ 98 

7.2.2.1 [0/±45/90]s and [90/±45/0]s laminates ........................................ 98 

7.2.2.2 [±45/02]s and [±45/902]s laminates ........................................... 101 

7.2.3 Energy dissipation in damage ................................................................. 103 

 



 

xi 

 

8 Discussion .................................................................................................................. 109 

8.1 Damage under tensile loads ................................................................................ 109 

8.1.1 Unidirectional composites ...................................................................... 109 

8.1.2 Multidirectional composites.................................................................... 110 

8.2 Damage under compressive loads ....................................................................... 111 

8.2.1 Unidirectional composites ...................................................................... 111 

8.2.2 Multidirectional composites.................................................................... 112 

8.3 Interlaminar fracture toughness tests .................................................................. 113 

8.3.1 Unidirectional composites ...................................................................... 113 

8.3.2 Cross-ply composites .............................................................................. 113 

8.4 Energy dissipation in formation of damage ........................................................ 114 

8.4.1 Tensile loads ........................................................................................... 114 

8.4.2 Compression loads .................................................................................. 114 

 

9 Conclusions and recommendations of future works .................................................. 115 

9.1 Noteworthy conclusions...................................................................................... 115 

9.2 Key novelties ...................................................................................................... 117 

9.3 Recommendations for future work ..................................................................... 117 

9.4 Final word ........................................................................................................... 118 

 

References ....................................................................................................................... 119 

Appendices ...................................................................................................................... 135 

Scholarly contributions ................................................................................................... 153 

Curriculum Vitae ............................................................................................................ 154 



 

xii 

 

List of Tables  

Table 1: Quasi-static mechanical test parameters. ‘t’ stands for specimen thickness. ........... 52 

Table 2: Interlaminar fracture toughness under Mode-I and Mode-II loads in unidirectional 

and cross-ply laminates. All the values are reported in J/m2. ................................................. 69 

Table 3: Primary damage modes in multidirectional laminates under quasi-static compression

............................................................................................................................................... 104 

Table 4: Total energy dissipated in damage and damage areas in multidirectional laminates 

under compressive loading ................................................................................................... 106 

 



 

xiii 

 

List of Figures 

Figure 1: Project task-flow........................................................................................................ 3 

Figure 2: Classification of composites (Yang, 2019) ............................................................... 6 

Figure 3: Structure of a unidirectional prepreg composite (Mattson, 2005) ............................. 8 

Figure 4: Examples of textile reinforcement architectures (Vallons, 2009) ............................. 9 

Figure 5: Macro-, meso- and micro-structure of NCF composites (Mattson, 2005) .............. 10 

Figure 6: Primary loading modes (Zimmermann, Launey, & Ritchie, 2022)......................... 12 

Figure 7: (a) Kirsch's solution (Stress Concentrations at Holes, 2022) (b) Inglis's solution 

(Stresses At Elliptical Holes, 2022) ........................................................................................ 13 

Figure 8: Fracture Process Zone and Singularity Dominated Zone near crack tip (The Elastic 

Stress Field around a Crack Tip, 2022) .................................................................................. 15 

Figure 9: Elasto-plastic distribution for Mode-I loading ........................................................ 16 

Figure 10: (a) Influence of thickness on critical stress intensity factor (Roylance, 2001) (b) 

Conical transition from plane stress to plane strain (Schreurs, 2012) .................................... 17 

Figure 11: (a) Released strain energy adjacent to the crack (Roylance, 2001) (b) Energy 

balance (Roylance, 2001) ........................................................................................................ 19 

Figure 12: (a) Matrix cracks and delamination in continuous fiber reinforced carbon fiber 

epoxy composites (b) Process of hackle formation in composites (Bruce, 2011) .................. 22 

Figure 13: Comparison of available shear test methods (Adams, 2009) ................................ 28 

Figure 14: Sequence of events leading to failure in unidirectional composites under axial 

tensile loads: (1) Single fiber breaks (2-4) Breaks in neighboring fibers (5) Critical cluster of 

broken fibers (6) Catastrophic failure (Raz-Ben Aroush, et al., 2006) ................................... 33 



 

xiv 

 

Figure 15: (a) Damage initiation in the form of interface debonds (b) Coalescence of debonds 

into transverse cracks (adapted from Gamstedt & Sjögren, 1999) ......................................... 34 

Figure 16: Types of transverse cracks observed in NCF composites under tensile loads 

(adapted from Edgren, Mattsson, Asp, & Varna, 2004) ......................................................... 37 

Figure 17: Axial compression failure modes (a) Fiber shear failure (Agarwal, Broutman, & 

Chandrashekhara, 2015) (b) Typical kink-band geometry (Gutkin, Pinho, Robinson, & 

Curtis, 2010) ........................................................................................................................... 39 

Figure 18: Stages of fiber displacement in kink-band formation (Wang, et al., 2021) .......... 40 

Figure 19: Failure under transverse compressive load (Agarwal, Broutman, & 

Chandrashekhara, 2015) ......................................................................................................... 43 

Figure 20: Coupons failed under transverse compression at (a) quasi-static (b) intermediate 

(c) high strain rates (Rouf, et al., 2021) .................................................................................. 44 

Figure 21: Schematic of High-Pressure Resin Transfer Molding (HP-RTM) process 

(Meirson, 2018)....................................................................................................................... 50 

Figure 22: INSTRON 8804 servo-hydraulic test frame .......................................................... 51 

Figure 23: Representative test coupon geometry for (a) tensile test (b) compressive test (c) V-

Notch in-plane shear test. ‘t’ stands for specimen thickness. All dimensions are in ‘mm’. ... 53 

Figure 24: (a) Schematic for typical Double Cantilever Beam (DCB) test specimen (b) DCB 

test set-up ................................................................................................................................ 54 

Figure 25: End Notch Flexure (ENF) test set-up .................................................................... 56 

Figure 26: [0/±45/90]s laminate microstructure on: (a) Actual edge (b) Replicating tape (c) 

Crack on replicating tape ........................................................................................................ 57 

Figure 27: Stress-strain curves for unidirectional lamina under (a) axial tensile loads (b) 

transverse tensile loads ........................................................................................................... 59 



 

xv 

 

Figure 28: Tensile stress-strain curves for (a) [0/±45/90]s laminate (b) [90/±45/0]s laminate 

(c) [±45/02]s laminate (d) [±45/902]s laminate ........................................................................ 60 

Figure 29: Stress-strain curves for unidirectional lamina under (a) axial compressive loads (b) 

transverse compressive loads .................................................................................................. 62 

Figure 30: Compressive stress-strain curves for (a) [0/±45/90]s laminate (b) [90/±45/0]s 

laminate (c) [±45/02]s laminate (d) [±45/902]s laminate ......................................................... 63 

Figure 31: (a) Stress-strain curves for unidirectional lamina under in-plane shear loads (b) 

Notch-root splits observed during the V-Notch rail shear test ............................................... 64 

Figure 32: Filtered Mode-I load-displacement curves for (a) unidirectional lamina (b) cross-

ply laminate ............................................................................................................................. 65 

Figure 33: Mode-I interlaminar crack propagation in (a) unidirectional lamina (b) cross-ply 

laminate (through-thickness views) ........................................................................................ 65 

Figure 34: Representative Mode-I interlaminar crack propagation characteristics in (a) 

unidirectional lamina (b) cross-ply laminate .......................................................................... 66 

Figure 35: Top views of tested (a) unidirectional (b) cross-ply test coupons ......................... 67 

Figure 36: Mode-II load-displacement curves for (a) unidirectional lamina (b) cross-ply 

laminate ................................................................................................................................... 67 

Figure 37: Representative Mode-II interlaminar crack propagation characteristics in (a) 

unidirectional lamina (b) cross-ply laminate .......................................................................... 68 

Figure 38: Representative R-curves for (a) unidirectional lamina (b) cross-ply laminates .... 69 

Figure 39: SEM characterization of the fracture surfaces of unidirectional composites under 

Mode-I loads ........................................................................................................................... 71 

Figure 40: SEM characterization of the fracture surfaces of cross-ply laminates under Mode-I 

loads ........................................................................................................................................ 72 



 

xvi 

 

Figure 41: (a-b) SEM characterization of the fracture surfaces of unidirectional composites 

under Mode-II loads (c-d) SEM characterization of the fracture surfaces of cross-ply 

laminates under Mode-II loads ............................................................................................... 74 

Figure 42: (a) Specimen failed under axial tension (b) Image of the edge of failed specimen 

taken using optical microscope (c, d) Images of the failed surface taken using SEM ........... 76 

Figure 43: (a) Specimen failed under transverse tension (b) Image of the edge of failed 

specimen taken using optical microscope (c, d) Images of the failed surface taken using SEM

................................................................................................................................................. 77 

Figure 44: Edge replicas of virgin (a) [0/±45/90]s laminate (b) [90/±45/0]s laminate (c) 

[±45/02]s laminate (d) [±45/902]s laminate .............................................................................. 78 

Figure 45: Stress-strain curves from interrupted tension tests for (a) [0/±45/90]s laminate (b) 

[90/±45/0]s laminate ................................................................................................................ 79 

Figure 46: Damage features in the [0/±45/90]s laminate under tension at (a) 0.29% strain (b) 

0.61% strain (c) 0.86% strain (d) 1.29% strain ....................................................................... 80 

Figure 47: Damage features in the [90/±45/0]s laminate under tension at (a) 0.70% strain (b) 

1.10% strain ............................................................................................................................ 81 

Figure 48: Stress-strain curves from interrupted tension tests for (a) [±45/02]s laminate (b) 

[±45/902]s laminate ................................................................................................................. 81 

Figure 49: Damage features in the [±45/02]s laminate under tension at (a) 0.69% strain (b) 

1.23% strain ............................................................................................................................ 82 

Figure 50: Damage features in the [±45/902]s laminate under tension at (a) 0.37% strain (b) 

0.58% strain (c) 0.76% strain (d) 1.25% strain ....................................................................... 83 

Figure 51: Influence of stacking sequence on (a) total damage area (b) laminate stiffness 

degradation (c) 90/90 delamination crack growth (d) ply crack multiplication in 90° plies (e) 

+45/-45 delamination growth (f) ply crack multiplication in 45° plies .................................. 84 



 

xvii 

 

Figure 52: Post failure surfaces of (a) [0/±45/90]s laminate (b) [90/±45/0]s laminate (c) 

[±45/02]s laminate (d) [±45/902]s laminate .............................................................................. 86 

Figure 53: (a-b) Post failure surface of 0° plies (c) Edge image of failed 0° ply (d-e) Post 

failure surface of 90° plies (f) Edge image of failed 90° ply .................................................. 87 

Figure 54: (a-b) Post failure surface of 45° plies (c) Edge image of failed 45° ply ............... 88 

Figure 55: Stress-strain curves from loading-unloading test for (a) [0/±45/90]s laminate (b) 

[90/±45/0]s laminate (c) [±45/02]s laminate (d) [±45/902]s laminate ...................................... 90 

Figure 56: Energy dissipated in and stiffness drops in (a) [0/±45/90]s laminate (b) [90/±45/0]s 

laminate (c) [±45/02]s laminate (d) [±45/902]s laminate ......................................................... 91 

Figure 57: (a-c) Failure by out-of-plane kink band formation in unidirectional lamina under 

axial compression.................................................................................................................... 93 

Figure 58: (a) Unidirectional lamina failed under transverse compression (b-c) Edge images 

of the test coupon failed under transverse compression ......................................................... 94 

Figure 59: Stress-strain curves from interrupted compression tests for (a) [0/±45/90]s 

laminate (b) [90/±45/0]s laminate ........................................................................................... 95 

Figure 60: Damage in compression loaded (a) [0/±45/90]s laminate at 0.71% strain (b) 

[0/±45/90]s laminate at 0.98% strain (c) [90/±45/0]s laminate at 0.39% strain (d) [90/±45/0]s 

laminate at 0.54% strain .......................................................................................................... 96 

Figure 61: Stress-strain curves from interrupted compression tests for (a) [±45/02]s laminate 

(b) [±45/902]s laminate ............................................................................................................ 97 

Figure 62: Damage in compression loaded (a) [±45/02]s laminate at 0.23% strain (b) [±45/02]s 

laminate at 0.60% strain (c) [±45/902]s laminate at 0.63% strain (d) [±45/902]s laminate at 

0.97% strain ............................................................................................................................ 97 

Figure 63: (a) [0/±45/90]s laminate failed under compression (b-e) Edge images of failed 

[0/±45/90]s laminate under compression ................................................................................ 99 



 

xviii 

 

Figure 64: (a) [90/±45/0]s laminate failed under compression (b-d) Edge images of failed 

[90/±45/0]s laminate under compression .............................................................................. 100 

Figure 65: (a) [±45/02]s laminate failed under compression (b-d) Edge images of failed 

[±45/02]s laminate under compression .................................................................................. 102 

Figure 66: (a) [±45/902]s laminate failed under compression (b-d) Edge images of failed 

[±45/902]s laminate under compression ................................................................................ 103 

Figure 67: Representative load-displacement curves for (a) [0/±45/90]s laminate (b) 

[90/±45/0]s laminate (c) [±45/02]s laminate (d) [±45/902]s laminate .................................... 105 

Figure 68: Comparison of predicted delamination lengths and post-failure measurements in 

[0/±45/90]s and [90/±45/0]s laminates under compression ................................................... 108 

 

  



 

xix 

 

List of Appendices 

Appendix 1: Stress concentration equations ......................................................................... 135 

Appendix 2: EPIKOTETM Resin TRAC 06150 resin data sheet........................................... 137 

Appendix 3: ZOLTEKTM PX35 unidirectional fabric data sheet .......................................... 142 

Appendix 4: Plaque of NCF composites manufactured using HP-RTM process with specimen 

cutting position...................................................................................................................... 144 

Appendix 5: Alternate data reduction methods for Mode-I fracture toughness ................... 145 

Appendix 6: Engineering properties of NCF carbon fiber epoxy composites under quasi-

static loads ............................................................................................................................. 147 

Appendix 7: Unfiltered load-displacement curves under Mode-I loads ............................... 148 

Appendix 8: Mode-I crack growth characteristics in unidirectional lamina......................... 148 

Appendix 9: Mode-I crack growth characteristics in cross-ply laminates ............................ 148 

Appendix 10: Mode-II crack growth characteristics in unidirectional lamina ..................... 149 

Appendix 11: Mode-II crack growth characteristics in cross-ply laminates ........................ 149 

Appendix 12: R-curves under Mode-I opening loads ........................................................... 149 

Appendix 13: R-curves under Mode-II shearing loads ......................................................... 150 

Appendix 14: Energy balance for damage in composites ..................................................... 150 

Appendix 15: Energies supplied, stored elastically and dissipated in multidirectional 

composites under compression ............................................................................................. 152 

 

 



 

xx 

 

Abbreviations 

AE – Acoustic Emission 

ASTM – American Society for Testing and Materials  

BSE – Electron Backscattering 

CC – Compliance Calibration 

COD – Crack Opening Displacement 

CSD – Crack Sliding Displacement 

DCB – Double Cantilever Beam 

DE – Damage Evolution 

DIC – Digital Image Correlation 

ENF – End Notch Flexure 

ER – Edge Replication 

FPC – Fraunhofer Project Center 

FPZ – Fracture Process Zone 

GLOBLOC – Global-Local Approach 

Gc – Critical strain energy release rate 

GIc – Mode-I fracture toughness 

GIIc – Mode-II fracture toughness 

HP-RTM – High Pressure-Resin Transfer Molding 

IMR – Internal Mold Release 



 

xxi 

 

L-uL – Loading-unloading 

MBT – Modified Beam Theory 

MCC – Modified Compliance Calibration 

MoC – Materials of Construction 

NCF – Non-Crimp Fabric 

NDT – Non-Destructive Techniques 

NSERC - Natural Sciences and Engineering Research Council 

OEM – Original Equipment Manufacturers 

R-curve – Resistance curve 

RTM – Resin Transfer Molding 

SDZ – Stress Dominated Zone 

SEM – Scanning Electron Microscopy 

UD – Unidirectional 

 

 

 

 

 

 



1 

 

Chapter 1  

1 Introduction 

Composites are heterogeneous materials made by combining two or more materials with 

fundamentally different material properties. They consist of an easily available, usually 

softer ‘matrix’, strengthened by a generally stiffer ‘reinforcement’. The matrix material 

may be a polymer, metal or ceramic material. The main functions of matrix are to keep 

the reinforcement phase in its desired phase and shield it from environment. The 

reinforcing phase could be stiff fibers, either chopped and dispersed into the matrix or 

present as continuous, straight bars in the matrix, or could be particles dispersed in the 

matrix. The properties of the composites may easily be tuned by modifying the 

constituent materials or by changing the arrangement (also referred to as ‘architecture’) 

of the reinforcement phase. This aspect of the composites enables design of materials 

tailored to the applications. Furthermore, composites have a higher strength-to-weight 

ratio than traditional metals and a better chemical resistance while allowing novel design 

possibilities. 

Composites have gained wide acceptance in recent times as a replacement of traditional 

metallic Materials of Construction (MoC). From the energy sector to sports and 

recreation, composites are finding applications everywhere. One such sector where there 

is a high demand for composites is the transportation. The aviation industry has already 

made giant strides with the use of advanced composites for structural applications in the 

Boeing 787 Dreamliner and Airbus A350XWB aircraft types.   

The use of composites for structural applications in light-weight automotive has also 

gained momentum in the recent decade. The key driving force behind the shift from steel 

and aluminum (which have been traditional choices for car components) to lightweight 

composites is the increasing legislative pressure on the automobile Original Equipment 

Manufacturers (OEMs) globally to dramatically reduce carbon-di-oxide/greenhouse gas 

emissions from passenger cars (Lightweight, heavy impact), as an increasing number of 

countries continue to pledge carbon neutrality by the second half of twenty first century 
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(Carbon Neutrality Goals by Country, 2021). Reports suggest that a 10% reduction in 

vehicle weight improves fuel economy of passenger cars by 6-8% and that of electric 

vehicles by 10% (Global Market Insights, 2020), helping curb the emissions.  

Another contributing factor to this shift is the changing outlook of end-user customers. 

Customer are becoming increasingly more aware and sophisticated in their demands. 

Henry Ford’s axiom “You can have any color, as long as it’s black” is steadily losing 

ground as customers are now demonstrating a willingness to pay more for refined product 

differentiations, which may also be fulfilled with composites. Therefore, the size of 

automotive composites market was greater than USD 3.8bn in 2020 and is projected to 

grow annually at a rate of 6.9% till 2027, with major contribution to their widescale 

adoption taking place in Asia-Pacific markets (Global Market Insights, 2020).  

The adoption barriers to composites have traditionally been higher raw material costs and 

slow production rates. The drive to offset these barriers has led to the rise of many 

disruptive technologies in the recent years, like fast curing chemical resins, novel fiber 

reinforcement architectures, improved production methods, automation technologies, etc. 

The single-most important criteria in the acceptance and adoption of these novel 

technologies is, however, the “crashworthiness” of resulting structures. Crashworthiness 

is the ability of a structure to absorb energy upon impact and, in the case of an 

automobile, keep the passengers inside safe.  

Metallic structures absorb energy in a crash event primarily through plastic deformation, 

which manifests itself as a “dent” on a car body. The energy absorption in composites 

structures is, on the other hand, a superposition of multiple events such as cracks in the 

matrix phase, debonding along matrix-reinforcement interface, reinforcement breakage, 

etc., whose occurrence may or may not be dependent on each other. The damage events, 

or damage modes, are strongly dependent on the constituent phases of composites, the 

reinforcement architecture and processing parameters during manufacturing. It is, hence, 

very critical to study the mechanical behavior of the material system in question 

thoroughly and understand the damage in the materials, from its initiation to final failure; 

which is the central topic of this PhD study.  
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1.1 Project scope and objectives 

The research conducted in this research is industrially driven and funded by Honda R&D 

Americas, Zoltek, Hexion, Laval International, Fraunhofer Project Center at Western 

University and Natural Sciences and Engineering Research Council (NSERC). The 

project, at large, is a collaboration between graduate students, post-doctoral fellows and 

Professors from Western University and University of Waterloo (Figure 1). The final aim 

of the project is to collectively generate a robust energy-based model with capabilities to 

predict the crash behavior of the Non-Crimp Fabric (NCF) carbon fiber reinforced epoxy 

composites for structural applications in lightweight automobiles.  

The research is focused on the damage in NCF composites under quasi-static mechanical 

loads. A mechanical property data set for calibration of a material constitutive model was 

generated, followed by an experimental investigation on initiation and propagation of 

various damage modes in NCF composite materials under tensile and compressive loads. 

Finally, a connection between the damage modes and energy required in their creation is 

made. 

 

Figure 1: Project task-flow 
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Description of damage in materials has been a subject of study for over six decades now. 

Monitoring and describing the damage in composites continues to be a complicated 

affair, as damage in composites occurs in the form of multiple damage modes. Some of 

the researchers have developed mathematical expressions to explain the formation and 

growth of damage, while others have described the damage in terms of the amount of 

energy required to create a certain form of damage. The theory of damage in composite 

materials is described in Chapter 2, along with a brief overview of common damage 

monitoring techniques. Chapter 2 also contains a literature review on the work done in 

the fields of mechanical testing and damage development in composites. Although there 

have been numerous studies on damage in composite materials, it was observed that very 

few of the studies were focused on NCF composite materials. It was also observed that 

simplifying assumptions were made in many of the numerical studies, but there lacked 

comparative experimental data for NCF composites. Such specific gaps in the available 

information are clearly outlined in Chapter 3. 

Chapter 4 discusses in detail the specifics of the examined material system, along with 

the employed test methods, protocols and standards. The results from the mechanical 

characterization tests are discussed in Chapter 5. The damage, from initiation to final 

failure, under tensile and compressive loads was examined using in-situ damage 

monitoring and microscopy techniques. The complete pictures of damage under tensile 

and compressive loads are provided in Chapter 6 and Chapter 7 respectively. The damage 

is also connected to the amount of energy dissipated in its creation in these chapters. 

A high-level summary of the results is provided in Chapter 8. It discusses the correlations 

between the results and how they fill the gaps in the state-of-the-art. Finally, the 

dissertation ends with concluding remarks and key novelties of this work in Chapter 9. 

Suggestions for possible avenues of future work are also made in Chapter 9. 
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Chapter 2  

2 Background and Literature review 

This chapter intends to provide the reader a background of the composite materials and 

damage occurring in them. As was mentioned in the previous chapter, composite 

materials are heterogenous materials consisting of fundamentally dissimilar matrix and 

reinforcement phases. The chapter starts with a broad overview of classification of 

composites based on matrix and reinforcement types. The chapter then discusses in detail, 

the descriptions of damage in materials and their extension to composite materials. 

Commonly employed damage monitoring techniques for composite materials are also 

discussed. The chapter then provides a comprehensive literature review of the existing 

work on mechanical characterization of damage in composite materials (on the aspects 

within scope, as mentioned in Section 1.1), with a focus on NCF composites. 

2.1 Classification of composites 

Composite materials can broadly be classified as shown in Figure 2 based on the type of 

matrix and reinforcement materials (Yang, 2019). The materials can be classified by the 

chemical nature of matrix material, i.e. by if the matrix is either a polymer, metal or a 

ceramic. The composites are broadly classified further depending on the geometry (if the 

reinforcing phase is primarily fibers, particles, etc.), size (length of the fibers, diameter of 

particles, etc.) and arrangement (if the fibers are randomly dispersed, if the reinforcing 

phase is present as a stack of aligned continuous fibers, etc.) of the reinforcing phase. 

Although the broad classification in Figure 2 encompasses a wide range of materials, the 

discussion in this study would be focused on “continuous fiber reinforced polymer 

composites”.  
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Figure 2: Classification of composites (Yang, 2019) 

2.1.1 Polymer matrix 

Polymer matrices are classified as thermosets and thermoplastics resins, based on the 

intermolecular forces between the polymer chains (Yang, 2019). Thermosets are 

irreversibly cured polymers which are characterized by the presence of covalent cross-

links between the polymer chains, leading to a rigid and stable three-dimensional 

structure. However, they cannot be remolded. Thermoplastics, on the other hand, can be 

easily melted and reshaped through multiple cycles. The association of polymer chains in 

thermoplastics is due to weak physical bonds (such as van der Waals forces). Therefore, 

the polymer chains have a greater freedom to slide past each other at higher temperatures, 

when the physical forces holding the chains together are weakened. It is, however, very 

important to accurately characterize the thermal behavior of thermoplastics before they 

are subjected to heat cycles. 

Both, thermosets and thermoplastics, have their own set of advantages and disadvantages. 

Thermosets offer a higher temperature resistance and a higher dimensional stability. They 

generally have low viscosity, which makes it easier to process thermosets. They are cost-

effective and offer a superior aesthetic appearance but cannot be remolded, as mentioned 

before. The thermoplastics, on the other hand, offer a greater window for recycling and a 

higher tunability of properties but are more expensive than the thermosets (Thermoset 

Vs. Thermoplastics, 2017).  
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However, an article published in the Composites World magazine (Brosius, 2015) 

maintained a more neutral stance on the thermoset vs thermoplastic debate. The newer 

manufacturing technologies in thermoplastics, mainly structure injection overmolding 

(wherein a continuous fiber backbone is placed in the injection mold and overmolded 

with a thermoplastic material) and thermoplastic Resin Transfer Molding (RTM; where a 

low viscosity monomer is mixed with an initiator for in-situ polymerization), are placing 

them fair and square against the thermosets. The focus of this thesis, however, will be on 

thermoset composites. 

2.1.2 Continuous fiber reinforcements 

2.1.2.1 Unidirectional prepreg composites 

Unidirectional (UD) prepreg composites are multiple layers of thin sheets, comprising of 

fibers aligned in a single direction, stacked in desired orientations (Figure 3). The thin 

sheets, the prepregs, are made of fibers pre-impregnated into partially cured resin 

material. A prepreg sheet is formed by passing uniformly spaced fibers through a resin 

melt of a controlled viscosity, which is then partially cured by applying heat. The sheets 

may then be stored for a certain length of time, varying from days to months, depending 

on the curing characteristics of the resins and storing conditions. Some polymer materials 

may continue to cure at room temperature, which severely shortens their shelf lives. The 

shelf lives of prepreg sheets may be increased by storing them at low temperatures, which 

increases the overall cost of materials. Composite parts are formed from the prepreg 

sheets by stacking the sheets in desired orientations. The stack is subjected to vacuum to 

remove air bubbles and then placed in an autoclave to complete the curing process 

(Vallons, 2009). 

These materials exhibit high in-plane strength and stiffness due to the highly aligned 

fibers with high fiber volume fractions. However, they are less stable in transverse 

direction (Vallons, 2009) and are susceptible to delamination (Mattson, 2005). They are 

also expensive to manufacture due to the associated storage and autoclave costs. 
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Figure 3: Structure of a unidirectional prepreg composite (Mattson, 2005) 

2.1.2.2 Textile composites 

The disadvantages associated with unidirectional prepreg composites such as constraints 

with prepreg shelf life, higher handling cost, etc. could be overcome to certain degree by 

the use of textile blankets. The woven textiles are blankets of interlocked fiber bundles or 

yarns. Some examples of woven reinforcement architectures are shown in Figure 4. The 

interlocked fibers may be randomly oriented in the plane of fabric, perpendicular to each 

other or at another angles. As the textile blankets are dry almost till the point of being 

placed in the mold, they do not have shelf-life limitations, are cheaper to store and are 

easier to handle than unidirectional prepreg sheets. Furthermore, they offer better draping 

abilities and higher damage tolerance. 

The properties of the textile composites are, however, governed by the amount of crimp 

or the out-of-plane folding in the materials. If the textiles have a high degree of crimp 

with respect to the global loading direction, the in-plane properties, especially in-plane 

compression properties, of the composites may be lower than the corresponding 

unidirectional prepreg composites, in which the fibers could be considered to be perfectly 

straight. Therefore, although textile composites offer possibilities for more economic 

production than unidirectional prepregs, the presence of a certain degree of crimp in 

virtually all textile architectures causes the textile composites to have comparatively 

inferior in-plane mechanical properties. 
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Figure 4: Examples of textile reinforcement architectures (Vallons, 2009) 

2.1.2.3 Non-crimp fabric composites 

A new class of composite materials, called as ‘Non-Crimp Fabric composites’ has 

emerged in the recent years, which lies at the intersection of unidirectional prepreg and 

textile composites. Fiber bundles are first stitched together into a unidirectional fabric in 

these materials. These unidirectional fabrics are then stacked on top of each other in 

desired orientations. The fabrics may either be stitched together or held together with a 

chemical binder. The stack of fabric is then placed in the mold and impregnated with the 

resin to form the final composite part. The dry fabrics are easier to handle, like in the case 

of textile reinforcements, but have a very limited degree of crimp, like unidirectional 

prepreg materials. NCF composites have been reported to have a 35% lower production 

cost as compared to unidirectional prepregs. Significant material and labor cost savings 

were also reported for NCF composites (Bibo, Hogg, & Kemp, 1997).  
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NCF composites are inherently multi-scale materials (Figure 5). At the microscale, NCF 

composites may be described as unidirectional materials with a certain fiber volume 

fraction. The distinguishing characteristics of NCF composites are, however, the 

properties of bundles at mesoscale such as the fiber volume content in the bundle and the 

localized waviness of bundles. The waviness in the bundles may be introduced by either 

manufacturing parameters or the stitching threads used to knit the fiber bundles into 

fabric. The stitching threads push the bundles (and the adjacent fabrics) apart creating 

resin-rich areas in the materials, creating local weak spots. 

 

Figure 5: Macro-, meso- and micro-structure of NCF composites (Mattson, 2005) 
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2.2 Damage in composite materials 

As was alluded to in Chapter 1, composites absorb energy in a crash event through 

multiple damage modes. The occurrence and extents of these modes depend very strongly 

on the constituent materials and reinforcement architectures. It is, hence, very critical 

from a design perspective to understand and be able to predict the different damage 

modes that may occur in the structures made with different types of composites. Several 

researchers have attempted over the last seven decades to describe the damage through 

two primary approaches, a stress-based approach and an energy balance approach. This 

section provides the reader with a background on the descriptions of damage, first in 

isotropic materials and then the extension to the case of composite materials. 

2.2.1 Loading modes in materials  

Damage initiates and propagates in materials under three primary loading modes (Figure 

6). Depending on the orientation of the crack relative to the loading direction, the crack 

or flaw may either be subjected to a tensile stress opening up the cracks (‘Mode-I’) or a 

shear stress caused by sliding of the cracks parallel to primary crack orientation (‘Mode-

II’). The crack may also slide perpendicular to their orientation (‘Mode-III’). Being 

loaded in either of the above modes (or mixtures thereof) leads to stress concentrations 

around defects in the materials, such as voids. The pioneering researchers in the field 

developed mathematical expressions to explain this stress concentration and its effect on 

the propagation of flaw. This approach towards description of damage is called as a 

‘stress intensity’ approach. Although the stress intensity approach is useful in engineering 

practices, an alternative ‘energy based’ approach was developed by another group of 

researchers, which was based on energy-balance arguments. Both the approaches are 

discussed in detail in subsequent sections. 
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Figure 6: Primary loading modes (Zimmermann, Launey, & Ritchie, 2022) 

2.2.2 Stress-intensity approach 

2.2.2.1 Stress concentrations around the crack 

The stress concentrations were first mathematically expressed by the scientist named 

Ernst Kirsch (Stress Concentrations at Holes, 2022). Kirsch considered a circular hole in 

an infinite plate (Figure 7.a.), subjected to uniaxial tension, in his analysis. He developed 

equations describing the stress state around the hole as a function of applied stress (σapp), 

radius of hole (a) and distance from hole (r) in polar co-ordinate system. The equations 

(Equation 1.1-1.3) derived by Kirsch are mentioned in Appendix 1. According to 

Kirsch’s equations, the stress at the edge of hole (i.e., when r = a) was three times higher 

than the applied stress for isotropic materials. The factor of three, though, was 

independent of the radius of the hole. This was a counter-intuitive result, as in physical 

realm, it would mean that a small hole would cause as much stress concentration as a 

large hole. This presented inherent limitations while extending the result to elliptical 

cracks which had a larger width but smaller height. 
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The major step, overcoming the limitation in Kirsch’s solution, was taken by Inglis 

(Inglis, 1913). Inglis’ approach considered the flaw to be of an elliptical shape in an 

infinite plate. Hence, by varying the aspect ratio of ellipse, multiple scenarios could be 

considered. Inglis’s mathematical description (Equation 1.4) can be found in Appendix 1. 

If the major axis dimension is set equal to minor axis dimension, Inglis’s solution 

decomposes to Kirsch’s solution. However, by the mathematical equation, if the minor 

axis (2b, as marked in Figure 7.b.) approached zero, the stress at the crack tip would be 

infinite. This was qualitatively invalid, as it would mean that the structure would fail at 

the slightest of the applied loads. 

A few years later, another scientist, Harold Westergaard, developed equations using Airy 

function of complex numbers to express the rectangular co-ordinates (Sanford, 2003, 

Westergaard's Solution for Cracks, n.d.) for a bi-axial tensile loading case. The equations 

(Equation 1.5-1.7 in Appendix 1) were easier to interpret than Inglis’s solution. The 

solution, however, failed to provide any additional insight into the stress intensifications. 

 

 

Figure 7: (a) Kirsch's solution (Stress Concentrations at Holes, 2022) (b) Inglis's 

solution (Stresses At Elliptical Holes, 2022) 
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One of the most important developments in this field came in the 1950s: Irwin’s 

approximation of Westergaard’s solution (Sanford, 2003, Stress Intensity Factor, 2022). 

Irwin mathematically proved that Westergaard’s complete solution could be greatly 

simplified around the crack tip by defining the Airy function as a set of complex numbers 

in radial co-ordinate system (Appendix 1, Equation 1.8). On comparing the simplified 

solution to the complete solution, Irwin defined the variable ‘K’, called stress intensity 

factor, and the near-field equations (Appendix 1, Equations 1.8-1.11). ‘K’ describes the 

stress state at crack tip and is used to define the critical stress failure criterion. 

Mathematical expression for ‘K’ is given below (Equation 1). Irwin’s extension in itself 

however, failed to address the limitation of infinite stresses at crack tip (the so-called 

‘singularity problem’) and failed to give any insight on dependence of fracture behaviour 

on geometric factors such as thickness and width of the specimen. 

𝐾 =  𝜎 𝜋𝑎… (1)  

2.2.2.2 Critical stress criterion 

As was discussed in Section 2.2.2.1, Irwin represented the stress intensity parameter by 

inverse square root singular stresses at the crack tip. Irwin expressed his criterion as: 

K@failure = Kc (Sanford, 2003, The Elastic Stress Field around a Crack Tip). In words, a 

material body will fail in a brittle fashion when the stress state in the immediate vicinity 

of the crack tip exceeds a critical value. Irwin defined a singularity stress dominated zone 

(SDZ) around the crack tip and the area in the immediate vicinity as fracture process zone 

(FPZ), and FPZ is completely enclosed by SDZ (Figure 8). The K@failure is the applied K, 

depending on the applied stress and flaw length. The Kc is called ‘critical stress intensity 

factor’ and is a material property (measured under plane strain conditions). As will be 

discussed later in Section 2.2.2.3, non-linear material behavior occur in FPZ, which the 

criterion ignores. For the criterion to be valid, the FPZ must be sufficiently small  (The 

Elastic Stress Field around a Crack Tip, 2022). 
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Furthermore, care must be taken while scaling the structures up based on this criterion. A 

direct scale-up does not account for the fact that larger structures cannot withstand as 

high stresses as their smaller counterparts. An interdependence of maximum allowable 

stresses and critical crack lengths must hence be plotted for all relevant components 

constituting the overall structure, and this failure locus must be referred to for permissible 

dimensions and factors of safety while scaling the structures up. 

 

Figure 8: Fracture Process Zone and Singularity Dominated Zone near crack tip 

(The Elastic Stress Field around a Crack Tip, 2022) 

2.2.2.3 Crack tip plasticity 

When subjected to tensile stresses, the crack opens, blunting the crack tip. Mathematical 

attempt was made to describe the crack tip in terms of its deformed shape rather than 

undeformed. This mathematical trick did predict finite stresses at the crack tip but failed 

to qualitatively explain the non-linear deformations occurring in the FPZ. An exact 

solution for the stress distribution at the crack tip was available under Mode-III stresses 

(Hult & McClintock, 1956), which was adapted for Mode-I tensile stresses. 

The key results suggest that the stress cannot exceed the yield stress near crack tip. Hence 

as the stress exceeds the yield stress, the stress gets redistributed in front of the crack tip 

as local plastic deformation. With reference to Figure 9, the physical manifestation of this 

localized plastic deformation is that the stress distribution (shaded region, labelled as A) 

gets distributed by an equal amount as the plastic zone (ry) to the left to give the depth of 

plastic zone (shaded region, labelled as B), hence restoring equilibrium. Assuming that 



16 

 

the FPZ is completely enclosed within SDZ, the crack length (a), is replaced by an 

effective notational crack length (a+ry). The stress distribution and elasto-plastic 

characteristics are still governed by stress intensity factor (Sanford, 2003, Roylance, 

2001). 

 

Figure 9: Elasto-plastic distribution for Mode-I loading 

2.2.2.4 Influence of specimen thickness on crack tip plasticity 

From the above arguments, it is clear that fracture mechanics effectively entails studying 

the resistance to brittle fracture and involves quantifying the extent of plastic deformation 

at the crack tip. Intuitively, since the amount of material available for plastic deformation 

would increase or decrease with thickness, the stress intensity factor would be expected 

to scale linearly with the thickness. A drop in the Kc has been observed beyond a certain 

threshold thickness, t*, as can be seen in Figure 10.a. The material is in a state of plane 

stress below t*, where the through-thickness stress (z-direction, σz = 0 MPa) would be 

zero. The strain, however, would be non-zero, as the material would be free to contract in 

the z-direction. A bi-axial stress state is set-up, driving the plastic flow towards free 

surfaces and leading to formation of fracture surfaces inclined at an angle of 45° to free 

surface. As the thickness increases, the material transitions from being in a state of plane 

stress to plane strain. The material in plane strain is not free to contract freely anymore 
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due to the constraint imposed by adjacent material, setting up a high tri-axial constraint 

(The surfaces would still be free to contract and hence be in plane stress). The transition, 

resembling a cone, is shown in Figure 10.b. This constraint reduces the drive towards 

plastic flow, making energy available for a brittle fracture. For Kc to be a material 

property, it is important to maintain the material in a state of plane strain, as it does not 

change with increase or decrease in thickness. 

 

Figure 10: (a) Influence of thickness on critical stress intensity factor (Roylance, 

2001) (b) Conical transition from plane stress to plane strain (Schreurs, 2012) 

2.2.3 Energy-based approach 

While the stress-intensity approach is very useful in engineering practice, it is 

mathematically very tedious and provides little insight into the actual fracture process. 

Therefore, rather than focusing on the crack-tip stress concentrations, another group of 

researchers employed energy-balance arguments. This approach considers the amount of 

energy absorbed or dissipated in the creation of damage and helped overcome numerous 

disadvantages of the stress-intensity approach. The same is explained in the next sub-

sections.  
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2.2.3.1 Griffith’s theory of brittle fracture 

The energy-based approach was pioneered by Griffith (Sanford, 2003, Roylance, 2001). 

Numerous simplifying assumptions were made as a starting point. Griffith assumed that 

all materials contain a finite population of fine cracks and some of these cracks are most 

unfavorably oriented with respect to the loading direction. This helped Griffith by-pass 

detailed stress analysis around all arbitrary flaws (provided that the flaws did not interact 

with each other). Another assumption was that one of the unfavorably oriented cracks 

grows once the theoretical strength is reached and the crack continues to grow as long as 

enough strain energy is released for new surfaces to be formed. This assumption 

conveniently helped Griffith avoid statistical treatment. 

Following from the above assumptions, Griffith employed an energy balance approach 

(Roylance, 2001, Sanford, 2003). When a crack grows by distance ‘a’, the strain energy 

of the material adjacent to the crack is released. The now-unloaded material was idealized 

as triangular flanks (Figure 11.a.). This released strain energy (U) was calculated as a 

product of strain energy per unit volume (assuming linear behavior) and volume of 

unloaded material (V), as in Equation 2. However, for the crack to propagate, the material 

must cleave. This implies that the liberated energy must be absorbed by the material to 

break the bonds and create new surfaces (Equation 3), where γ is the surface energy 

(J/m2) and a factor of 2 is needed since two surfaces are formed. The energy balance is 

expressed in Equation 4. As long as the liberated energy exceeds surface energy, the 

crack will continue propagating ahead. 

 

𝑈 = − 
1

2
𝜎𝜀 𝑉 =  − 

𝜎2

2𝐸
 𝜋𝑎2 … (2) 

𝑆 = 2𝛾𝑎… (3) 

𝛥𝑈 = 𝑈 + 𝑆 =  − 
𝜎2

2𝐸
 𝜋𝑎2 + 2𝛾𝑎… (4) 
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As can be seen in equation 3 and Figure 11.b., over a certain threshold value of crack 

length (ac), the strain energy liberated will be much higher than the absorbed surface 

energy. A fast fracture will then ensue. The stress at which the fast fracture (σf) will occur 

can be determined by setting the first differential of equation 3 to zero (Equation 5). 

Equation 5 is valid for a plane stress state. Plane strain requires consideration to the 

resistance to the contraction, and hence inclusion of the (1-ν2) term, as in equation 6. 

Further, it is important to note that increase in crack length is an absolute term and 

independent of the body it is contained in. The strain energy released is proportional to 

the increment in crack length. It is also the reason why smaller bodies tend to be stronger, 

they are too small to contain the critical crack length. 

𝜎𝑓 =  
2𝐸𝛾

𝜋𝑎
… (5) 

𝜎𝑓 =  
2𝐸𝛾

(1 − 𝜈2)𝜋𝑎
… (6) 

 

 

Figure 11: (a) Released strain energy adjacent to the crack (Roylance, 2001) (b) 

Energy balance (Roylance, 2001) 
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2.2.3.2 Orowan’s extension and a unified theory of fracture 

Griffith’s theory helped conveniently overcome the singularity stress and mathematical 

tediousness issues of the stress-intensity approach. His theory, however, was severely 

restricted to brittle materials, where plastic deformation or other energy absorption 

mechanisms have a negligible contribution as compared to new surface creation. The 

theory was hence almost exclusively applicable to ceramics. In mid 1950s, another 

researcher named Orowan (Sanford, 2003) argued that in highly ductile materials, the 

contribution of plastic deformation to total energy absorption exceeds surface energy by 

multiple orders of magnitude. He replaced the ‘γ’ term in equations 5 and 6 by ‘γ+γp’, 

where ‘γp’ is the plastic work.  

This extension was further generalized by Irwin to collect all sources of energy 

absorption into one term ‘Gc’, critical strain energy release rate, to give equations 7 and 8 

under plane stress and plane strain conditions respectively. The critical strain energy 

release rate and critical stress intensity factor are hence related as in equations 9 and 10 

for plane stress and plane strain conditions respectively. 

 

𝜎𝑓 =  
𝐸𝐺𝑐
𝜋𝑎

… (7) 

𝜎𝑓 =  
𝐸𝐺𝑐

(1 − 𝜈2)𝜋𝑎
… (8) 

𝐾𝑐
2 = 𝐸𝐺𝑐 … (9) 

𝐾𝑐
2 =

𝐸𝐺𝑐
(1 − 𝜈2)

… (10) 
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2.2.3.3 Contributions to the work of fracture in composites 

The concept of critical strain energy release rate (Gc) was introduced in the previous 

section. The commonly observed sources to the Gc in composites, beyond plastic 

deformation and energy for surface creation, will be discussed in this section. 

Damage in the matrix is often observed at even low levels of loading in composites. The 

matrix material may either crack or plastically deform depending on the chemical nature 

of the matrix material and loading condition. Matrix cracks in off-axis plies (Figure 12.a.) 

are often the first forms of primary damage observed in continuous fiber reinforced 

composites (including NCF composites) under tensile loads, as the matrix is more 

compliant than the reinforcing fibers. The resin rich regions caused by the presence of 

stitching sites have been observed to have an effect on the location of cracks in NCF 

composites (Mikhaluk, Truong, Borovkov, Lomov, & Verpoest, 2008; Truong, Vettori, 

Lomov, & Verpoest, 2005). A crack in thermoset matrix with a rigid structure typically 

span the entire width and thickness of the plies with limited plastic deformation. 

Depending on the geometric parameters of a composite test coupon, energy is absorbed in 

creation of multiple cracks in the coupon with a thermoset matrix. Thermoplastics, on the 

other hand, may exhibit higher degree of energy dissipation in plastic deformation. As the 

materials fail by yielding of the matrix under compressive loads (explained in greater 

detail later), energy is dissipated in matrix deformation in composites loaded in 

compression. The extent of plastic deformation in the matrix depends on both, the 

chemical nature of the matrix (if it is a thermoset or thermoplastic) and also the 

reinforcement phase. The presence of stiff reinforcing fibers inhibits the free plastic flow 

of the matrix, constraining the degree of plastic deformation (Hull & Clyne, 1996). 

Another critical damage mode responsible for extensive stiffness losses in composites is 

delamination. A mismatch between the elastic moduli and Poisson’s ratios between 

different layers in a laminate may lead to out-of-plane interlaminar stresses, which lead to 

delamination cracks (Figure 12.a.), which assume a critical place in the energy absorption 

characteristics and design of laminates. Delamination may also be formed when the 

matrix cracks join, causing reductions in strength. The formation of delamination cracks 

is strongly influenced by geometric effects, defects and phase constitution (Wisnom M. 



22 

 

R., 2012; Kahla, 2019). The contribution of the delamination crack to overall work of 

fracture depends strongly on the matrix type and loading mode (Bruce, 2011; Greenhalgh 

E. S., 2009). The failure surface of a brittle thermoset resin is characterized by a smooth 

surface under Mode-I loads. A Mode-II failure surface of a thermoset, on the other hand, 

is characterized by ‘hackles’ and multiple secondary cracks through the resin. Hackles 

are also the primary energy absorbing mechanisms in thermoplastic matrices with 

suitable constraints on the plastic flow in the matrix. A surface with hackles has a rough, 

saw-like appearance. Hackles are formed due to coalescence of multiple inclined 

microcracks ahead of the crack tip (Figure 12.b.). This increases the effective length of 

delamination and hence, an increased contribution to the work of fracture. 

The catastrophic failure of composites often occurs due to the breakage of stiff 

reinforcing fibers in composites, as they are the load-bearing components. Although most 

of the commonly used fibers like carbon fibers, glass fibers, etc. are brittle, the 

contribution of fiber breakage, especially when multiple fibers break simultaneously, to 

the overall work of fracture may be significant. Some of the natural fibers and 

thermoplastic fiber-based fibers may exhibit a higher degree of plastic deformation prior 

to breakage and absorb a higher amount of energy than the brittle fibers (Hull & Clyne, 

1996).  

 

Figure 12: (a) Matrix cracks and delamination in continuous fiber reinforced 

carbon fiber epoxy composites (b) Process of hackle formation in composites (Bruce, 

2011) 
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Other than the aforementioned three commonly observed primary energy absorbing 

mechanisms, modes like fiber/matrix debonding and fiber pull-out may also make 

substantial contributions to the work of fracture (Hull & Clyne, 1996). A debonding 

crack occurs when a crack front propagating normal to the reinforcing fibers gets 

deflected at the fiber/matrix interface. Fiber pull-out refers to the ‘pull-out’ of fibers from 

their resin sockets. The amount of energy absorbed in these modes depends on various 

factors such as aspect ratio of fibers, fiber/matrix adhesion, contact pressure at interface, 

roughness of fibers, etc. The prediction of fracture energies associated with these modes 

also requires taking into account the probabilistic effects, primarily the variabilities in 

fiber strengths and locations of fiber breaks.  

2.2.4 Damage monitoring techniques for composites 

As was outlined in the previous section (Section 2.2.3.3), damage may exist in the form 

of several different modes in composite materials, which may be a result of the 

manufacturing processes, or the loads experienced during service. The growth of damage 

can result in severe degradation of mechanical performance of materials, and at times, 

complete failure of the commissioned structures. It is therefore important to monitor the 

presence and growth of damage, and many Non-Destructive Technologies (NDT) have 

been developed for the purpose. The goal of these technologies is to provide economical 

and cost-effective possibilities for continuous, in-situ damage assessment. They should be 

sensitive to even minor levels of damage and capable of detecting different damage 

modes, while being resistant to external noise.  

Despite all the advancements, damage detection and monitoring in composites is still one 

of the biggest challenges in the composites field and has also been receiving increased 

attention over the last few years. This is evidenced by the fact that over 60% of the 

reviewed papers in the field have been published between 2015 and early 2022 (Hassani, 

Mousavi, & Gandomi, 2022). Some of the common techniques employed for damage 

monitoring are summarized in this section. A detailed review of the history, development 

and the state of the art of damage monitoring techniques can be found in a recently 

published article by Hassani et al (Hassani, Mousavi, & Gandomi, 2022). 
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Two of the earliest and most commonly employed techniques in damage detection are X-

Ray radiography and ultrasonic scanning. Radiography involves injection of a liquid 

penetrant inside the material, which is subjected to electromagnetic radiations of short 

wavelengths produced using an appropriate radioactive isotope to obtain the X-Ray 

image. However, if the liquid penetrant does not sufficiently penetrate through the 

internal cavities in the material, damage may go undetected. Furthermore, as the 

technique involves exposure to radiation and toxic chemicals, it poses a potential hazard 

to the human health and can hence be performed only by trained personnel wearing 

appropriate protection equipment.  

Ultrasonic scanning, on the other hand, entails creating a profile of the material interior 

by passing ultrasonic impulses through the material. The signals on the receiving side are 

used to detect internal flaws in the materials. It can, however, be difficult to distinguish 

different damage modes due to the restrictions on the resolution, governed by limitations 

on the computing power. Furthermore, while both X-Ray radiography and ultrasonic 

scanning have been useful in the detection of damage to varying degrees, neither of these 

can be optimally employed in-situ (Hassani, Mousavi, & Gandomi, 2022; Montesano, 

2012).  

Numerous in-situ NDTs have been developed over the years to overcome the drawbacks 

of X-Ray radiography and ultrasonic scanning like light microscopy, infrared 

thermography, acoustic emission, edge replication, etc. Light microscopy technique 

involves illuminating one surface of the specimen and capturing the images of the light 

penetrating through the specimen at the opposite surface. Although this technique is 

simple, does not require specialized equipment and is effective in visualization of cracks 

in the materials, its usage is limited to sufficiently transparent material systems 

(Montesano, 2012). Digital Image Correlation (DIC) has also been utilized as a NDE 

technique for damage monitoring, wherein the changes in local strains due to crack 

formation are used to gauge the damage (Tessema, Ravindran, Wohlford, & Kidane, 

2018). While the results from this technique are relatively immune to environmental 

effects, they are strongly dependent on the quality of the speckle pattern. 
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One of the well-established NDT is Acoustic Emission (AE), which operates on the 

principle of passively monitoring the sounds of damage formation. The formation of a 

fracture surface is coupled with the release of elastic energy as a stress wave. The motion 

of this wave is detected using piezoelectric sensors coupled to the specimen surface and 

is indicative of damage formation and evolution in the materials. However, in the cases 

where multiple interacting failure modes occur simultaneously in the material, it is 

difficult to isolate the acoustic signals and make direct correspondences between different 

damage events (Black, 2008). 

Infrared thermography is another popular non-contact NDT. The specimen surface is 

heated with a brief, spatially uniform light pulse in this technique. An infrared camera is 

used to create a time-dependent temperature profile of the specimen with respect to the 

incident thermal impulse. As the incident heat wave travels through the material, 

deviations occur when the wave encounters cracks, which are recorded by the infrared 

camera. The time delay associated with the deviations allows measurement of the depth 

at which the flaws are present (Shepard, 2007). Alternatively, the thermography 

technique may also be used passively to monitor the release of heat energy upon damage 

formation in the materials (Montesano, 2012). The quality of the results from this 

technique may, however, be dependent on the ambient conditions. 

Edge Replication (ER) is another well established in-situ NDT (Montesano, 2012). This 

technique involves taking a local imprint of the microstructure of the specimen at various 

levels of loading using a replicating tape. The imprint of the microstructure is then 

observed using a microscope. This technique provides a fast and cost-effective possibility 

for in-situ assessment of damage. Specimen interior, however, cannot be investigated 

with this technique. This NDT was employed for damage assessment in this study and is 

discussed in greater detail in Section 4.3.2. 
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2.3 Mechanical characterization of and damage in 
continuous fiber reinforced composites 

Previous section (Section 2.2) was focused on providing a background of damage in 

materials. This section provides a literature review of the aspects relevant to the central 

investigation in this study – characterization of engineering properties and damage in the 

NCF composites under quasi-static loads. Firstly, a review of studies characterizing the 

mechanical response of NCF composites and comparing the NCF composites to prepregs 

is provided. Next, studies related to initiation and propagation of damage in both, 

unidirectional lamina and multidirectional laminates, until failure under quasi-static 

tension and compression are reviewed, with a focus on experimental investigations on 

NCF composites.   

2.3.1 Quasi-static mechanical characterization 

2.3.1.1 Tension and compression testing 

Numerous experimental studies (Bru, Hellström, Gutkin, Ramantani, & Peterson, 2016; 

Vallons, 2009; Mattson, 2005) have been conducted over the past decades which 

characterize the mechanical response of NCF composites under quasi-static loads. 

Several studies have also been conducted to compare the properties of the NCF 

composites to their competitor materials such as UD prepreg materials (Bibo, Hogg, & 

Kemp, 1997; Godbehere, Mills, & Irving, 1994; Dexter & Hasko, 1996; Backhouse, 

1995). The tensile and compression properties were not influenced by the stitching 

patterns in the NCF composites (Asp, Edgren, & Sjögren, 2004). The absence of major 

difference between classical laminate theory predictions, which exclude the effect of 

stitching fibers, and experimental results further confirm the negligible effect of stitching 

threads on mechanical properties (Truong, Vettori, Lomov, & Verpoest, 2005). The 

tensile strengths, however, were almost twice that of the compression strengths (Asp, 

Edgren, & Sjögren, 2004; Vallons, 2009) and the tensile stiffness was reported to be 

about 10% higher than the compressive stiffness (Vallons, 2009). 

 



27 

 

The tensile and compressive properties of NCF composites were found to be generally 

lower than equivalent UD prepreg composites. There was, however, an inconsistency in 

the degrees to which the strengths and stiffnesses of the NCF composites are lower than 

the prepregs. A 1%-35% (Bibo, Hogg, & Kemp, 1997; Godbehere, Mills, & Irving, 1994) 

drop in the tensile strength and a drop in the range of 3%-10% in the tensile stiffness 

(Godbehere, Mills, & Irving, 1994) of NCF composites has been reported.  

The influence of architecture was more pronounced on the measured compressive 

properties than the tensile response. The compressive strengths and stiffnesses of NCF 

composites are generally lower, reportedly 6%-38% (Backhouse, 1995; Dexter & Hasko, 

1996), than the equivalent prepregs due to the local bundle waviness induced by stitching 

sites in the NCF composites. A contradictory increase in the compressive stiffness of 

NCF composites was reported by Godbehere et al (Godbehere, Mills, & Irving, 1994). 

No significant difference, however, was reported between the measured axial 

compression strengths of NCF composites and woven fabric composites (Vallons, 2009). 

Quasi-static tensile tests on NCF carbon fiber/epoxy composites at room temperature and 

elevated temperatures were conducted by Vallons (Vallons, 2009). It was concluded in 

the study that only the stiffness of the composites in the matrix dominated transverse 

loading direction degraded at elevated temperatures. Damage initiation was also found to 

be at higher strains at higher temperatures. The effect of temperature on fiber dominated 

directions was negligible. The effect of voids is also pronounced in the matrix dominated 

testing directions (Sisodia, Gamstedt, Edgren, & Varna, 2015).  

Furthermore, experimental investigation of NCF angle-ply composites revealed a non-

linear “S-shape” stress-strain response. The tangent modulus increased until a certain 

value of strain and then decreased monotonically until failure. This was attributed to 

carbon fiber stiffening, fiber straightening and gradual damage development. 

Mechanisms like matrix damage and tow scissoring at fiber/matrix interface were found 

to come into play at lower strains under ±45 bias loading which caused an abrupt drop in 

modulus (Bogdanovich, Karahan, Lomov, & Verpoest, 2013). 
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The compression strengths of the NCF composites in the fiber-dominated directions are 

highly sensitive to the fiber misalignments (Wisnom M. R., 1993; Wilhelmsson D. , 

2019). It was shown through Finite Element Analysis that an increase in the 

misalignment from 0.75° to 8° reduced the compression strength from 1949 MPa to 400 

MPa. The stacking sequence, unlike in tension, also has a noticeable influence on the 

compression strength of the laminate. Higher strengths are reported for specimens 

containing central load-bearing plies supported by weaker off-axis plies (Leopold, et al., 

2017). 

2.3.1.2 In-plane shear testing 

There has been a great variety of test methods developed and in use for in-plane shear 

characterization of composites over the last few decades. The key reasons for the 

development of multiple test methods are the difficulty in obtaining a pure and uniform 

shear stress state in the test specimen and testing of high strain-to-failure materials 

(Crossan, 2018; Adams, 2009). The different test methods commonly in use are 

summarized in Figure 13 and are discussed in detail in a dissertation by Crossan 

(Crossan, 2018). The two most promising shear test methods, Iosipescu test and V-

Notched Rail Shear test, were evaluated in detail by Crossan (Crossan, 2018). It was 

concluded that both the test methods can deliver accurate results for composites and the 

choice of shear test depends on the end constraints of the specimens, depending on if 

matrix- or fiber-failure is expected in the application. 

 

Figure 13: Comparison of available shear test methods (Adams, 2009) 
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Very limited number of studies could be found in the literature related to characterization 

of in-plane shear of NCF composites. The in-plane shear response of NCF composites 

during an Iosipescu test is characterized by failure at the roots of the notches by splitting, 

followed by failure in the gauge section (Bru, Hellström, Gutkin, Ramantani, & Peterson, 

2016). 

2.3.1.3 Interlaminar fracture toughness testing 

Several studies have been conducted on experimental measurement of Mode-I fracture 

toughness of composites over past few decades. The Mode-I fracture toughness (GIc) of 

unidirectional composites has typically been measured in the range of 150-500 J/m2  

(Bru, Hellström, Gutkin, Ramantani, & Peterson, 2016;  Vallons, 2009;  Alfred Franklin 

& Christopher, 2013;  Bruce, 2011;  Reis, Ferreira, Antunes, Costa, & Capela;  Ferrarese, 

2020;  Robinson & Song, 1991). The measured GIc values have been reported to be 

influenced by various parameters such as test coupon geometry, stacking sequence, 

reinforcement architecture, loading rate, etc. 

Specimen geometry is a prominent factor in the measurement of the Mode-I fracture 

toughness. First and foremost, the two arms in a Double Cantilever Beam (DCB) test 

must be equally stiff to assure pure Mode-I conditions. Deviation of the crack from the 

mid-plane or matrix cracking, as is commonly observed with multidirectional specimens 

due to the stress-state at the tip of crack front  (Greenhalgh, Rogers, & Robinson, 2009), 

may induce a local Mode-II component (Gong, Hurez, & Verchery, 2010).  Robinson et 

al. (Robinson & Song, 1991) proposed a modified DCB specimen containing a non-

adhesive Teflon insert along the entire edge to suppress crack jumping. A wide enough 

edge crack insert was found to be effective in confining the delamination crack front on 

the mid-plane. 

The influence of initial crack length in woven carbon fiber-epoxy laminates was 

numerically studied by Reis et al (Reis, Ferreira, Antunes, Costa, & Capela). An increase 

in the initial crack length was found to decrease the stiffness of the specimen, but no 

prominent influence on the nature of damage progression was reported.  
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Data reduction methods for GIc calculations assume a quasi-uniform distribution of GI 

across the width of the specimen. However, the distribution of the GI values across the 

width of the specimen have been reported to be dependent on the laminate coupling terms 

and aspect ratio, defined as the ratio of crack length to width  (Davidson, 1990;  Sun & 

Zheng, 1996). The GI values are reported to be the lowest at the free edges of the 

specimen and highest at the centre. The non-uniformity of the toughness can be attributed 

to the change of stress-state across the specimen width from plane stress to plane strain. 

This is governed by non-dimensional ratios Dc (= (D12)
2/D11D22) and Bt (=D16/D11), as 

defined by classical laminate theory. Additionally, the maximum GI was found to shift 

from the center to edges with an increasing specimen width  (Gong, Hurez, & Verchery, 

2010). Further, as the crack initiates from the non-adhesive insert into matrix-rich zone 

and propagates primarily through resin along fiber-matrix interface, the toughness of the 

matrix may also affect the measured fracture toughness of the composites  (Bradley, 

1989;  Bradley, 1991). 

Shokrieh et al (Shokrieh, Salamat-talab, & Heidari-Rarani, 2016) investigated the role of 

interface angle on the fracture properties of composites by conducting DCB tests. 

Interface angles of 0//0, 0//30, 0//45 and 0//90 were investigated in this study. An 

increase of about 18%, 13% and 12% in measured GIc was reported for 0//30, 0//45 and 

0//90 interface angles respectively as compared to 0//0 interface. The fiber bridging 

length was found to decrease with an increase in fiber interface angle. 

The reinforcement architecture also has a pronounced effect on the measured GIc. The 

toughness of the woven fabric composites was reported to be 50% more than the NCF 

composites, based on the same material system  (Vallons, 2009). The reason was 

attributed to the path followed by crack. The nesting of fibers in woven composites forces 

the crack to take a wavy path against a largely linear path in unidirectional NCF 

composites, and requires higher amount of energy.  
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In a NCF architecture, the presence of nesting is associated with the characteristics of 

stitching patters and stitching threads, which lead to larger or smaller resin rich pockets  

(Bibo & Hogg, 1998). Further, effect of loading rate on fracture toughness of NCF 

composites was investigated experimentally by (Ferrarese, 2020). The Mode-I 

interlaminar fracture toughness was reported to decrease with an increase in testing rate. 

The Mode-II fracture toughness (GIIc) is usually measured to be 2-3 times higher than the 

corresponding GIc for a particular composites system  (Bru, Hellström, Gutkin, 

Ramantani, & Peterson, 2016; Bruce, 2011;  Vallons, 2009;  Arai, Noro, Sugimoto, & 

Endo, 2008). The higher fracture toughnesses under Mode-II loads are primarily 

attributed to the formation of so-called “cusps”. 

Brambleby et al (Brambleby, Louca, & Mouring, 2017) investigated the influence of 

loading rate on the Mode-II response of glass fiber/vinyl ester composites. While the 

initiation GIIc values increased as the loading rate was raised from 1 mm/min to 6000 

mm/min, the propagation values did not exhibit a significant dependence on loading rate. 

It was further discovered that the interaction between rough fracture surfaces and possible 

surface debris cause the crack to open slightly at large displacements. This induces a 

local Mode-I component and makes a contribution in the measured Mode-II fracture 

toughness values. The tendency of the cracks to open was not apparent at smaller 

displacements. 

The Mode-II fracture toughness is found to increase with a higher interface angle in 

multidirectional composites  (Pereira & de Morais, 2004; Pereira, de Morais, Marques, & 

de Castro, 2004). However, presence of elastic couplings may lead to non-uniform GII 

distribution across the width leading to a skewed delamination front. The presence of 

bending-extension and bending-twisting elastic couplings was confirmed by the presence 

of Mode-I and Mode-III features in fractographic observations  (Rzeczkowski, 2021). 
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2.3.2 Damage in composites under tension 

2.3.2.1 Unidirectional lamina 

Failure of the unidirectional composites under axial tension has been the focus of the 

scientific community for several years owing to the significance of this failure mode on 

the final catastrophic failure. Observation techniques such as scanning electron 

microscopy, fractography and high-resolution computed tomography reveal a failure 

process of localized nature in fiber clusters. Single fiber breaks have been reported at low 

loads, followed by breakage of neighboring fibers as load increases till the cluster of 

broken fibers reaches a certain threshold (N*) close to failure. The formation and 

unstable growth of this “critical fracture plane” leads to the failure of the composite. The 

sequence of events is shown in Figure 14.  

The fiber breaks were found to occur independently of each other (Raz-Ben Aroush, et 

al., 2006; Talreja, 2016). Numerous models have been developed to describe the 

statistical nature of the fiber breakage process, which are neatly summarized by Zhuang 

(Zhuang, 2018). 

The role of matrix cracks between the fiber breaks was investigated by Zhuang et al 

(Zhuang, Talreja, & Varna, 2016) using a 2-D finite element model. A matrix crack was 

found to grow perpendicular to the fiber axis, in a case where the broken fiber was a 

result of the manufacturing process. On the other hand, fibers were found to debond over 

a length, and the cracks were found to kink out in the matrix towards the neighboring 

fibers, when the fiber break was a resultant of applied load. Highest stress magnification 

was reported where the matrix crack front reached the fibers. 
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Figure 14: Sequence of events leading to failure in unidirectional composites under 

axial tensile loads: (1) Single fiber breaks (2-4) Breaks in neighboring fibers (5) 

Critical cluster of broken fibers (6) Catastrophic failure (Raz-Ben Aroush, et al., 

2006) 

Transversely loaded unidirectional lamina fail either by tensile failure of the matrix or 

fiber-matrix debonding (Agarwal, Broutman, & Chandrashekhara, 2015). Similar to the 

axial loading case, the unstable nature of the failure makes it challenging to understand 

the failure process in this loading case. It is, therefore, common to study them in a 

constrained environment, like in a cross-ply laminate.  

The micro-mechanisms leading to failure in a transverse ply were studied experimentally 

by Gamstedt et al (Gamstedt & Sjögren, 1999). In-situ microscopy images (Figure 15) 

revealed damage initiation in the form of fiber-matrix debonding. As the material was 

further loaded, the debonds coalesced to form a transverse crack. 
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Figure 15: (a) Damage initiation in the form of interface debonds (b) Coalescence of 

debonds into transverse cracks (adapted from Gamstedt & Sjögren, 1999) 

2.3.2.2 Multidirectional laminates 

The studies on multidirectional laminates are focused on predicting the initiation and 

propagation of damage, primarily the cracking in transverse and/or off-axis plies and 

delamination, on application of a progressive tensile load.  

Cracking in transverse plies under uniaxial tensile loads has extensively been studied 

numerically in the literature, right from 1980s (Boniface, Smith, Bader, & Rezaifard, 

1997; Llobet, Maimí, Essa, & Martín de la Escalera, 2019; Talreja, 1985). Earlier models 

predicting the degradation in stiffness after the onset of ply cracking involved developing 

analytical expressions for ply-level stresses. These models were based on shear-lag 

approach (Ogihara & Takeda, 1995), variational approach (Liu & Nairn, 1992) or on 

other stress-transfer methods (McCartney, 1998). These analytical models, though, had 

some drawbacks. They were all based on and highly focused on cracking in cross-ply 

laminates, and hence failed to consider simultaneous cracking in multiple plies. They also 

demonstrated a limited accuracy with regards to the ply constraining effects. Their 

adaptation was also further constrained by their complexity and limitations with respect 

to their implementation in Finite Element Software. 
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Continuum models (Varna, 2015) are an improvement over the previous approaches in 

this regard. They involve development of models based on defining local stresses 

between ply cracks as damage parameters, predicting the degradation of stiffness with 

evolution of cracks in the composites. A strong link exists between local stresses between 

the cracks and the crack-opening and crack-sliding displacements (CODs and CSDs). 

A micromechanical approach was employed by Montesano et al (Montesano, McCleave, 

& Singh, 2018; Montesano & Singh, 2015) to develop general expressions for COD and 

CSD for different plies. Normalized average COD and CSD expressions were obtained 

by fitting average COD and CSD (may be determined using Finite Element schemes or 

shear-lag or variational approaches) vs crack density data. Failure mode specific 

coefficients, which accounted for stacking sequences and ply properties, were then 

integrated into the expressions. Damage-stiffness relation was then used, in which 

damage parameters (containing the COD/CSD expressions) were subtracted from 

stiffness properties of undamaged laminate, to relate stiffness degradation to ply cracks. 

It is often beneficial to combine the developed COD/CSD expressions with an energy-

based approach to predict evolution of damage with increased stress. The presence of a 

flaw and the growth of it forms the crux of this approach. It accounts for variations in ply 

cracking strains at different ply thicknesses, as opposed to the strength-based approach. 

An energy-based assessment of crack multiplication process in multidirectional 

composites subjected to axial tensile loads was performed by Singh et al (Singh & 

Talreja, 2010). The constraint applied on CODs of off-axis plies by surrounding plies and 

total thickness of the off-axis plies was found critical in damage evolution process. 

A global-local (GLOBLOC) approach could also predict the stiffness degradation in 

composites. The degradation of laminate properties is predicted by determining the crack 

density and the microdamage parameters (COD and CSD). A strength-based approach 

was used for thicker layers and fracture toughness approach for thinner layers. Exact 

expressions were used for thermal and stiffness components, while empirical 

approximations were used for COD and CSD expressions (Varna, 2013). 
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In-situ experimental observations using DIC (Tessema, Ravindran, & Kidane, 2018; 

Tessema, Ravindran, Wohlford, & Kidane, 2018) confirm that the first form of damage in 

quasi-isotropic laminates is in the form of matrix cracks in the transverse plies. New 

cracks continue to form in the transverse and off-axis plies as the material is loaded. The 

new crack was observed to form usually between two pre-existing cracks in a particular 

ply. The damage initiation was delayed in the thinner plies owing to an enhanced in-situ 

strength. Furthermore, the cracks were found to multiply slower in thicker plies. The 

cracking characteristics were also reported to be influenced by the stitching threads 

(Sakai, Wakayama, Pérez-Pacheco, Rodriguez-Laviada, & Rios-Soberanis, 2013), resin-

rich zones (Mikhaluk, Truong, Borovkov, Lomov, & Verpoest, 2008) and void content 

(Carraro, Maragoni, & Quaresimin, 2015) in the NCF composites.   

Four types of transverse cracks were found to occur in NCF cross-ply laminated 

composites by Edgren et al (Edgren, Mattsson, Asp, & Varna, 2004), the distinguishing 

features of which are shown in Figure 16. The “half cracks” were found to occur first. 

They initiated at strains of about 0.4%, whereas the other types of cracks initiated at 

strains higher than 0.5%. The cracks extending in the loading direction along the tow 

boundaries, namely the “longitudinal cracks” and the branches of “double cracks”, are 

very specific to NCF composites. Finite element studies revealed that the longitudinal 

cracks occur due to stress concentrations caused by the straightening of the fibers in the 

adjacent 0° layers. 
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Figure 16: Types of transverse cracks observed in NCF composites under tensile 

loads (adapted from Edgren, Mattsson, Asp, & Varna, 2004) 

It was further observed by Tessema et al (Tessema, Ravindran, & Kidane, 2018) that the 

transverse cracks have a tendency to propagate in the adjacent plies. The transverse 

cracks induce cracks in the adjacent plies, if the adjacent plies and the interface between 

the plies are compliant too. In case the adjacent plies were stiff, like 0° plies, a 

delamination growth was observed at the interface between plies. 

Furthermore, the crack density and the rate of crack multiplication was found to be 

dependent on the stacking sequence in other studies (Shen, Yao, Qi, & Zong, 2017; 

Guillamet, Turon, Costa, & Renart, 2014; Mattsson, Joffe, & Varna, 2008). Mattsson et 

al (Mattsson, Joffe, & Varna, 2008) compared the drop in stiffness due to tensile loads in 

two cross-ply layups: [0/90/0/90]s (lay-up A) and [90/0/90/0]s (lay-up B). A much more 

significant drop in the modulus in lay-up A (about 40%) than in lay-up B (about 5%). 

The steeper drop was attributed to the extensive delamination along 0/90 interface and 

fiber breaks in the 0° plies, in addition to transverse cracks, in lay-up A. It was 

hypothesized in the study that a greater degree of 0° fiber breaks were observed in lay-up 

A due to reduced constraints on the surface and the separation of two possibly imperfect 

0° plies by 90° plies on the midplane. Although their findings were supported by finite 

element simulations, the underlying mechanics were unclear. 
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2.3.3 Damage in composites under compression 

2.3.3.1 Unidirectional lamina 

Unlike in the case of tensile loading in unidirectional composites, where the failure in 

unidirectional composites under axial loading is primarily governed by the tensile 

strength of the fibers, the failure under axial compression is a function of fiber 

misalignment and shear failure in the matrix (Wilhelmsson, 2019;  Wisnom, 1990;  

Argon, 1972).  

At very low fiber misalignment angles (i.e., less than 2°), the composites fail by failure of 

the reinforcing fibers in shear mode at an angle of 45° to the loading axis, which is 

referred to as fiber shear failure mode (Figure 17.a.) or fiber crushing (Gutkin, Pinho, 

Robinson, & Curtis, 2010;  Gutkin, Pinho, Robinson, & Curtis, 2010; Agarwal, 

Broutman, & Chandrashekhara, 2015). The lateral support provided by the fibers is very 

high in case of low misalignment angles, and the composite approaches the theoretical 

compressive strength. In-situ microscopic observations on notched specimens confirmed 

minimal effect of shear stresses in the matrix in the composite failure. Significant debris 

and abrasion has been reported on the surfaces of the shear driven compressive failure 

surfaces of carbon fiber reinforced epoxy composites (Ewins & Potter, 1980). This is due 

to the friction arising from the sliding of the failure surfaces over one another post-

failure. In an alternate scenario, the fiber shear mode may also be observed in the 

composites with a large fiber volume fraction where the interfiber distances are small 

(Agarwal, Broutman, & Chandrashekhara, 2015) or in composites with large fiber 

diameters (Wilhelmsson, 2019). 

The most commonly observed failure mechanism in a wide range of materials under axial 

compression, however, is “fiber kinking” (Rosen, 1964;  Argon, 1972;  Budianksy, Fleck, 

& Amazigo, 1998). A typical fiber kinking geometry, along with its distinguishing 

characteristics (width of the kink-band (w), kink-band propagation angle (β) and fiber 

rotation angle (α)), is shown in Figure 17.b.  
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The formation of kink bands is mainly governed by the initial fiber misalignment or an 

initial local fiber imperfection and local shear instability of the matrix material  (Gutkin, 

Pinho, Robinson, & Curtis, 2010; Sun, Guan, Li, Zhang, & Huang , 2017; Wilhelmsson, 

2019). Although the unstable nature of the failure makes it challenging to understand the 

kink-band formation, numerous experimental  (Moran, Liu, & Shih, 1995; Soutis, 1991; 

Edgren, Asp, & Joffe, 2006; Pimenta, Gutkin, Pinho, & Robinson, 2009; Vogler & 

Kyriakides, 2001) and numerical studies (Pinho, Darvizeh, Robinson, Schuecker, & 

Camanho, 2012; Prabhakar & Waas, 2013; Pimenta S. , Gutkin, Pinho, & Robinson, 

2009; Allix, Feld, Baranger, Guimard, & Ha-Minh, 2014; Edgren, Asp, & Joffe, 2006) 

have been performed over the last decades to understand and simulate the sequence of 

events in the growth of kink bands. 

 

Figure 17: Axial compression failure modes (a) Fiber shear failure (Agarwal, 

Broutman, & Chandrashekhara, 2015) (b) Typical kink-band geometry (Gutkin, 

Pinho, Robinson, & Curtis, 2010) 
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The video tape recordings made by Moran et al (Moran, Liu, & Shih, 1995) revealed the 

events associated with initiation and propagation of kink bands in composites. Thick 

notched unidirectional specimens were used in this study. Following the initial linear-

elastic response regime, matrix yielding was observed around the notch, which serves as 

the initiation point for the instability. Along with shear damage in the matrix, axial splits 

and micro-cracks have also been observed in recent observations using computer 

tomographs (Wang, et al., 2017). It was also observed that the kink-band propagation 

angle (β) remains shallow in the initial stages of propagation and reaches its final value 

(typical β ≈ 11-40°) only after the locally destabilized fibers have undergone an unstable 

rotation (α ≈ 18-52°). The sequence of events was confirmed through micromechanical 

modelling by Pimenta et al (Pimenta S. , Gutkin, Pinho, & Robinson, 2009; Pimenta S. , 

Gutkin, Pinho, & Robinson, 2009). 

Recent real-time X-Ray CT observations of kink-band formation revealed three distict 

stages (Figure 18) in fiber displacement leading up to kink-band formation. The 

observations showed that the fiber displacement starts with an overall tilt of fibers, 

followed by formation of a knees and eventually a micro-buckle (Wang, et al., 2021). 

 

Figure 18: Stages of fiber displacement in kink-band formation (Wang, et al., 2021) 
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Stable, almost in-plane kink bands were also achieved in other experimental studies 

(Vogler & Kyriakides, 2001; Pimenta S. , Gutkin, Pinho, & Robinson, 2009; Soutis & 

Fleck, 1990). The studies confirmed that kink-band formation relies primarily on matrix 

yielding due to shear stresses and not fiber failure. The peak load is hence governed by 

local softening due to matrix yielding and not any other type of failure or instability. It 

was further confirmed that fiber failure, when it occurs, starts in compression first.  

The effect of multi-axial loading on the kink-band formation was studied by Basu et al 

(Basu, Waas, & Ambur, 2006). As compared to the strength measured under pure 

uniaxial compression, a combined compression-shear loading was found to noticeably 

affect the composite compressive strength. Depending on the direction of applied shear 

with respect to the fiber rotation angle, the shear component may either increase or 

decrease the fiber rotation, effectively either decreasing or increasing the compression 

strength. Similarly, under biaxial loading, the compressive strength increases with a 

transverse compression component obstructing the fiber rotation. 

Fiber kinking was also found to be the primary failure mode in NCF composites. Several 

primarily modelling studies have aimed at understanding the influence of the mesoscalar 

heterogeneities on the kink-band formation in this architecture (Edgren, Asp, & Joffe, 

2006; Shipsha, Burman, & Ekh, 2018; Joffe, Mattsson, Modniks, & Varna, 2005; 

Wilhelmsson, 2019; Zrida, Marklund, Ayadi, & Varna, 2014; Cox & Dadkhah, 1995; 

Olsson, Marklund, & Jansson, 2012).  

A finite element modelling analysis was conducted by Joffe et al  (Joffe, Mattsson, 

Modniks, & Varna, 2005) to analyze the influence of out-of-plane tow waviness, tow 

fiber volume fraction and tow fraction in the composite on initiation of kink-band in NCF 

composites. The initiation strain was found to decrease with an increase in the out-of-

plane tow waviness. The damage was also found to have initiated at a lower strain with 

an increase in the fiber volume fraction inside a tow from 0.5 to 0.6. However, a change 

in tow volume fraction (at a constant fiber volume fraction inside the tow) from 0.5 to 0.7 

caused the failure to initiate at a significantly lower strain, but the initiation strain value 

stabilized for volume fractions above 0.7. 
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The effect of in-plane shear stress on the kink-plane angle in UD NCF composites tested 

at off-axis angles was studied by Wilhelmsson et al (Wilhelmsson, Mikkelsen, Fæster, & 

Asp, 2019) using X-Ray Computer Tomography. The kink-plane angle was found to be 

aligned more in-plane at the free edges where in-plane shear stress was dominant. 

Further, the kink-plane was oriented out-of-plane when the fibers were oriented along the 

loading direction. The kink-plane angle increased linearly with a change in off-axis angle 

from 0° to 20° due to an increasingly prominent in-plane shear stress component.  

However, for larger off-axis angles (or large fiber misalignments), two competing failure 

modes, axial splitting between fiber and matrix and fiber kinking, have been reported. For 

the axial splitting damage mode, the compression strength is governed by in-plane shear 

due to sliding between adjacent fiber planes. The threshold off-axis or misalignment 

angle based on the studies in literature is between 15° and 30° for NCF carbon 

fiber/epoxy composite systems (Prabhakar & Waas, 2013; Gutkin, Pinho, Robinson, & 

Curtis, 2010; Shipsha, Burman, & Ekh, 2018).  

The unidirectional lamina have been found to fail parallel to fibers, inclined at a plane 

with respect to the loading direction under transverse compression (Figure 19). The 

failure is a combination of yielding in the matrix due to in-plane shear, friction between 

the two failure surfaces and fiber-matrix debonding (Agarwal, Broutman, & 

Chandrashekhara, 2015; Talreja, 2016; Lowe, 1996). A fracture plane angle of 53° (±3°) 

has been reported for carbon fiber epoxy systems (Totry, González, & Llorca, 2009; 

Rouf, et al., 2021; Tsampas, Greenhalgh, Ankersen, & Curtis, 2012). Several studies (Hu, 

Kar, & Nutt, 2015; Totry, González, & Llorca, 2009; González & Llorca, 2007; Gutkin, 

2013) have been conducted over the last decades to study and predict the influence of 

various factors affecting the angle of fracture plane in various composite material 

systems. 
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Figure 19: Failure under transverse compressive load (Agarwal, Broutman, & 

Chandrashekhara, 2015) 

Hu et al (Hu, Kar, & Nutt, 2015) investigated the effect of fiber volume fraction on the 

fracture plane angle. The angle for composites was higher than neat matrix due to the 

distortion of shear bands in matrix owing to the presence of stiff fibers and found to 

increase till the fiber volume fraction approached a hexagonal packing of fibers (fiber 

volume fraction ≥ 68%), the densest possible arrangement. 

Further, fiber/matrix adhesion also has a pronounced effect on the mechanisms leading to 

failure (González & Llorca, 2007; Hu, Kar, & Nutt, 2015; Totry, González, & Llorca, 

2009). Simulation studies have shown the decohesion between the fibers and the matrix 

as dominating mechanism leading to final failure in the case of weak fiber/matrix 

interface. Cracks were formed at weak interfaces at low stresses, even when the material 

was in elastic regime. These cracks linked at increasing levels of stress to form the final 

fracture plane. On the other hand, continuous and smooth shear bands were formed in the 

matrix in the case of strong fiber/matrix interface, which resulted into the failure plane. 

A prominent effect of strain rate on the transverse compression behavior of NCF carbon 

fiber/epoxy composites was recently observed by Rouf et al (Rouf, et al., 2021). The 

fracture plane angle was found to increase from 53° to 60° when the strain rate was 

increased from a quasi-static rate to high rate. Also, while the failure at quasi-static rate 

was characterized by a single crack, multiple cracks were observed at higher rates (Figure 

20). 
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Figure 20: Coupons failed under transverse compression at (a) quasi-static (b) 

intermediate (c) high strain rates (Rouf, et al., 2021) 

2.3.3.2 Multidirectional laminates 

Majority of the studies (Shipsha, Burman, & Ekh, 2018; Gutkin, Pinho, Robinson, & 

Curtis, 2010; Pinho, Darvizeh, Robinson, Schuecker, & Camanho, 2012) found in the 

open literature on multidirectional laminates were aimed at understanding the influence 

of neighbouring plies on the kink-band formation in the load bearing plies. 

Studies on cross-ply laminates have revealed that kink-band formation in the 0° plies is 

delayed in the cases where the 0° plies were sandwiched between 90° plies. This was due 

to the obstruction to the rotation of fibers in 0° plies offered by the 90° plies (Gutkin, 

Pinho, Robinson, & Curtis, 2010). The location of the kink-band was also found to be 

dependent on the location of damage in the 90° plies (Pinho, Darvizeh, Robinson, 

Schuecker, & Camanho, 2012). 
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Fractographic studies by Shipsa et al (Shipsha, Burman, & Ekh, 2018) on biaxial 

([90+θ/0+θ/90+θ/0+θ]s; where θ is the off-axis angle ranging from 0° to 90°) NCF 

composite specimens at various off-axis angles revealed that the failure occurred 

primarily parallel to the fibers upto an off-axis 20° angle and perpendicular to the fibers 

above 60° angle. Although fiber-kinking was the governing failure mode in all the 

specimens (except at an off-axis angle of 45°), the failure was a combination of matrix 

cracks, cracks within the tows, cracks along tow boundaries, axial splits and fiber 

kinking. 

The influence of stacking sequence and ply thickness on the failure process in quasi-

isotropic CFRP prepreg laminates under compression was studied by Leopold et al 

(Leopold, et al., 2017). Unnotched specimens and coupons with an open hole were 

investigated in this study. Damage was found to initiate at a lower strain with increasing 

ply thickness in the specimens. Thinner specimens have statistically a lower number of 

defects which effectively delays damage initiation. While a pronounced effect of the 

position of load bearing 0° plies on the stability of the unnotched test coupons was 

observed, failure in open hole test coupons was only dependent on the ply thickness. The 

material failed due to fiber buckling in the drilled hole. 

Microscopy techniques were employed in another study (Tsampas, Greenhalgh, 

Ankersen, & Curtis, 2012) to understand the effect of stacking sequence damage 

mechanisms in cross-ply and multidirectional laminates through post-failure 

observations. Depending on the laminate and loading condition, delamination was found 

to induce other damage mechanisms such as in-plane shear damage, through-the-

thickness translaminar fracture or buckling of load bearing plies due to loss of lateral 

support. 
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Chapter 3  

3 Research objectives 

NCF composites have emerged as an attractive opportunity in the face of an increasing 

demand for light-weight materials in automotive sector They are a trade-off between UD 

prepregs and woven fabric composites, imparting superior mechanical properties at a 

lower production cost. However, the crashworthiness properties of these materials is the 

key criteria for their adoption by the automotive OEMs for structural applications in 

light-weight vehicles. Unlike in metals, where the plastic deformation is the primary 

contributor to the crashworthiness of the structures, several distinct mechanisms 

contribute to the energy absorption in the structures made with composite materials 

(discussed in detail in Section 2.2.3.3). Several researchers have contributed towards a 

better understanding of the initiation, growth and monitoring of these mechanisms over 

the last few decades through their experimental and numerical investigations under 

various mechanical loading conditions (Section 2.3). There, however, remain many 

unexplored research avenues, some of which form the deliverables of the investigation in 

this study. The gaps in the existing state-of-the-art are pointed out in this chapter. The 

chapter concludes with a list of research tasks to fill in those gaps. 

3.1 Gaps in the literature 

It was alluded to in Section 2.3.1 that numerous characterization studies have been 

performed in the last decade and a half on NCF composites. The stitching fibers in NCF 

composites were found to have a negligible effect on the measured engineering properties 

in these studies. Furthermore, characterization tests at elevated temperatures revealed a 

more pronounced effect on the matrix-dominated properties. The compression properties 

were found to be generally half of the corresponding tensile properties of the same 

material system. The compression properties were also reported to exhibit a higher 

sensitivity to the local fiber misalignments. Multiple studies report comparisons between 

the measured engineering properties of NCF composites and competitor UD prepreg and 

woven composites. The interlaminar fracture toughness test results were generally 
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dependent on specimen geometry, reinforcement architecture and testing parameters. 

Despite the availability of many reports, there is an inconsistency in the reported data 

trends with respect to CLT predictions or measurements on UD tape composites. For 

example, Godbehere et al (Godbehere, Mills, & Irving, 1994) reported only a 1% drop in 

tensile properties of NCF composites as compared to pre-impregnated UDs, while Bibo 

et al (Bibo, Hogg, & Kemp, 1997) reported a 35% drop. There is also an inconsistency in 

the trends reported for the measured compression properties. The measurements may also 

be governed by the limitations of the actual test method employed (like in the case of in-

plane shear), end conditions (for example, difference in the grip conditions in a 

compression test) and geometry of the specimens (for example, interlaminar fracture 

toughness characterization). These considerations make it imperative to thoroughly 

characterize the material system under investigation.  

As can be inferred from Section 2.3.2, several numerical studies have been performed 

since 1980s to understand and predict the damage behavior in composites under tensile 

loads. The events leading up to failure are clearly understood in the case of unidirectional 

laminae. Generally speaking, in the case of multidirectional laminates, first form of 

damage occurs in the form of cracks in the transversely oriented plies, followed by 

cracking in other off-axis plies. The failure of the laminate is, however, governed by the 

failure of the load-bearing 0° fibers. Much of the work on damage in multidirectional 

laminates is of numerical nature and focused on characterizing the cracking patterns in 

the transverse plies and off-axis plies. Very few experimental studies on the evolution of 

damage with a focus on heavy-tow multidirectional NCF composites could be found. 

Further, while it is clear that the resin-rich zones caused by the stitching fibers are the 

most compliant zones in NCF composites, their role in damage evolution is still unclear. 

A part of this study, hence, focuses on developing a complete picture of the damage in 

NCF composites under tensile loads. The study aims at understanding the initiation and 

growth of several damage mechanisms and is supported by post-failure fractographic 

observations. The influence of stacking sequence on the damage growth, and energy 

absorption, is also investigated in this study.  
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Majority of the studies on compressive damage and failure in composites (Section 2.3.3) 

are focused on UD composites. The studies are primarily focused on understanding the 

formation of kink bands in axially loaded UD composites and the prediction of fracture 

plane angle in UD composites under transverse compression. The studies on multi-

directional composites are conducted on cross-ply laminates to understand the influence 

of constraints on kink-band formation and not on characterizing the initiation and 

development of damage. None of the studies were aimed at understanding the evolution 

of damage in multi-directional NCF composites under compressive loads. The 

investigation conducted in this study, therefore, aims at capturing in-situ the growth of 

damage under compressive loads in NCF composites from initiation to failure. 

3.2 Objectives 

Although NCF composites have grown in prominence in the recent years for structural 

applications in lightweight automotive, there still are many unknowns with regards to the 

damage and energy absorption in these materials. There are inconsistencies and 

contradictions in the reported characterization results owing to various testing and 

geometric parameters. Further, a comprehensive experimental study that paints a 

complete picture of damage in NCF composites under tension and compression is lacking 

in the state-of-the-art. This study aims at contributing towards the same. Following 

research objectives were set, based on the identified gaps in the literature: 

1. Characterize the mechanical response of NCF composites at quasi-static loading 

rates, including interlaminar fracture toughness. 

2. Establish the damage evolution process, from initiation to failure, in multi-

directional laminates under tension and compression using in-situ damage 

monitoring techniques and post-failure fractographic observations. 

3. Connect the damage to underlying mechanics and energy dissipation in the 

creation of damage. 
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Chapter 4  

4 Materials and Methods 

This chapter gives an insight into the material system investigated in this study and also 

the experimental protocols maintained. The first part of the chapter describes the micro- 

and mesostructural details of the studied materials, including the manufacturing details. 

The test set-up, American Society for Testing and Materials (ASTM) standards and 

relevant experimental methods are discussed in the later part. 

4.1 Material System 

The NCF composites assessed in this study comprised a fast-curing epoxy resin (provided 

by Hexion Inc., Appendix 2;  Zeng, 2020) and heavy tow unidirectional carbon fiber 

NCF layers (supplied by Zoltek Corp., Appendix 3; Trejo Sandoval, 2020). The fast-

curing resin system, with a curing time of 5 minutes, was a three-part epoxy system, 

consisting of EPIKOTETM Resin TRAC 06150, EPIKURETM Hardener TRAC 06150 and 

internal mold release (IMR) agent HELOXYTM Additive TRAC 06805. The 

resin:hardener:IMR mixing ratio was 100:24:1.2. The PX35 UD300 heavy tow 

reinforcement fabric containing straight tows containing 50,000 continuous carbon 

filaments each, stitched by a polyester stitching in a Tricot knitting pattern in the tow 

direction. The reinforcement fabric also consisted of supporting glass yarns, oriented 

perpendicular to the tows. The areal density of the fabric was 333 g/m2. The carbon fibers 

were 92.8% of the total weight of the fabric. The weight fraction and linear density of the 

polyester stitching were 1.8% and 75 decitex and of the supporting glass fibers, 3.0% and 

34 decitex, respectively. Flat panels (Appendix 4), measuring 900 X 550 mm, with two 

unidirectional stacking sequences, [0]7 and [0]11, and two multi-directional stacking 

sequences were fabricated, namely [0/±45/90]s and [±45/02]s. The laminates were tested 

in axial and transverse directions, and will be referred to as [0/±45/90]s, [90/±45/0]s, 

[±45/02]s. and [±45/902]s in this dissertation. The panels were manufactured using High-

Pressure Resin Transfer Molding (HP-RTM) process at Fraunhofer Project Center (FPC) 

at Western University, London Ontario (Figure 21).  
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In this process, the fabrics were first placed in the mold in the desired stacking sequence 

such that the stitching fibers were away from the surface of the mold. The fabrics were 

bonded together with a chemical binder. The mold was then preheated to and maintained 

at 120°C. The resin, hardener and IMR were mixed in the aforementioned ratio at 120 bar 

and injected into the mold at a flow rate of 40 g/s under a press force of 1500 kN. The 

force was then increased to 4500 kN during the curing process to yield the panels 

(Meirson, 2018). The resulting volume fraction of the panels was measured to be 53% by 

optical microscopy measurements. Further, optical microscopic observations confirmed 

that the void content was negligible. The test coupons were extracted from these panels 

using an abrasive waterjet cutter. 

 

Figure 21: Schematic of High-Pressure Resin Transfer Molding (HP-RTM) process 

(Meirson, 2018) 
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4.2 Test set-up 

The quasi-static characterization tests were carried out on a servo-hydraulic test frame 

(INSTRON 8804, Norwood, MA, USA; Figure 22) equipped with hydraulic wedge grips 

using either of 5 kN or 250 kN load cells. Two GRAS-505SM-C (Point Grey) digital 

cameras with 2448 X 2048 pixel resolution, with a pixel size of 3.45 µm, were used to 

capture the specimen images during the tests. The specimen surfaces to be imaged were 

speckled with a random white-on-black pattern to facilitate the strain measurement by 

DIC technique using the Vic3D software. The images were taken at a rate of 3.33 frames 

per second, unless otherwise specified. A region of (40 mm X 20 mm) 800 mm2 was 

generally selected for strain acquisition. 

 

Figure 22: INSTRON 8804 servo-hydraulic test frame  
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4.3 Test methods 

4.3.1 Quasi-static characterization 

4.3.1.1 Tension, compression and in-plane shear tests 

The tension (ASTMD3039, 2017), compression (ASTMD3410, 2016) and in-plane V-

Notch shear tests (ASTMD7078, 2012) were conducted on the set-up described in 

Section 4.2 with a 250 kN load cell in accordance with the respective ASTM standards 

(test parameters can be found in Table 1). The listed tests were conducted on all the 

stacking sequences ([0]7 or [0]11, [0/±45/90]s, [±45/02]s) in both axial and transverse 

directions. The specimens were extracted from the thinner unidirectional lamina, [0]7, for 

tension and in-plane shear tests. The compressive tests were conducted on the 

unidirectional lamina with 11 layers, i.e. the thicker lamina, to avoid Euler buckling of 

the test coupon. The microstructure of both the UD layups was, however, comparable. 

Table 1: Quasi-static mechanical test parameters. ‘t’ stands for specimen thickness. 

 

Test coupon geometry is represented in Figure 23. Carbon fiber/epoxy tabs were bonded 

on both the faces at the end of the specimens with Devcon 5 Minute® two-part epoxy glue 

to promote the failure in gauge lengths in tension and compression tests. The thickness of 

the tabs was in the range of 2.5-3.0 mm. The tabs used for tension tests had a low bevel 

angle of approximately 10° to allow for a smooth transition into the coupon gauge length. 

On the other hand, non-beveled tabs were used for compression tests, as they have been 

reported to produce acceptable failure modes in the ASTM D3410 standard. Spacers were 

used for specimen alignment in the V-Notch test while tightening the clamping bolts. A 

bolt torque of 94 Nm was required to clamp the specimens in the V-Notch test fixture.  
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Figure 23: Representative test coupon geometry for (a) tensile test (b) compressive 

test (c) V-Notch in-plane shear test. ‘t’ stands for specimen thickness. All dimensions 

are in ‘mm’. 

4.3.1.2 Interlaminar fracture toughness tests 

The opening Mode-I interlaminar fracture toughness was determined using a DCB test. 

The test was conducted in accordance with the ASTM D5528 standard (ASTMD5528, 

2013). Flat, rectangular, 25 mm wide test coupons were extracted from the manufactured 

plaques using a waterjet cutter. The specimens were approximately 130 mm long, 

including a Teflon insert on the mid-plane with a length of 65 mm (Schematic for a 

typical DCB specimen is shown in Figure 24.a.). The Teflon insert was placed on the 

midplane during the plaque manufacturing process. The Mode-I opening forces were 

applied to the specimens through Nickel plated aluminum piano hinges (Figure 24.b.) 

glued to the specimens using Loctite 495 adhesive. The piano hinges were glued to result 

in an initial delamination length (a0), measured from the line of load introduction to the 

end of the insert, of 50 mm. The edge of the specimen was coated with a thin layer of a 

white correction fluid to aid in visual detection of the crack. The specimen was then 

loaded at a constant crosshead displacement rate of 5 mm/min. The crack propagation 

was observed at the edge of the specimen using two GRAS-505SM-C (Point Grey) 

digital cameras with 2448 X 2048 pixel resolution. The images of the edge were taken at 

2 frames/second. The crack lengths were manually measured using ImageJ software.  
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Modified Compliance Calibration (MCC) method was used to calculate Mode-I 

interlaminar fracture toughness (GIc). The slope (A1) of least squares plot of normalized 

delamination length (a/h) as a function of cube root of compliance (C1/3) is used in this 

method. Compliance is the ratio of load-point displacement (δ) and load (P). The formula 

for GIc calculation is as follows: 

𝐺𝐼 =
3𝑃2𝐶2/3

2𝐴1𝑏ℎ
… (11) 

 

Where: 

P = load (N) 

C = compliance (mm/N) 

A1 = slope of least squares plot (a/h) vs (C1/3) ((mm/N)-1/3) 

b = specimen width (mm) 

h = specimen thickness (mm) 

Alternate data reduction methods include Modified Beam Theory (MBT) method, 

Compliance Calibration (CC) (ASTMD5528, 2013) and a load-independent equation (de 

Verdiere, Skordos, May, & Walton, 2012; Isakov, May, Paul, & Nishi, 2019), which are 

discussed in the Appendix 5.  

 

Figure 24: (a) Schematic for typical Double Cantilever Beam (DCB) test specimen 

(b) DCB test set-up 
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The test method used to determine Mode-II shear delamination fracture toughness by End 

Notch Flexure (ENF) test, ASTM D7905 (ASTMD7905, 2019) standard was referred to 

for sample preparation and test parameters. Similar to DCB test coupons, rectangular 

specimens were removed from the plaques using waterjet cutter. The specimens were 25 

mm wide and 140 mm long, containing 50 mm of non-adhesive Teflon insert on the 

midplane. The tests were carried out on a 3-point testing fixture with a specimen span 

(2L) of 100 mm and a half span (L) of 50 mm (Figure 25). The radius of loading and 

support pins was 9 mm. The specimen was placed such as to have an initial delamination 

length of 30 mm. The initial delamination in an ENF test is measured from the center of 

the support pin to the end of Teflon insert. A thin coat of white correction fluid was 

applied on the edge, like in DCB test. The test was carried out at a crosshead 

displacement rate of 0.5 mm/min. The edges were observed using two GRAS-505SM-C 

(Point Grey) digital cameras at 1 frame per second and the crack lengths were measured 

manually using ImageJ software. Further, the specimens were not subjected to any 

additional pre-cracking in this case to avoid any external inaccuracies in the data. The 

Mode-II fracture toughness (GIIc) was calculated by Carlson method (Carlsson & Pipes, 

1987): 

𝐺𝐼𝐼 =
9𝑃2𝑎2

16𝐸11𝑏2𝑡3
… (12) 

 

Where: 

P = load (N) 

a = crack length (mm) 

E11 = Elastic modulus of the specimen arms (N/mm2) 

b = specimen width (mm) 

t = half of specimen thickness (mm) 
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Figure 25: End Notch Flexure (ENF) test set-up 

4.3.2 Damage evolution tests 

The damage evolution was captured in-situ using an ER technique, which required 

polishing of the specimen edges to observe the microstructure. The specimen edges were 

first wet sanded with 240-grit, 400-grit and 600-grit silicon carbide sandpaper. Next, the 

specimen edges were polished with a 3-micron diamond paper and mineral oil on a low 

nap polishing pad for two hours in 20- minute runs, and finally with 0.25-micron 

diamond powder and mineral oil on a medium nap polishing pad for two to three hours in 

20-minute runs. The tests were paused at pre-defined displacements, where a 125 μm 

thick cellulose acetate film wetted with acetone was compressed on the specimen edge 

using a rubber pad for two minutes to imprint the microstructure. The replicas were then 

observed under a Leitz Purapol 11 optical microscope (Figure 26). The displacement was 

then reduced manually to nearly 0 mm and the process repeated for subsequent values of 

displacement. Only one test per stacking sequence and loading condition was conducted. 



57 

 

 

Figure 26: [0/±45/90]s laminate microstructure on: (a) Actual edge (b) Replicating 

tape (c) Crack on replicating tape 

A 30 mm section from the 50 mm gauge length (hence an area of approximately 90 mm2) 

was considered for damage observation. The cracks appearing in each individual ply 

were measured. Only the cracks extending through the thickness of an entire ply were 

counted as one ply crack. The positions of the cracks were marked on the replica during 

microscopic observation to later determine the crack spacings. The crack opening 

displacements were measured from the microscopy images using ImageJ software. 

Delaminations along the ply interfaces were measured directly from the replica using a 

ruler.  

4.3.3 Post-failure characterization 

The edges and the surfaces of the specimens were observed post-failure with a Nikon 

Eclipse L150 optical microscope with DS-Fi3 digital camera and a Scanning Electron 

Microscope (SEM) respectively. The surfaces of the failed specimens were observed 

under Hitachi SU3900 SEM. The specimens were coated with gold for 2 minutes. The 

images were taken in electron backscattering (BSE(3D)) mode at 0.3 mmHg pressure and 

15 kV voltage. 
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Chapter 5  

5 Results: Quasi-static material characterization  

The global response of the NCF composites under quasi-static loads is discussed in this 

chapter. All the tests are conducted on the test set-up discussed in Section 4.2. The stress 

was calculated directly using the load data from the machine and the measured specimen 

geometry in all the tests. The global strain, in all the tests was measured using DIC 

(Section 4.3.1). The engineering properties are summarized in Appendix 6. It must, 

however, be noted that this chapter focuses solely on the discussion of global response. 

The connection to the microstructure is made in the subsequent chapters (Chapter 6 and 

Chapter 7).  

5.1 Tensile loads 

5.1.1 Unidirectional lamina 

Five specimens each were tested under axial and transverse tensile loads. All the 

specimens exhibited a linear-elastic behavior until failure (Figure 27). All the tested 

specimens failed in the gauge section in a brittle fashion. While the failure of the axially 

loaded coupons was primarily in the middle of gauge section, the transversely loaded 

specimens failed closer to either of the grips but within the gauge length. 

The axial tensile response is dominated by the fiber response. The test coupons failed 

explosively when the failure strain of carbon fibers was reached, at about 1.3%. Some of 

the specimens exhibited a slight increase in stiffness at higher strains. This phenomenon 

can be most clearly observed in the stress-strain curve of “specimen 2” in Figure 27.a. 

This could be attributed to unfolding of a limited crimp in the specimen and rotation of 

the fibers in the direction of loading. The response under transverse tensile loads, on the 

other hand, was governed by the matrix and fiber-matrix interface properties. Since the 

load-to-failure of these specimens was much lower than the capacity of the load cell, 

considerable noise was recorded in the data in the form of oscillations. The failure 

characteristics of the specimens are discussed in detail in the next chapter (Section 6.1). 
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Figure 27: Stress-strain curves for unidirectional lamina under (a) axial tensile 

loads (b) transverse tensile loads 

5.1.2 Multidirectional laminates 

The stress-strain responses of all the test coupons from the [0/±45/90]s and [90/±45/0]s 

laminates were repeatable (Figure 28.a. and Figure 28.b.) with very minimal scatter. The 

failure of all the test coupons was governed by the failure of the load bearing plies. All 

the tested laminates failed in the gauge section when the failure strain of the load-bearing 

fibers was reached (1.3% strain). As can be seen in Appendix 6, the measured 

engineering elastic moduli, tensile strength and strain-to-failure are almost identical for 

both the laminates. The elastic moduli, tensile strengths and failure strains were measured 

to be 42 GPa, 546 MPa, 1.4% and 42 GPa, 532 MPa, 1.3% for [0/±45/90]s and 

[90/±45/0]s laminates respectively. This implies that the stacking sequence of the 

laminate does not affect the measured engineering properties. Minor differences were, 

however, observed in the stress-strain responses. Load drops were observed close to 

failure, at about 1.2% strain, in the test coupons in the [0/±45/90]s laminate. These drops 

supposedly correspond to the breakage of carbon fiber bundles and occur around the 

same strain. Such load drops were also observed in the [90/±45/0]s laminates at a lower 

strain of 0.9%. In this case, however, the drops correspond to cracking in off-axis plies. 

This is an indication that although the stacking sequence of the laminates has negligible 

influence on the measured engineering properties under tension, the initiation and growth 

of damage must be different depending on the relative position of the plies in the 

laminate. The same is investigated further in Section 6.2.2.1.  
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Figure 28: Tensile stress-strain curves for (a) [0/±45/90]s laminate (b) [90/±45/0]s 

laminate (c) [±45/02]s laminate (d) [±45/902]s laminate 

The response of the stiffer 0° plies was reflected in the stress-strain response and 

measured properties of [±45/02]s laminate (Figure 28.c.). The stiffness and the tensile 

strengths of the laminate in the axial direction were measured as 62 GPa and 934 MPa. 

The tested coupons failed in a brittle manner in the center of the gauge length once the 

failure strain of 0° plies was reached (1.4% strain). On the other hand, in the [±45/902]s 

laminate, all the plies are oriented off-axis with respect to the loading direction. 

Therefore, the laminate was significantly more compliant as compared to the [±45/02]s 

laminate. The elastic modulus and tensile strength were measured to be 18 GPa and 135 

MPa respectively for the [±45/902]s laminate. 
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Very clear change in slope and load drops could be observed in the stress-strain curves of 

the [±45/902]s laminate (Figure 28.d). The change in slope at around 0.75% strain 

suggests an onset of damage. The growth of damage makes the material further 

compliant, as can be most clearly seen in the stress-strain response of “specimen 1” in 

Figure 28.d. The two sharp load drops, as characterized by vertical lines, likely 

correspond to cleavage of the 45° plies. The laminate fails eventually at about 1.8%. The 

damage evolution process is further discussed in Section 6.2.2.2. A large amount of 

scatter can be observed in the strain-to-failure recordings of the [±45/902]s laminate. This 

may be attributed to the individual plies all failing along the same plane in that particular 

test coupon, which is a stochastic phenomenon. 

5.2 Compressive loads 

5.2.1 Unidirectional lamina 

The unidirectional lamina exhibited a linear-elastic response to failure under axial loads 

(Figure 29.a.), reflecting the expected response from 0° plies. The failure in all the axially 

loaded specimens was by formation of out-of-plane kink bands in the gauge section at a 

failure strain of 0.8%. The compressive stiffness of the materials was measured to be 122 

GPa, which was equal to the tensile stiffness (121 GPa). The compression strength (1000 

MPa) was, however, about 60% of the tensile strength (1637 MPa). The results in this 

study are slightly different from the literature reports which generally suggest tensile 

stiffness to be 10% higher than the compressive stiffness, and the compression strength to 

be about 50% of the tensile strength. Furthermore, the axial compression strength 

measurements contain a large amount of scatter. As has been reported in the literature, 

the axial compression strengths are highly sensitive to even small misalignments. 

Therefore, the scatter may be attributed to a bundle of fibers with large local 

misalignment or a slight specimen misalignment. On the other hand, the unidirectional 

lamina failed under transverse compression as a result of matrix yielding and fiber/matrix 

debonding at 2.42% strain. The change of slope of the stress-strain curves (Figure 29.b.) 

is indicative of the shear response of the matrix. The failure of all the tested specimens 

was characterized by the formation of a failure plane inclined at an angle of about 53° to 

the loading direction in the gauge section, which is discussed in detail in Section 7.1.2. 
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Figure 29: Stress-strain curves for unidirectional lamina under (a) axial 

compressive loads (b) transverse compressive loads 

5.2.2 Multidirectional laminates 

Three specimens each were tested for all the laminates investigated in this study. The 

failure was a combination of delamination, matrix crack and fiber shear failure in the 

laminates, depending on the stacking sequence and loading condition. The failure 

occurred in the gauge section of the coupons and the visually observed laminate specific 

failure characteristics were consistent across all the tests. 

The effect of stacking sequence can be clearly observed on the compressive responses of 

[0/±45/90]s and [90/±45/0]s laminates (Figure 30.a. and Figure 30.b.). The [0/±45/90]s 

laminate, wherein the compliant off axis plies are sandwiched between the 0° plies, is 

stiffer and significantly stronger. The strains-to-failure for the [0/±45/90]s laminate are 

slightly higher than the [90/±45/0]s laminate. The compression moduli, compression 

strengths, strains-to-failure were measured to be 37 GPa, 384 MPa, 1.1% and 31 GPa, 

265 MPa and 1% for the [0/±45/90]s and [90/±45/0]s laminates respectively. The 

presence of 0° plies on the outside constrains the damage in the compliant off-axis plies, 

delaying the catastrophic failure. The failure in [90/±45/0]s laminate, on the other hand, is 

very strongly dependent on the stability of the central load-bearing plies. The material 

fails catastrophically as soon as the load-bearing plies fail. 
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The compressive stiffness and strengths of the [±45/02]s laminate (Figure 30.c.; measured 

to be 59 GPa and 399 MPa respectively) is significantly higher than the [±45/902]s 

laminate (Figure 30.d.; measured to be 18 GPa and 179 MPa), as was expected due to 

higher concentration of the stiffer 0° plies. There was, however, high amount of scatter in 

the compression data for [±45/02]s laminate. The response of this laminate is very 

strongly dependent on the stability of the central block of 0° plies, which is highly 

sensitive to even the slightest of fiber misalignments, which may cause scatter in the data. 

The data for [±45/902]s laminate was, however, consistent. 

The damage initiation and propagation processes are discussed in detail in Section 7.2. 

 

Figure 30: Compressive stress-strain curves for (a) [0/±45/90]s laminate (b) 

[90/±45/0]s laminate (c) [±45/02]s laminate (d) [±45/902]s laminate 

5.3 In-plane shear loads 

The in-plane shear properties of the unidirectional lamina were obtained using V-Notch 

rail shear test. A uniform simple shear state could be obtained through this test. The 
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stress-strain curves recorded from the test are shown in Figure 31.a. The shear modulus 

of the lamina was measured as 3.55 GPa. The stress-strain curves are characterized by the 

load drops associated with splitting between fiber and matrix at the roots of the notches 

followed by failure in the gauge length. Although the overall shapes of the stress-strain 

curves are identical for the specimens, the strain at which the notch-root splits occurred 

was found to vary. The load drops associated with the splits are observed between 2% 

and 4% engineering shear strain. The failure stress (about 89 MPa) was, however, close 

to the stress at which the notch-root splits (Figure 31.b.) were observed (about 75 MPa). 

The specimen shear strain-to-failure was recorded as 8.88%. 

 

Figure 31: (a) Stress-strain curves for unidirectional lamina under in-plane shear 

loads (b) Notch-root splits observed during the V-Notch rail shear test 

 

 

5.4 Interlaminar fracture toughness tests 

5.4.1 Crack propagation under Mode-I and Mode-II loads 

5.4.1.1 Mode-I loads 

Three DCB tests were conducted for unidirectional and cross-ply laminates each under 

the testing conditions as described in Section 4.3.1.2. A symmetric opening of arms was 

observed in all the tests. Since the peak loads were around 50 N in all the tests (Figure 
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32), which is significantly lower than the capacity of the load cell (5 kN), the load signal 

data contained large amount of noise. A moving average filter was hence used to 

eliminate the noise. The data was averaged over 8-10 points for the tested specimens. 

Unprocessed load-displacement curves can be found in Appendix 7. 

 

Figure 32: Filtered Mode-I load-displacement curves for (a) unidirectional lamina 

(b) cross-ply laminate 

The crack propagated along the midplane in the interlaminar region in all the three tested 

specimens for unidirectional lamina (Figure 33.a.). However, the crack instantly migrated 

to the 0//90 interface upon initiation from the pre-crack in cross-ply laminates (Figure 

33.b.). The crack then propagated along the 0//90 interface. 

 

Figure 33: Mode-I interlaminar crack propagation in (a) unidirectional lamina (b) 

cross-ply laminate (through-thickness views) 
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A “stick-slip” type of crack propagation behavior was observed in both unidirectional 

laminae and cross-ply laminates. This tendency is characterized by alternating periods of 

unstable crack growth and crack arrest. The periods of unstable crack growth are 

characterized by sudden load drops and large jumps in crack length (Representative 

curves are shown in Figure 34, more curves in Appendix 8 and Appendix 9). The crack 

may either exhibit a slow growth, as is observed in the case of unidirectional lamina, or 

may remain relatively stationary, as in cross-ply laminates.  

 

Figure 34: Representative Mode-I interlaminar crack propagation characteristics in 

(a) unidirectional lamina (b) cross-ply laminate 

The stick-slip behavior of the crack was correlated with top views of the tested coupons. 

The crack arrest in unidirectional lamina was found to coincide with the presence of 

stitching sites (encircled in Figure 35.a.). On the other hand, the major resistance to crack 

propagation in cross-ply laminates was offered by the transverse tows on the crack path 

(encircled in Figure 35.b.). The presence of tows pinned the crack in a stationary position 

until sufficient energy was available for the crack to move around the tows. 
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Figure 35: Top views of tested (a) unidirectional (b) cross-ply test coupons 

5.4.1.2 Mode-II loads 

Three ENF tests each were performed for unidirectional lamina and cross-ply laminates 

to understand crack propagation under Mode-II shear loading conditions. High 

consistency was observed in the load-displacement data for both stacking sequences 

(Figure 36). As also was observed during DCB tests, the crack primarily propagated on 

the mid-plane in unidirectional lamina and instantaneously deviated from the mid-plane 

to and propagated along 0//90 interface in cross-ply laminates. 

 

Figure 36: Mode-II load-displacement curves for (a) unidirectional lamina (b) cross-

ply laminate 
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Representative crack propagation curves can be found in Figure 37 and the crack 

propagation results from other tests may be found in Appendix 10 and Appendix 11. A 

stable crack propagation was achieved under Mode-II loading in unidirectional laminae. 

However, similar to the crack propagation tendency under Mode-I loads, the crack 

exhibited a stick-slip behavior in cross-ply laminates. The transverse fiber tows resisted 

the propagation of the crack (inset in Figure 37.b.), resulting in periods of crack staying 

stationary, followed by the crack progressing in an unstable fashion till the next fiber tow 

arrests the crack.  

 

Figure 37: Representative Mode-II interlaminar crack propagation characteristics 

in (a) unidirectional lamina (b) cross-ply laminate 

5.4.2 Resistance curves and fracture toughness 

Representative resistance curves (R-curves), in which the interlaminar fracture toughness 

is plotted versus crack length, under Mode-I and Mode-II loads are shown in Figure 38. 

R-curves for all specimens may be found in Appendix 12 and Appendix 13. Although a 

stick-slip behavior was observed in all tested specimens, the fracture toughness value at 

which the crack first extends from the Teflon insert has been reported as the initiation 

value (marked as “x” in Figure 38 and reported in Table 2). A linear fit was used after 

initiation to determine the propagation values, which correspond to the plateau region in 

R-curves. Except in the cross-ply laminate under Mode-I loading, an increase in the 

propagation values after initiation can be seen. Resin-rich pockets at the front of Teflon 

insert and on the path to migration of crack from midplane to 0//90 interface may have 

caused the additional toughening for initiation in cross-ply laminates under Mode-I 

loading. 



69 

 

 

Figure 38: Representative R-curves for (a) unidirectional lamina (b) cross-ply 

laminates 

An increase of approximately 45% may be noted in the Mode-I fracture toughness (GIc) 

of cross-ply laminate as compared to the unidirectional lamina. This increase may 

primarily be attributed to the resistance offered to the crack propagation in cross-ply 

stacking sequence by the transverse fiber tows. The tows force the crack to follow a wavy 

path to follow their undulations along the 0//90 interface. A transversely oriented fiber 

bundle may also cause the crack to split into multiple cracks. All these phenomena lead to 

higher effective crack length in the cross-ply laminate and hence, a higher energy 

dissipation in crack propagation. The crack, by comparison, follows a relatively straight 

path between two 0° layers in unidirectional lamina, with minor resistance to propagation 

from stitching sites. The crack, however, stays effectively linear and requires 

comparatively lower amount of energy to propagate. 

Table 2: Interlaminar fracture toughness under Mode-I and Mode-II loads in 

unidirectional and cross-ply laminates. All the values are reported in J/m2. 
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The GIIc for propagation in unidirectional lamina is measured to be approximately three 

times the GIc. As was discussed in Section 5.4.1.1, a stable crack propagation could be 

achieved in unidirectional lamina. The reported propagation GIIc values may hence be 

considered reliable. The presence of cusps has been identified as a key feature in Mode-II 

delamination (discussed in detail in Section 5.4.3.2). The cusps lead to a larger surface 

area of crack and has been reported to cause the GIIc to be about 2.4 times higher than the 

GIc. The presence of stitching sites further adds to the resistance to propagation. The 

difference in the fracture toughness values in cross-ply laminate under Mode-I and Mode-

II loading conditions was, however, just under 40%. This can be attributed to the nature 

of reinforcement stacking sequence, as under both the loading conditions, the primary 

resistance to crack propagation is offered by the transverse tow bundles. 

5.4.3 Post-failure characterization 

The changes in the post-failure morphology with changes in loading conditions provide a 

direct insight into distinct micro-mechanisms that contribute to delamination fracture 

toughness and a means to physically validate the predictive failure criteria. 

5.4.3.1 Mode-I loads 

SEM investigations of the unidirectional fracture surfaces in this study show an overall 

rougher appearance (Figure 39, the crack propagates from bottom to top along 1-

direction, as indicated by black arrows). The crack propagation occurred very close to the 

fiber matrix interface in unidirectional composites, as evidenced by presence of matrix on 

the fibers. Distinct features were observed on the free edges of the specimen versus at the 

center. As the material present at the free surfaces was unconstrained at one end, it was 

free to deform, leading to formation of riverlines at the free edges (Figure 39.a.). 

However, towards the center of the specimen, the material was effectively in a state of 

plane strain, leading to a planar cleavage (Figure 39.b.) type of fracture surface in resin 

rich regions.  
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‘Tidemarks’ (Figure 39.d.) can also be clearly seen on the fracture surface. These discrete 

bands are usually associated with changes in the crack speed (stick-slip behavior, as was 

explained in previous section). Areas with higher plastic deformation correspond to areas 

of crack arrest or slow growth and relatively feature free areas correspond to areas of 

rapid crack growth. The tidemarks are believed to be a result of blunting at the tip of a 

sharp crack and are aligned normal to the direction of crack propagation (Greenhalgh E. , 

2009).  

       

Figure 39: SEM characterization of the fracture surfaces of unidirectional 

composites under Mode-I loads 

In general, the fracture extends along the fibers and spreads into surrounding matrix area, 

as evidenced by presence of matrix deformation lines extending from fibers, aligned in 

the direction of crack growth. The convergence of these deformation planes leads to the 

formation steps, called ‘scarps’ (Greenhalgh E. , 2009). Moreover, grooves left behind by 

pullout of stitches can be clearly seen on the failure surface. Local textured microflow of 

matrix can be observed too. 
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The fracture surfaces of the tested cross-ply specimens are shown in Figure 40, in which 

the direction of crack propagation is along 1-direction from bottom to top. Unlike in 

unidirectional composites, no major distinction was found between the feature on the free 

edges and at the center of the specimen. Riverlines and scarps, diagnostic of local plastic 

deformations, could be observed on both, free edges and center. 

 

Figure 40: SEM characterization of the fracture surfaces of cross-ply laminates 

under Mode-I loads 

Unlike in unidirectional composites, cusps and gouges can be seen on the failure surfaces 

of the cross-ply laminates. Cusps, also referred to as ‘hackles’, ‘flakes’, ‘lacerations’ or 

‘serrations’ (Greenhalgh E. , 2009), appear as inclined platelet-like structures on the 

surface and may be formed as a result of local sliding of surfaces (discussed in detail in 

subsequent section). Deep ‘gouges’ (Greenhalgh E. , 2009), extending underneath the 

surface, may be seen accompanying the cusps. The gouges occur at the base of the cusps, 

where several cusps are aligned along a line. The spacing between the gouges however 

seems to vary.  
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5.4.3.2 Mode-II loads 

Fractographic observations reveal that the crack primarily propagates along fiber/matrix 

interface under Mode-II loads in both, unidirectional and cross-ply laminates. This is 

supported by the presence of bare fibers and clean fiber tracks left behind by pulled out 

fibers on the failure surfaces. Unlike in under unidirectional laminae subjected to Mode-I 

opening loads, no discernable distinction could be made between features on free edges 

versus at the center. 

The dominant feature in both the investigated laminates was the presence of cusps. The 

cusps are formed owing to a relative shearing of two surfaces. The mechanism of 

formation of cusps may be understood by considering the stress state in front of the crack 

tip, which consists of a tensile traction angled at 45°. As the loads increase, the cracks 

grow along the tensile traction vertically in the interlaminar resin rich region and then 

rotate locally at the interface boundary. This leads to the formation of cusps, which 

detach from the surface, leaving behind the inclined platelet-like features. Generally, the 

cusps coalesce with the adjacent cusps, leading to one surface retaining cusps and the 

matching surface being left with the cusp marks. These are labelled as “scallops” in 

Figure 41. These features may be influenced by numerous factors such as fiber spacing 

and matrix toughness. In addition to cusps and scallops, gouges were also observed in 

cross-ply laminates.  
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Figure 41: (a-b) SEM characterization of the fracture surfaces of unidirectional 

composites under Mode-II loads (c-d) SEM characterization of the fracture surfaces 

of cross-ply laminates under Mode-II loads 
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Chapter 6  

6 Results: Tensile damage in non-crimp fabric composites 

The damage in the NCF composites with increasing load under quasi-static tension is 

connected to the global stress-strain response (Section 5.1) in this chapter. The chapter 

starts with a discussion on the characterization of damage in unidirectional lamina with 

the help of microscopy techniques. As the tensile failure in unidirectional lamina is 

unstable, it was not possible to trace the initiation and propagation of damage. Next, the 

initiation and propagation of damage in multidirectional laminates was investigated. This 

analysis was accomplished using edge replication technique (Section 4.3.2). The growth 

of different damage modes is compared and connected to the underlying mechanics, 

driven by the stacking sequences. Finally, the damage growth is connected to the energy 

dissipated in individual damage modes with loading-unloading tests. 

6.1 Post-failure damage characterization of unidirectional 
composites 

6.1.1 Failure under axial tension 

The post-failure images of the specimens are shown in Figure 42, where the specimens 

were loaded along 1-direction. The composite specimens failed such that the resulting 

fracture plane was almost flat and oriented perpendicular to the direction of fiber 

alignment and by extension, also the direction of loading. No significant fiber breaks 

were observed in the specimen away from the fracture plane (Figure 42.b.). This indicates 

that all the fibers that failed were present on the same plane. 

A closer inspection of the failure surface using SEM (Figure 42.c. and Figure 42.d.) 

revealed presence of lines radiating from a local point of origin, marked as ‘x’ in Figure 

42.d. The sites marked as ‘x’ act as local crack initiation sites leading to the failure of the 

fibers. The presence of radial lines originating from these local sources of damage on the 

fiber ends may be used to infer the local growth directions. A failed fiber effectively 

induces failure in the neighboring fibers, providing a convenient means to be able to 

determine direction of crack growth within a local bundle or cluster of fibers. Plastic 
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deformation in the matrix is also observed in the regions where fibers are separated by 

resin. This indicates the transfer of stress from a site of broken fiber to adjacent fibers 

through the resin material, where the fibers are not in direct contact with each other. 

Furthermore, relatively short fiber pull-out lengths suggest strong fiber-matrix adhesion, 

which nominally translates into efficient stress transfer between fibers. 

Based on the post-failure observations, it may be said the failure process in unidirectional 

composites with breakage of a single fiber is due to a possible local defect in the fiber. A 

single broken fiber then induces failure in neighboring fibers, making the material further 

compliant. The failure of multiple neighboring fibers in a cluster on the same plane 

eventually leads to the catastrophic failure, similar to what has been reported in the 

literature (Raz-Ben Aroush, et al., 2006). It is, however, unclear from the available data if 

multiple such clusters of fiber failure occur simultaneously on the fracture plane. 

 

Figure 42: (a) Specimen failed under axial tension (b) Image of the edge of failed 

specimen taken using optical microscope (c, d) Images of the failed surface taken 

using SEM 
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6.1.2 Failure under transverse tension 

The unidirectional composites in transverse tension exhibit a brittle, cleavage type of 

fracture with a smooth fracture plane (Figure 43.a.; The fibers are aligned along 1-

direction and the specimen is loaded along 2-direction). The fracture plane is 

perpendicular to the direction of loading, i.e. along the direction of carbon fiber tows. 

Optical microscopic observations of the edge of the specimen revealed that the fracture 

plane propagated through the tows (Figure 43.b.). High magnification images using SEM 

of the fracture surface showed the presence of pull-out of the supporting glass yarns, 

resin-rich areas in the vicinity of the supporting yarns and mostly bare fibers. These 

features are indicative of failure of the material along the fiber-matrix interface by 

debonding. 

 

Figure 43: (a) Specimen failed under transverse tension (b) Image of the edge of 

failed specimen taken using optical microscope (c, d) Images of the failed surface 

taken using SEM 
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6.2 Damage in multidirectional composites 

6.2.1 Virgin specimens 

Images of replicas taken from the edges of untested specimens revealed that there was no 

damage prior to loading (Figure 44). For reference, the 0° plies were oriented along the 

laminate y-direction, while the laminate x-direction was normally aligned with loading 

direction.  

The tows in a single NCF layer are stitched together with low density linear polyester 

fiber yarns. The stitching yarns tend to cause resin-rich pockets between carbon fiber 

tows, while transversely oriented supporting glass fiber yarns influence the localized 

resin layers between adjacent plies (encircled in Figure 44).  

 

Figure 44: Edge replicas of virgin (a) [0/±45/90]s laminate (b) [90/±45/0]s laminate 

(c) [±45/02]s laminate (d) [±45/902]s laminate 
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6.2.2 Damage evolution under quasi-static tension 

6.2.2.1 [0/±45/90]s and [90/±45/0]s laminates 

The stress-strain curves of the tested specimens upon interruptions at pre-defined strain 

values, as per the process described in the previous section, are shown in Figure 45. Both 

laminates exhibited a linear-elastic response through all the loading steps. Therefore, it 

was not possible to define strain at damage onset based on the stress-strain curves alone. 

However, a reduction in the slope of the stress-strain curves with an increasing strain was 

observed, indicating the occurrence and development of damage within the materials.  

Damage was first observed as localized cracks at the stitching sites between the 90° plies 

after a strain of approximately 0.29% in the [0/±45/90]s laminate (Figure 46). As the 

strain was increased to 0.61%, cracks were observed to extend through the thickness of 

the 90° plies, where the majority of these cracks originated from the damaged stitching 

sites. Some of the 90° ply cracks caused cracks to initiate in the adjacent -45° ply. 

 

Figure 45: Stress-strain curves from interrupted tension tests for (a) [0/±45/90]s 

laminate (b) [90/±45/0]s laminate 

Ply cracks in the 90° and -45° plies continued to multiply with increasing strain and 

saturated once the applied strain exceeded 0.61% (Figure 46). Once the strain reached 

0.86% (Figure 46), ply crack saturation is reached in 90° plies and the cracks initially 

observed at the stitching sites grew into delamination cracks at the interface between the 

90° plies. These cracks will be referred to as 90/90 delamination cracks. Since the +45° 

and -45° plies were perpendicular, ply cracks in the -45° plies did not cause ply cracks to 
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initiate in the +45° plies. Instead, delamination cracks formed between the +45° and -45° 

plies, which will be referred to as +45/-45 delamination. Extension of the 90/90 and +45/-

45 delamination cracks were widespread after a strain of 1.29% (Figure 46), which was 

just before specimen failure. 

 

Figure 46: Damage features in the [0/±45/90]s laminate under tension at (a) 0.29% 

strain (b) 0.61% strain (c) 0.86% strain (d) 1.29% strain 

On the other hand, damage in the [90/±45/0]s laminate along the x-direction (Figure 47) 

was observed to initiate after an applied strain of approximately 0.70%. The strain at 

onset of damage was likely higher for transverse loading since cracks did not initiate at 

the stitching sites. Uniformly spaced cracks were observed in the 0° plies, where some of 

these cracks initiated ply cracks in the adjacent +45° ply, as in the [0/±45/90]s laminate. 

Cracks continued to multiply in 0° and +45° plies with increasing strain. The reduced 

spacing between the cracks lead to overlapping of the relaxed stress fields in the crack 

vicinities due to which the stresses in between two neighbouring cracks were not high 

enough for a new crack to form (i.e., crack shielding). Ply cracks seemed to saturate at 

this point, which was observed at approximately 1.10% strain. Thereafter, delamination 

crack started to grow at the ±45 ply interface, which preceded specimen failure. 
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Figure 47: Damage features in the [90/±45/0]s laminate under tension at (a) 0.70% 

strain (b) 1.10% strain 

6.2.2.2 [±45/02]s and [±45/902]s laminates 

The response of the [±45/02]s laminate was dominated by the on-axis 0° plies, which 

resulted in a linear elastic stress-strain behaviour (Figure 48.a.). In contrast, the stress-

strain response for the loaded [±45/902]s laminate exhibited nonlinearity prior to reaching 

the peak strain (Figure 48.b.).  

 

Figure 48: Stress-strain curves from interrupted tension tests for (a) [±45/02]s 

laminate (b) [±45/902]s laminate 
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In the [±45/02]s laminate, damage initation was observed in the form of cracks at stitching 

sites at 0.69% (Figure 49.a.). Cracking in multiple stitching sites was observed as the 

strain was increased. Minor cracking was observed in -45° ply at 1.23% strain (Figure 

49.b.), which was just before specimen failure. The minor cracks in the -45° ply are not 

counted as ply cracks since they do not span the entire ply thickness. The failure is 

expected to have occurred when multiple neighbouring fibers present in the same plane in 

the 0° plies fractured, rendering the specimen incapable of carrying further load. 

 

Figure 49: Damage features in the [±45/02]s laminate under tension at (a) 0.69% 

strain (b) 1.23% strain 

The damage evolution process in [±45/902]s laminate was comparable to the damage 

progression in the [0/±45/90]s laminate. Cracks were observed at the stitching sites 

between 90° plies at 0.37% strain, as can be seen in Figure 50.a. As the strain was 

increased to 0.58% (Figure 50.b.), the cracks in stitching sites were found to nucleate ply 

cracks in 90° plies. However, the 90° ply cracks instantly saturated and the damage 

progression was then primarily in the form of 90/90 delamination cracks and ply cracks 

in +45° plies. Once these two damage modes stopped growing at 1.25% strain (Figure 

50.d.), the primary damage growth was in the form of delamination crack along the +45/-

45 ply interface up to a strain of 2.31%, after which the specimen failed. 
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Figure 50: Damage features in the [±45/902]s laminate under tension at (a) 0.37% 

strain (b) 0.58% strain (c) 0.76% strain (d) 1.25% strain 

6.2.2.3 Damage quantification and stiffness degradation 

The damage modes observed in the studied laminates under axial and transverse tensile 

loads were quantified and correlated with stiffness degradation (Figure 51). The total 

damage area is considered to be summation of ply crack and delamination crack surface 

areas. Ply cracks and delamination cracks were both assumed to span the entire width of 

the specimen. The number of ply cracks was multiplied by width and ply thickness to 

calculate area associated with ply cracking. The delamination area was determined by 

multiplying measured delamination lengths and specimen width. Clear drops in laminate 

stiffness can be seen corresponding to increase in damage areas (Figure 51). Laminate 

stiffness was calculated from the stress-strain curves of the interrupted tests (Figure 45 

and Figure 50) within the strain range of 0.1%-0.2%. Although the stiffness of both, 

[0/±45/90]s and [90/±45/0]s laminates, drops to 87% of the initial stiffness (E0) at the end 

of the test, the damage area is higher for the [0/±45/90]s laminate. The most significant 

drop in laminate stiffness was observed in the case of [±45/902]s laminate, which was 

about 57% of E0. The major contribution to stiffness drops in [0/±45/90]s laminate and 

[±45/902]s laminate  came from 90/90 delamination crack (Figure 51). 
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Figure 51: Influence of stacking sequence on (a) total damage area (b) laminate 

stiffness degradation (c) 90/90 delamination crack growth (d) ply crack 

multiplication in 90° plies (e) +45/-45 delamination growth (f) ply crack 

multiplication in 45° plies 
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The stacking sequence and ply thickness also have a pronounced effect on the onset of 

ply cracks in 90° ply due to ply constraint effects. The 90° plies are sandwiched between 

0° plies in the [0/±45/90]s laminate and are more greatly constrained, which leads to 

multiple cracks originating from a single damaged stitching site and hence, a higher 

density of cracks as compared to the [90/±45/0]s laminate in which the 90° plies are 

unsupported at one end (Figure 51). Further, an increase in the thickness of the 90° plies 

leads to a reduced effective constraining. This causes an onset of ply cracks in 90° ply at 

lower stresses (Parvizi, Garrett, & Bailey, 1978). Cracking in the 45° plies (Figure 51) on 

the other hand, seems to be more influenced by crack density in 90° plies and the 

presence of 90/90 delamination crack; however, this is inconclusive at this stage. The 

+45/-45 interface was the most prone to delamination crack growth, which accelerated 

only after the saturation of other damage modes (Figure 51). Finally, a higher 

concentration of 0° plies, as is the case in [±45/02]s layup, suppresses all other damage 

modes. The failure then is due to a tensile fracture of multiple 0° fibers in close vicinity. 

6.2.3 Post-failure damage characterization 

As was discussed in the previous sections (Section 6.2.2), although the actual process of 

damage growth is dependent on the stacking sequences and loading conditions, the 

catastrophic failure of the test coupons is dictated by the failure of 0° plies. Visual 

inspection of the failed coupons revealed that the different plies failed on different planes, 

confirming the occurrence of delamination and matrix cracks prior to the final failure of 

the specimen. The scanning electron microscopy images of the failed surfaces of the 

multidirectional laminates are shown in Figure 52. Similar features may be observed on 

the 0°, 45° and 90° plies, irrespective of the ply stacking sequence and loading condition. 

The different laminates will hence not be discussed separately in this section. 
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Figure 52: Post failure surfaces of (a) [0/±45/90]s laminate (b) [90/±45/0]s laminate 

(c) [±45/02]s laminate (d) [±45/902]s laminate 

Some of the general features observed on the surfaces of 0° and 90° plies in the laminates 

were similar to the distinguishing features observed on the surfaces of unidirectional 

composites (Section 6.1). The load bearing 0° plies were characterized by a rugged 

surface and radial markings extending from a local defect on broken fibers (Figure 53.a.). 

On the other hand, the surfaces of 90° plies were smooth with bare fibers and pockets of 

resin-rich areas, indicative of failure by fiber-matrix debonding. The edge images of the 

90° plies revealed that the catastrophic crack passed through the tows and not along the 

tow boundary (Figure 53.d. and Figure 53.f.). 
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Figure 53: (a-b) Post failure surface of 0° plies (c) Edge image of failed 0° ply (d-e) 

Post failure surface of 90° plies (f) Edge image of failed 90° ply 

Other than the common general features observed on the surfaces of 0° plies, unlike in 

unidirectional composites, the failure was non-coplanar. The surface (Figure 53.b.) and 

edge images (Figure 53.c.) revealed the presence of grooves left behind by the pulled-out 

fibers. This indicates that fiber breaks occur at multiple points throughout the ply. The 

locations of these fiber breaks may correspond to breaks in the adjacent compliant plies. 

The single fiber breaks then cause failure of neighboring fibers, which then get pulled out 

as in clusters or as a bundle upon catastrophic failure, leaving behind the grooves. 

Similarly, in the 90° plies, in addition to the features observed in transversely loaded 

unidirectional composites, pull-out of stitching polyester fibers was observed on the 

surface. Localized plastic deformation was observed in the immediate vicinity of the 

pulled-out stitching fibers. This can be attributed to the continued stress transfer to the 

90° plies through the adjacent stiffer plies. 
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A close inspection of failed 45° plies reveals the presence of hackles (Figure 54.a.), 

which are indicative of in-plane shear within the lamina. However, as was also observed 

in the damage evolution process (Section 6.2.2), the ±45 interface is most prone to 

delamination owing to its orthogonality. The presence of delamination during the fracture 

process between +45° and -45° ply effectively degrades the level of constraint on the 

plies, allowing them to rotate in the direction of loading, which eventually leads to the 

tensile fracture of the 45° plies along the tow boundary (Figure 54.b. and Figure 54.c.). 

The features observed on the surfaces of 45° plies were consistent across the two tested 

laminates under the axial and transverse loading conditions. 

 

Figure 54: (a-b) Post failure surface of 45° plies (c) Edge image of failed 45° ply 

6.2.4 Energy dissipation in damage 

The damage evolution and post-failure characteristics of multidirectional laminates under 

quasi-static tensile loads were discussed in Section 6.2.2 and Section 6.2.3. Damage 

initiation was observed as cracks in the stitching sites, more specifically along the 

fiber/stitching thread interface. The cracks in the stitching sites were later found to 

nucleate other forms of damage, primarily ply cracks and delamination. The rates of 

growth of the damage forms depended on the stacking sequence and geometric 

parameters. The failure, however, was governed by the brittle failure of load-bearing 

fibers. The post-failure fractography revealed that the ply failure in transverse plies was 

through the fiber tows and the failure in the plies oriented at 45° was along the tow 

boundary. This section correlates the damage with the energy dissipated in the creation of 

damage. 
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The energy dissipated in damage was calculated using two strategies. In the first strategy, 

the energy dissipated in the damage was calculated as an arithmetic sum of energies 

dissipated in the individual damage modes. The energy dissipated in the individual modes 

is a product of the area of a particular damage mode and critical strain energy release 

rates associated with that mode. As was described before, ply cracks and delamination 

along ±45 interface were the two primary damage modes in the laminates. The damage 

areas are already quantified in the Section 6.2.2.3. Further, from the fractographic 

observations, it may be said that the damage occurs primarily under Mode-I loading 

conditions. Therefore, the critical strain energy release rates for matrix ply cracks is taken 

as 200 J/m2 (Hull & Clyne, 1996), which is average fracture toughness reported for epoxy 

resins. As the ±45 interface was found to be the most susceptible to delamination growth, 

the fracture toughness value for growth of delamination cracks along a cross-ply interface 

may be used here. The Mode-I fracture toughness for propagation of delamination in a 

cross-ply was already measured in this study as 645 J/m2 (Section 5.4.1.1). The sums of 

products of the critical strain energy release rates and damage areas yielded the total 

amount of energy dissipated in the creation of damage in the laminates. The stiffness 

drops corresponding to the damage were calculated from the stress-strain curves in the 

0.1-0.2% strain range of the interrupted tests conducted to monitor the damage evolution 

(Section 6.2.2.3). 

The second strategy for energy dissipation computation entailed performing loading-

unloading tests. The test coupons with a similar geometry as used for the characterization 

and damage evolution tests were used for these displacement-controlled tests. The 

specimens were loaded in increments of 0.2 mm until failure at a cross head displacement 

rate of 2 mm/min. The cross head was brought back to a displacement value very close to 

0 mm at the end of every loading cycle. The stress was calculated as a ratio of load 

readings from the load-cell and area and the strain in the tests was measured using DIC. 

The stress-strain curves for the tested laminates are shown in Figure 55. The energy 

dissipated in each step was calculated as a product of the area enclosed by the loop 

formed by the loading-unloading curves and the volume of the specimen used for strain 

measurement. The laminate stiffness was measured from the loading part of each step in 

the 0.1-0.2% strain range. 
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Figure 55: Stress-strain curves from loading-unloading test for (a) [0/±45/90]s 

laminate (b) [90/±45/0]s laminate (c) [±45/02]s laminate (d) [±45/902]s laminate 

The energy dissipation and stiffness drop from both the strategies are compared in Figure 

56. ‘DE’ stands for ‘Damage Evolution’ and represents results from the first strategy 

(from the damage evolution tests). ‘L-uL’ stands for ‘Loading-unLoading’ and is 

representative of the results from the second strategy. 

The energy dissipation and laminate stiffness trends are in general agreement for all the 

tested laminates. The energy dissipation value in damage evolution tests is higher than 

the loading-unloading tests at around 0.8% (Figure 56.a.) for [0/±45/90]s laminate. A 

possible cause for the higher energy dissipation could be due to a higher delamination 

length in the damage evolution test specimen. As it was described in Section 6.2.2.1, the 

key damage mechanism was identified as 90/90 delamination. It was formed by joining 

of cracks in the transverse cracks, whose crack density is governed by the cracks in 

stitching sites. The occurance of cracks in the weak stitching sites is stochastic. A higher 

number of cracks in stitching sites at lower strains may result in higher transverse crack 
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density and longer delamination lengths at higher strains, leading to higher energy 

dissipated. The DE specimen failed at a lower strain in the [90/±45/0]s laminate (Figure 

56.b.). The failure was governed by the failure of the load-bearing fibers, which is also a 

statistical phenomenon (as was described in Section 2.3.2.1, Section 6.1.1 and Section 

6.2.3).  

A relatively high amount of energy dissipation was recorded in the case of [±45/02]s 

laminate at a high strain of 1.1%. The exact cause of this relatively higher energy 

dissipation is inconclusive at this stage, but could have been caused due to damage during 

an unloading cycle. 

 

Figure 56: Energy dissipated in and stiffness drops in (a) [0/±45/90]s laminate (b) 

[90/±45/0]s laminate (c) [±45/02]s laminate (d) [±45/902]s laminate 
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It is, however, important to note the caveats and assumptions made in this analysis. The 

analysis ignores the energy lost as heat. It also ignores the energy dissipated in any 

probable secondary damage mechanisms like fiber pull-out, friction work due to fiber 

sliding, etc. in the DE results. Further, the analysis also assumes the formation of ply 

cracks and delamination under pure Mode-I loading conditions. However, indications of 

mode-mixity were observed through fractographic observations (Section 6.2.3). Finally, 

there are possibilities of unavoidable damage creation during unloading cycles in the L-

uL results, which also absorb energy.  
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Chapter 7  

7 Results: Compressive damage in non-crimp fabric 
composites 

The behavior of the composites under compression is very critical to their utility as 

energy absorbing structural applications in automobiles. Even though the majority of the 

composites in commission are multidirectional laminates, a vast majority of the studies 

are focused on the failure in unidirectional lamina. This study is hence carried out with a 

primary focus on understanding the failure process in NCF multidirectional laminates. In-

situ edge replication and post-failure optical microscopy are used to understand the 

initiation and growth of damage in the materials. Finally, an appraisal of the energy 

dissipated in the observed damage modes is performed. 

7.1 Post-failure characterization of damage in unidirectional 
composites 

7.1.1 Failure under axial compression 

The unidirectional lamina failed by fiber microbuckling under axial compression. An out-

of-plane kink band may clearly be seen in Figure 57. No in-plane component was 

observed. Inter-tow axial splits were also observed in the failed specimens. However, it is 

inconclusive at this stage if the inter-tow splitting precedes or succeeds the kink band 

formation. 

 

Figure 57: (a-c) Failure by out-of-plane kink band formation in unidirectional 

lamina under axial compression 
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7.1.2 Failure under transverse compression 

The failure of unidirectional test coupon under transverse compression is characterized 

by a single crack inclined to the loading direction (Figure 58.a.). The crack is a result of 

matrix yielding and fiber-matrix debonding. The average fracture angle was measured to 

be 53° The crack propagated primarily through the tows (Figure 58.b.). Several 

secondary cracks branching out of the primary crack were also observed. The growth of 

the secondary cracks was also found to be primarily through the tows rather than along 

the tow boundaries. However, no damage was observed away from the immediate 

vicinity of the crack site (Figure 58.c.) in the test coupon. 

 

Figure 58: (a) Unidirectional lamina failed under transverse compression (b-c) Edge 

images of the test coupon failed under transverse compression 

7.2 Damage in multidirectional composites 

7.2.1 Damage evolution under quasi-static compression 

Similar to the tensile loading case, damage evolution under compressive loading was 

traced using the in-situ ER technique (described in Section 4.3.2). Careful inspection of 

virgin test coupons using optical microscope showed the presence of resin-rich pockets 

caused by stitching sites (as was discussed in Section 6.2.1) and no pre-existing damage. 

The distinguishing damage modes, which characterize the growth of damage in laminates 

under axial and transverse compressive loads upto failure, are discussed in the upcoming 

subsections. 



95 

 

7.2.1.1 [0/±45/90]s and [90/±45/0]s laminates 

The [0/±45/90]s and [90/±45/0]s laminates primarily exhibit linear elastic response 

(Figure 59) through majority of loading steps. First form of damage in [0/±45/90]s 

laminate was observed at 0.71% strain as local cracks in the stitching sites (Figure 60.a.). 

As the coupon was further subjected to a greater load, cracks appeared in more stitching 

sites through the coupon, which corresponds to a change of slope in step 4 in Figure 

59.a.. The load was sufficiently high at this point (εyy = 0.98%) for some of the cracks in 

the stitching sites to grow as delamination along the 0/+45 and ±45 interfaces (Figure 

60.b.). The length of these cracks was in the order of tens of micrometers and hence 

could not be accurately quantified. The specimen suffered an instantaneous catastrophic 

failure in the next loading step at 1.17% strain. 

 

Figure 59: Stress-strain curves from interrupted compression tests for (a) 

[0/±45/90]s laminate (b) [90/±45/0]s laminate 

However, the damage initiation was observed at a lower strain in the [90/±45/0]s 

laminate. Minor fiber-matrix debonding cracks were observed in the 90° plies (Figure 

60.c.) at 0.39% strain. Majority of the cracks were confined to a single tow each in both 

the 90° plies. These cracks however caused no appreciable reduction in stiffness, as can 

be deduced from the linear-elastic stress-strain curves (steps 1 and 2 in Figure 59.b.). As 

the specimen was further strained to 0.54% strain, a single delamination crack, tens of 

micrometers long, was observed along the ±45 interface (Figure 60.d.). This crack, 

however, does not seem to have grown from a cracked stitching site. The laminate failed 

in the next loading step (step 3 in Figure 59.b.). 
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Figure 60: Damage in compression loaded (a) [0/±45/90]s laminate at 0.71% strain 

(b) [0/±45/90]s laminate at 0.98% strain (c) [90/±45/0]s laminate at 0.39% strain (d) 

[90/±45/0]s laminate at 0.54% strain  

7.2.1.2 [±45/02]s and [±45/902]s laminates 

The stress-strain response of the [±45/02]s laminate under compression is primarily 

governed by the stiffer 0° plies (Figure 61.a.). The stress-strain response of this laminate 

under axial compression is linear-elastic through all loading steps. The damage initiates 

at the interface between glass yarns and matrix at 0.23% (Figure 62.a.) in this case. At 

higher loads, cracks were observed in multiple such glass yarn and stitching sites (Figure 

62.b.). The laminate ultimately failed catastrophically when the load bearing 0° plies 

failed. On the other hand, in the [±45/902]s laminate, the damage initiated in the stitching 

sites on ±45 interface at 0.63% strain (Figure 62.c.), followed by delamination along ±45 

interface at 0.97% strain (Figure 62.d.) and eventual failure. 
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Figure 61: Stress-strain curves from interrupted compression tests for (a) [±45/02]s 

laminate (b) [±45/902]s laminate 

 

Figure 62: Damage in compression loaded (a) [±45/02]s laminate at 0.23% strain (b) 

[±45/02]s laminate at 0.60% strain (c) [±45/902]s laminate at 0.63% strain (d) 

[±45/902]s laminate at 0.97% strain  
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7.2.2 Post-failure damage characterization 

As was discussed in the previous section (Section 7.2.1), although damage initaited in the 

form of local cracks in the stitching sites, negligile growth of damage was observed until 

the point of failure in multidirectional composites. The failure in multidirectional 

laminates is hence instantaneous and entails a high degree of interaction between various 

failure modes, as is also evidenced by post-failure observations. The same will be 

discussed in the next sections. 

7.2.2.1 [0/±45/90]s and [90/±45/0]s laminates 

The failure of a [0/±45/90]s laminate under axial compression is primarily characterized 

by out-of-plane buckling of 0° plies (aligned along y-direction) and the presence of a 

single angled crack through the off-axis 45° and 90° plies (Figure 63.a.) oriented at 51° to 

the loading direction. Similar to the transverse compressive failure in unidirectional 

composites, the angled crack through the off-axis plies is a combination of failure of the 

matrix by in-plane shear and fiber-matrix debonding. The key characteristic of the axial 

compressive failure in this laminate is, however, presence of delamination along 0/+45 

interface (Figure 63.b.). At a sufficiently high load, the local cracks in the stitching sites 

grow as delamination, which causes the 0° plies to buckle out-of-plane. The loss of the 

load-bearing 0° plies causes failure of off-axis plies by transverse compression failure 

mode through the tows (Figure 63.d.) and hence, catastrophic failure of the test coupon. 

The areas of the test coupon away from the failure site appear intact (Figure 63.e.). 
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Figure 63: (a) [0/±45/90]s laminate failed under compression (b-e) Edge images of 

failed [0/±45/90]s laminate under compression 

A different set of failure modes was observed in the [90/±45/0]s laminate (Figure 63.a. 

and Figure 64.a.). Unlike in the [0/±45/90]s laminate, the delamination seems to have a 

relatively lesser influence on the failure process. The load bearing plies are centrally 

located in this loading case. The failure of the laminate is hence driven primarily be the 

compressive failure of the centrally located 0° plies.  

Figure 64.b. and Figure 64.c. reveal a failure of the load bearing plies by shear mode. 

This failure mode reportedly occurs in composites with very low fiber misalignment at 

practical volume fractions, when the fibers are closely packed and their relative 

deformations are in-phase (Agarwal, Broutman, & Chandrashekhara, 2015). This mode is 

characterized by failure of the plies inclined at approximately 45° to the loading direction 

(y-direction in Figure 64) and a localized rotation of the fibers (Figure 64.c.). Based on 

the results from damage evolution tests (Section 7.2.1), it may be said that the rotation of 

fibers must have occurred at the instant of failure, as no evidence of rotation was found 

before the failure. The failure of the 0° plies causes the laminate to collapse by buckling, 
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characterized by a single obliquely oriented shear crack through the off-axis plies, 

oriented at about 49° to the loading axis, on either side of the central load-bearing plies. 

A closer inspection also reveals the presence of delamination along 0/-45 interface 

extending along y-direction (Figure 64.d.), but is unlikely to have played a major role in 

the catastrophic failure of the laminate. 

 

Figure 64: (a) [90/±45/0]s laminate failed under compression (b-d) Edge images of 

failed [90/±45/0]s laminate under compression 
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7.2.2.2 [±45/02]s and [±45/902]s laminates 

Similar to the failure in [90/±45/0]s laminate (Section 7.2.2.1), the failure of [±45/02]s 

laminate under compressive loading is governed by the failure of central load-bearing 0° 

plies (Figure 65.a.). The failure of the 0° plies in this case is, however, an amalgamation 

of different failure modes (Figure 65.b.-c.). Formation of localized kink band is observed, 

which is likely a result of local crimp in the fibers, along with the shear failure of the 0° 

plies, with the failure plane oriented at 33° to the loading axis. Further, localized 

delaminations were observed between the 0° plies. The delaminations effectively divided 

the stack of 0° plies into multiple sublamina, which then failed independently by 

localized rotations and shear. Since no onset of delamination was observed through the 

damage evolution process (Section 7.2.1), it is not possible to concretely conclude from 

the available data if the delaminations started to propagate prior to or during fiber failure. 

Once the 0° plies fail, the outer 45° plies fail at a site in the vicinity of failure site in 0° 

plies. While the crack may either propagate through the tows or along the boundary of the 

inner -45° ply, a definite tendency for the crack to propagate along the boudary of outer 

+45° ply at the ±45 interface may be observed (Figure 65.d.). This may be attributed to 

the orthogonality of the ±45 interface. 

On the other hand, all the plies in the [±45/902]s laminate are effectively off-axis plies. 

The failure hence occurs by the transverse compression mode, i.e., by yielding of the 

matrix due to in-plane shear and fiber-matrix debonding, as is characterized by the 

presence of an oblique crack inclined at 58° and parallel to the fibers (Figure 66.a.). The 

crack passes through the tows in 90° plies (Figure 66.b.). Further, delaminations are 

observed along the 90/-45 interface (Figure 66.c.), but no such interply crack was 

observed along the ±45 interface, as was generally the case under other loading 

conditions. The crack through 90° plies, together with the delamination along 0/+45 

interface and the crack passing through the tows in the outer 45° plies (Figure 66.d.) 

forms one continuous crack  in the [±45/902]s laminate under compressive loading. 
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Figure 65: (a) [±45/02]s laminate failed under compression (b-d) Edge images of 

failed [±45/02]s laminate under compression 
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Figure 66: (a) [±45/902]s laminate failed under compression (b-d) Edge images of 

failed [±45/902]s laminate under compression 

7.2.3 Energy dissipation in damage 

The damage in multidirectional laminates under quasi-static compression was described 

in the previous sections. The sites with stitching fibers were found to nucleate the 

initiation of damage in composites. The damage growth was primarily in the form of 

delamination and shear crack in the matrix or fibers, and was dependent on the stacking 

sequence. The observed primary damage modes are listed in Table 3. The growth of 

damage was instantaneous at an experimentally observable timescale. The laminates were 

found to be intact away from the damage site, indicating a degree of co-dependence 

between the damage modes.  
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Table 3: Primary damage modes in multidirectional laminates under quasi-static 

compression 

 

An energy appraisal of the observed primary damage modes will be performed in this 

section. The total energy dissipated in the laminate will be tallied against the energies 

required to create individual damage modes to predict the extent of damage (Details can 

be found in Appendix 14). For the purpose of this analysis, the presence of secondary 

damage modes, if any, will be ignored. Also, the energy dissipated in the forms of heat 

and friction will be ignored. It is assumed that the energy dissipated in the laminates is 

utilized completely in the creation of primary damage modes for the respective case, as 

listed in Table 3. 

The energy dissipated in the laminate may be calculated using the load-displacement 

curves (Representative curves shown in Figure 67). The blue part of the curves is the 

loading part of the curve, as recorded during uninterrupted tests. The black dashed line is 

the unloading curve, which is assumed to trace back along a path parallel to the initial 

elastic region of the loading curve. This assumption implies that all the energy dissipated 

in the damage, responsible for the change of slope of the loading curve after elastic 

regime, is non-recoverable and that the damage is permanent. The total energy dissipated 

in damage (Table 4) is the area enclosed by the loading-unloading loop. The calculated 

energies are listed in Appendix 15.  
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Figure 67: Representative load-displacement curves for (a) [0/±45/90]s laminate (b) 

[90/±45/0]s laminate (c) [±45/02]s laminate (d) [±45/902]s laminate 

Now, the energy dissipated in the individual damage modes may be determined by 

multiplying the area of damage and the critical strain energy release rate of that particular 

damage mode. The critical strain energy release rate is the amount of energy required to 

create a unit area of damage. The damage modes commonly observed across the two 

tested laminates are matrix shear crack, fiber shear crack and delamination on the 

interface between load bearing ply and the adjacent ply. From the list of primary damage 

modes and fractography results (Table 3 and Section 7.2), it is clear that a definite 

number of matrix and fiber shear cracks are present in the material. Further, post-failure 

visual observations confirmed that the cracks span the entire width of the test coupon. 

Therefore, knowing the geometry of the specimen and the angle of fracture plane, areas 

of matrix and fiber shear damage may be determined (listed in Table 4). The post-failure 

visual inspection also confirmed that the delamination cracks span the entire width of the 

specimen.  
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The delamination cracks on the 0/45 interface open primarily under Mode-I due to the 

transverse tensile stresses. As was experimentally observed, the delaminations grow at 

high loads from damage in the stitching sites (Section 7.2.1). The fracture toughness 

values for delamination propagation on 0/45 interface under Mode-I loads must hence be 

used in this analysis. Although the propagation fracture toughness value for delamination 

along 0/45 interface was not measured, reports suggest that the values for delamination 

propagation on 0/45 interface are close to those along 0/90 interface. The propagation 

Mode-I fracture toughness of a cross-ply laminate was experimentally measured to be 

645 J/m2 in this study. The critical strain energy release rate for delamination propagation 

along 0/45 interface is assumed to be 645 J/m2. 

The critical strain energy release rates for matrix and fiber shear damage modes, 

however, were not experimentally measured. They can, however, be estimated from the 

energy dissipation in [±45/02]s and [±45/902]s laminates. The energies in the [±45/02]s and 

[±45/902]s laminates were dissipated primarily in fiber shear failure and matrix shear 

failure respectively. Therefore, the ratio of energy dissipated and the respective crack 

areas would yield the critical strain energy release rates for fiber and matrix shear damage 

modes. The critical strain energy release rates for fiber and matrix shear damage modes, 

hence, are 4243 J/m2 and 1728 J/m2. 

Table 4: Total energy dissipated in damage and damage areas in multidirectional 

laminates under compressive loading 
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Now, the knowledge of post-failure observations, fracture toughness, fiber shear and 

matrix shear damage areas may be used to predict the lengths of delamination in the 

[0/±45/90]s and [90/±45/0]s laminates. In [0/±45/90]s laminate, the energy is dissipated in 

a single matrix shear crack and delamination along 0/+45 interface. The product of 

critical strain energy release rate for matrix shear damage and matrix shear area gives the 

energy required in ‘J’ to create the single matrix shear crack. This energy is subtracted 

from the total dissipated energy to give the energy remaining for creation of delamination 

crack. The ratio of the available energy and delamination propagation fracture toughness 

yields the area of delamination. The area of delamination is the product of width and 

length of delamination. Since the delamination spans the width of the test coupon, the 

length may be determined by dividing the area of delamination by the width of the 

specimen. The delamination length in [0/±45/90]s laminate is predicted to be about 28 

mm.  

Similarly, the energy is dissipated in two matrix shear cracks, one fiber shear crack and 

delamination along 90/-45 interface in the [90/±45/0]s laminate. Therefore, applying the 

same treatment as before, the energies dissipated in the matrix and fiber shear cracks 

were first determined. The energies were subtracted form the total dissipated energy, and 

the remaining energy was used to predict the length of delamination, which was 

approximately 16 mm in this case. 

The predicted lengths are total delamination lengths in the specimen, i.e., a summation of 

delamination along both the 0/+45 or 90/-45 interfaces. The normalized predicted length 

is very close to the experimentally measured and normalized post-failure delamination 

length in the [0/±45/90]s laminate, but appears to be overpredicted in the [90/±45/0]s 

laminate (Figure 68). The overprediction in [90/±45/0]s laminate is expected to be a 

reflection of an unaccounted population of secondary fiber/matrix debonds that were 

observed in damage evolution process (Section 7.2.1.1). 



108 

 

 

Figure 68: Comparison of predicted delamination lengths and post-failure 

measurements in [0/±45/90]s and [90/±45/0]s laminates under compression 
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Chapter 8  

8 Discussion 

The results from the experiments conducted to understand the mechanical response of 

and damage in NCF composites were presented in the previous chapters. The key results 

and discussions from the results are presented in the subsequent sections in this chapter. 

First, the damage in the composites under tension is discussed, followed by a discussion 

on damage under compression. The key crack propagation features observed in the 

interlaminar fracture toughness tests are presented, followed by a connection of observed 

damage and fracture toughness measurements to the energy dissipation characteristics. 

8.1 Damage under tensile loads 

8.1.1 Unidirectional composites 

The unidirectional composites exhibited a linear-elastic response under both, axial and 

transverse tensile loads, with an unstable catastrophic failure. The fracture planes under 

both loading conditions were almost flat and oriented perpendicular to the loading 

direction.  

In the case of axial loading, the response of the materials was governed by the properties 

of the reinforcing fibers. Hence, the specimens failed at about 1.3%, when the failure 

strain for carbon fibers was reached. Post-failure edge observations revealed that all the 

failed fibers were present on the same plane, as no fiber breaks were observed away from 

the failure plane. Observations of the failure surface using SEM indicated a co-operative 

type of failure of fibers. The failure process likely commenced with the breakage of a 

single fiber, followed by stress redistribution through the matrix to the neighboring fibers, 

causing them to break. The failure of a cluster of such fibers on the same plane leads to 

the catastrophic failure of the specimens under axial tension. The failure under transverse 

tension was, on the other hand, by fiber/matrix debonding, as indicated by the presence of 

mostly bare fibers on the failure surface. The crack passed through the fiber tows rather 

than along the tow boundary. 
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8.1.2 Multidirectional composites 

The first form of damage observed in the multidirectional composite laminates under 

tension was in the form of cracks in the resin-rich zones created by the stitching threads, 

which were referred to as ‘stitching sites’ in this dissertation. More specifically, the 

cracks were present at the stitching fiber-matrix interface. The stitching sites on the 

midplane, adjacent to off-axis plies, were found to be the most likely to be damaged at 

lower strains. The cracks in the stitching sites nucleated other damage modes at higher 

strains, depending on the stacking sequence.  

The global stress-strain response and the measured engineering properties were largely 

identical in the [0/±45/90]s and [90/±45/0]s laminates. However, although the laminate 

exhibited stiffness loss to a similar degree in both the laminates, the damage area was 

higher in the [0/±45/90]s laminate. This was largely attributed to the presence of 90/90 

delamination cracks at higher strains in the [0/±45/90]s laminate. Effect of the constraint 

of the neighboring plies (‘the ply constraining effect’) on the evolution of transverse 

cracks could also be clearly seen in the tests. In the [0/±45/90]s laminate, when the 90° 

plies are sandwiched between other off-axis and 0° plies, a higher crack density was 

observed as compared to the [90/±45/0]s laminate, when the transverse plies are on the 

outer side and unsupported at one end. The transverse cracks had a tendency to cross over 

into the adjacent 45° plies.  

The response of [±45/02]s laminate was dominated by a high concentration of stiff 0° 

plies in the loading direction. The response was, hence, linear-elastic till the point of 

failure, i.e. until the point when the failure strain of 0° fibers was reached. No major 

damage, other than cracks in the stitching sites and minor cracks in the 45° plies, was 

observed in this case. The stress-strain response of the [±45/902]s laminate was 

characterized by two changes in slope and two sharp load drops. The changes in slope 

correspond to the onset of cracking in transverse plies and onset of 90/90 delamination 

respectively. The two sharp load drops correspond to the cleavage of 45° plies.  
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Comparison of the [0/±45/90]s laminate and [±45/902]s laminate yields an understanding 

of the effect of reduced effective constraining. In the [±45/902]s laminate, four 

transversely oriented plies are stacked together against the two 90° plies together in the 

[0/±45/90]s laminate. This caused cracking of transverse plies in the [±45/902]s laminate 

at lower stresses. 

Furthermore, post-failure edge images and fractographic observations revealed non-

coplanar damage, unlike in unidirectional composites. Fiber breaks were found in the 0° 

plies even away from the failure plane, which may correspond to cracks in the adjacent 

off-axis plies. The cracks in transverse plies were found to always pass through the tows, 

whereas the cracks in 45° plies were mostly along the tow boundaries. 

8.2 Damage under compressive loads 

8.2.1 Unidirectional composites 

The materials exhibited a linear-elastic response until failure under axial compression. 

The axial compression modulus was measured to be almost equal to the axial tensile 

modulus, and the strength to be almost 60% of the corresponding axial tensile strength. 

The axial compression failure was characterized by an out-of-plane kink band and inter-

tow splits. It was, however, inconclusive if the splits preceded the kink band formation.  

The failure under transverse compression, on the other hand, was characterized by a 

single crack passing through the fiber tows, aligned at 53° to the loading direction. The 

failure, in this case, is a combination of matrix yielding and fiber/matrix debonding, 

which manifests as a prominent plastic zone in the global stress-strain curves. 
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8.2.2 Multidirectional composites 

In-situ damage monitoring revealed that, similar to the tensile loading cases, the initiation 

of damage was in the form of cracks in the stitching sites. These cracks grew to form 

delamination or matrix cracks at higher strain, leading to the catastrophic unstable failure. 

The global stress-strain behavior of the multidirectional composites was very strongly 

dependent on the stacking sequence of the laminates. Unlike under tension, the effect was 

evident in the measured engineering properties as well, especially in the [0/±45/90]s and 

[90/±45/0]s laminates.  

The [0/±45/90]s laminate, where the compliant off-axis plies were sandwiched by the stiff 

0° plies, was stiffer and stronger than the [90/±45/0]s laminate. Post-failure edge 

observations revealed two primary damage modes: Delamination along 0/+45 interface 

and a single angled matrix shear crack passing through all the off-axis plies. These 

observations are suggestive of a failure due to structural instability because of out-of-

plane buckling of the 0° plies, after cracks in the stitching sites grew as delamination 

along/+45 interface. The response of the [90/±45/0]s laminate, on the other hand, was 

dictated by the central load-bearing plies. The laminate failed as soon as the central plies 

failed in fiber shear mode. The fiber shear failure mode has been reported in the materials 

with minimum fiber misalignments and is a confirmation that the maximum strength of 

the load-bearing plies is approached. On comparison, it may be inferred that the presence 

of 0° plies on the outside constrains the damage in the compliant off-axis plies in 

[0/±45/90]s laminate, delaying the catastrophic failure. 

The failure of the [±45/02]s laminate was, as expected, dictated by the failure of the 

central 0° plies. Although the failure was primarily by fiber shear, local kink band and 

localized delamination cracks were observed near the failure site. The delamination 

effectively divided the laminate into sublaminae, which then may have failed 

independently. The failure of the [±45/902]s laminate is effectively in the form of a single 

oblique crack, resulting from a combination of matrix yielding and fiber/matrix 

debonding. Minor delaminations were observed along the 0/+45 interface along with the 

matrix shear crack. 
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8.3 Interlaminar fracture toughness tests 

8.3.1 Unidirectional composites 

The crack propagated on the midplane under both, Mode-I and Mode-II loads in 

unidirectional composites very close to and on the fiber/matrix interface respectively. 

While a stick-slip behavior (characterized by alternating periods of unstable progression 

of crack and crack arrestation) was observed under Mode-I loads, stable crack 

propagation was achieved under Mode-II loads. The crack arrestation sites corresponded 

with the presence of stitching sites. It is interesting to note that although the stitching sites 

arrested the cracks in fracture toughness tests, the cracks initiated in these sites under 

uniaxial tensile and compressive loads. The stitching pattern, hence, must affect the 

damage in the form of cracks in NCF composites. 

The Mode-II fracture toughness (GIIc) for initiation and propagation in unidirectional 

composites was measured to be about thrice the Mode-I fracture toughness (GIc). This 

was attributed to the presence of hackles, which was observed as a key feature on the 

Mode-II delamination failure surface using SEM. The hackles lead to a higher effective 

surface area, which increases the GIIc. The hackles, along with the resistance offered by 

stitching sites to the crack propagation, caused the GIIc to be three times higher than the 

GIc. 

8.3.2 Cross-ply composites 

In the case of cross-ply laminates ([03/90]s), the crack instantly migrated from the mid-

plane to the 0//90 interface and propagated further along the 0//90 interface under both, 

Mode-I and Mode-II loads. A stick-slip type of crack propagation behavior was observed 

under both loading conditions. However, different from unidirectional composites, the 

transverse tows on the crack propagation path arrested the crack growth in the case. The 

tows forced the crack to follow an undulating path, causing the GIc for cross-ply 

laminates to be 45% higher than the unidirectional composites. However, as the primary 

resistance to the crack propagation was provided by transverse tows under both loading 

conditions, the GIIc for crack propagation was only about 40% higher than the GIc. 
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8.4 Energy dissipation in formation of damage 

8.4.1 Tensile loads 

The energy dissipated in damage and the corresponding drops in laminate stiffness under 

tensile loads were compared using two strategies in this study. In the first case, the 

dissipated energy was calculated as a sum of product of the areas of different damage 

modes, as were determined in the damage evolution tests, and the critical strain energy 

release rates associated with those. In the second strategy, the energy was determined by 

multiplying the area enclosed by the loading-unloading curves to the volume of the 

specimen considered for strain measurement. The laminate stiffness was measured from 

the stress-strain curves in the tests relevant to the respective strategies. There was 

generally a good agreement between the results from both strategies. However, some 

minor differences were seen in the dissipated energy values for some laminates, which 

was attributed to the statistical nature of the events involved in the failure process, such 

as damage in the stitching sites, fiber breakage, etc. 

8.4.2 Compression loads 

The primary failure modes in the [±45/02]s and [±45/902]s laminate were fiber shear mode 

and matrix shear modes respectively. The energies dissipated in the creation of these 

modes, which were calculated using the stress-strain curves, were divided by the 

respective damage areas to obtain the critical strain energy release rates associated with 

the fiber shear and matrix shear failure modes. The primary damage modes observed in 

the [0/±45/90]s and [0/±45/90]s laminates were delamination along 0/45 interface and a 

matrix shear crack through the off-axis plies. Failure of central load-bearing plies by fiber 

shear mode was observed in the [90/±45/0]s laminate. Using the estimated toughness 

values for fiber and matrix shear modes and the critical strain energy release rate 

associated with delamination growth, the extents of delamination were predicted. A good 

agreement was observed in the [0/±45/90]s laminate, while the value was overpredicted in 

the case of [90/±45/0]s laminate. The overprediction was attributed to the fact that the 

presence of secondary modes was ignored in this analysis. 
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Chapter 9  

9 Conclusions and recommendations of future works 

The key findings and novel contributions from this study are summarized in subsequent 

sections in this chapter, The chapter ends with recommendations on possible avenues for 

future work to further the knowledge in the field of damage in NCF composites. 

9.1 Noteworthy conclusions 

The key takeaways from this study can be summarized as follows: 

• The tensile response of the unidirectional and multidirectional laminates in 

majority of the investigated cases was primarily linear-elastic, as it was governed 

by the presence of load bearing fibers aligned in the loading direction. The 

stacking sequence and the stitching sites were found to have a negligible influence 

on the measured tensile properties such as tensile strength, elastic modulus, strain-

to-failure, etc.  

• Stacking sequence had a pronounced impact on the measured compression 

properties. The impact was most clearly observed in the case of [0/±45/90]s and 

[90/±45/0]s laminates. The [0/±45/90]s laminate was significantly stiffer than the 

[90/±45/0]s laminate, as in the case of [0/±45/90]s laminate, the stiff 0° fibers 

constrain the damage in the sandwiched off-axis plies and delay the catastrophic 

failure. 

• The axial compression modulus was measured to be almost to the axial tensile 

modulus, and the axial compression strength to be about 60% of the axial tensile 

strength in unidirectional laminae. These trends are slightly different from the 

generally reported trends in open literature so far. 
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• Stick-slip crack propagation behavior was observed in unidirectional composites 

under Mode-I loads, with the stitching sites offering the resistance to crack 

propagation. A stable crack growth was observed under Mode-II loads. The 

Mode-II fracture toughness was measured to be almost three times that of the 

Mode-I fracture toughness. The hackles, that were observed on the fracture 

surface, were the primary contributors to higher Mode-II fracture toughness. 

• On the other hand, stick-slip behavior was observed in cross-ply laminates under 

both, Mode-I and Mode-II loads. The transversely oriented carbon fiber tows 

resisted the propagation of crack in cross-ply laminates, forcing the crack to 

follow an undulating path. The Mode-II fracture toughness was only slightly 

higher in this case than the corresponding Mode-I fracture toughness. 

• In-situ damage monitoring of tests under tensile and compression yielded a clear 

understanding of the initiation and evolution of distinct damage mechanisms in 

the materials. Initiation of damage was in the form of cracks in the stitching sites, 

at the stitching thread-matrix interface. The damage in the stitching sites act as 

nucleating sites for other forms of damage such as ply cracks and delamination. 

• Under tensile loads, the cracks in the stitching sites are generally succeeded by 

cracks in the transverse plies. The cracks in the transverse plies have a tendency 

to cross-over into the adjacent 45° plies. The ±45 interface was most susceptible 

to ply crack induced delamination. The final failure of the specimens was 

controlled by the failure of 0° plies. The rate of multiplication of ply cracks is 

strongly influenced by the constraint of the neighboring plies. 

• The failure of the multidirectional laminates was instantaneous under compressive 

loads. Optical microscopic observations of the edge revealed different damage 

mechanisms, primarily in the form of fiber and matrix shear failures and 

delamination on the interface between 0° plies and the adjacent off-axis ply, 

contributing to the failure.  
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• An appraisal of energy contributions from the individual damage modes revealed 

that delamination cracks generally absorbed the most energy of all the damage 

modes in the laminates under various mechanical loading conditions. 

9.2 Key novelties 

• This study provides an in-depth in-plane quasi-static characterization and 

delamination characterization of the novel UD-NCF carbon fiber reinforced 

epoxy composites, further correlating the extent of damage to stress-strain 

behavior and material microstructure. 

• This is one of the few available experimental studies in the literature that employs 

a combination of in-situ damage monitoring and microscopy techniques to 

provide a complete picture of damage in multidirectional NCF composites under 

tensile loads. Most prominently, this study clearly outlines the role of stitching 

sites in the damage evolution process.  

• The focus in this study on understanding the damage in multidirectional NCF 

laminates under compressive loads, and its connection to the energy dissipation, is 

a novel contribution to the literature.  

9.3 Recommendations for future work 

• The engineering properties measured for UD material and the experimental data 

from the DCB tests can be used to calibrate material constitutive models. 

• It was conclusively concluded in this study that the initiation of damage in NCF 

composites is in the form of cracks in the stitching sites at the interface between 

stitching threads and the matrix, and the further damage modes are nucleated by 

those. Further, it is also possible that the cracks in the stitching sites themselves 

make significant contribute to the energy absorption. Therefore, the 

characteristics of stitching sites can be tuned to alter the extents of damage, and 

by extension the energy absorption, in NCF composites. A deeper investigation in 

the stitching fiber/matrix adhesion is, hence, recommended. 
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• It was observed in the interlaminar fracture toughness tests that the stitching sites 

arrest the progression of cracks, which was termed as the ‘stick-slip’ behavior. 

The influence of different stitching patterns on the stick-slip behavior must, 

hence, be further investigated. 

• As was pointed out in this study, although NCF composites have grown in 

prominence as a competition to unidirectional prepreg and woven composites, the 

key criteria for their adoption for structural applications in automotive is their 

crashworthiness. It would be of benefit to use the damage evolution and energy 

absorption data under tension as a baseline and compare their energy absorption 

to the prepreg and woven composites architectures of the same material system.  

• The in-situ damage monitoring during the compression test of [0/±45/90]s 

laminate revealed that the presence of stiff outer plies in a laminate contain and 

delay failure. However, once the delamination crack between the 0/45 interface 

grew, the specimen failed instantaneously. Therefore, a laminate containing 

central load-bearing plies may be considered, like [0/±45/0]s stacking sequence, 

for better structural stability under compression. 

• The energy dissipation calculations performed in this study using the stress-strain 

curves are only applicable in a uniaxial loading case. It is, hence, recommended 

that strategies for energy dissipation under multi-axial loading cases be further 

investigated and developed. 

9.4 Final word 

The correlation of the mechanical response of the NCF composites to damage and 

microstructure provides valuable information that is expected to aid in the better design 

of composite materials for structural applications in automobiles. 
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Appendices  

Appendix 1: Stress concentration equations 

Kirsch’s solution: 

 

 

 

Where ‘r’ is the radial component, ‘a’ is the radius of hole, ‘σapp’ is the applied tensile 

stress and ‘θ’ is the angle of loading. 

Inglis’s solution: 

 

Where ‘σmax’ is the maximum stress at the crack tip, ‘σapp’ is the applied tensile stress, ‘a’ 

is the major axis of the ellipse and ‘b’ is the minor axis of the ellipse. 
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Westergaard’s solution: 

 

 

 

Where ‘σapp’ is the applied tensile stress, ‘a’ is the crack length, ‘φ’ is the airy function, 

‘ ’ is the integral of Z(z) and ‘x’ and ‘y’ are rectangular co-ordinates. 

Irwin’s modification and near-field equations: 

 

 

 

 

Where ‘σx’, ‘σy’ and ‘τxy’ are the stresses in x, y and xy planes respectively, ‘a’ is the 

crack length, ‘K’ is the stress intensity factor (in any loading mode) and ‘fx(θ)’, ‘fy(θ)’ 

and ‘fxy(θ)’ are the angular dependency functions in x, y and xy planes respectively. ‘σox’ 

is a secondary correction factor, which influences the localized yielding behaviour at the 

crack tip. 
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Appendix 2: EPIKOTETM Resin TRAC 06150 resin data sheet 
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Appendix 3: ZOLTEKTM PX35 unidirectional fabric data sheet 
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Appendix 4: Plaque of NCF composites manufactured using HP-RTM process with 

specimen cutting position 
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Appendix 5: Alternate data reduction methods for Mode-I fracture toughness 

 

One of the data reduction methods for calculation of Mode-I interlaminar fracture 

toughness in ASTM D5528 is Modified Bending Theory (MBT). The expression for 

fracture toughness by standard beam theory is: 

 

Where: 

P = load (N) 

δ = load point displacement (mm) 

b = width (mm) 

a = crack length (mm) 

 

However, this expression does not account for possible rotation at the delamination front 

and hence overestimates the fracture toughness. This expression was corrected by 

considering a slightly longer crack length through inclusion of Δ, which is x-intercept of 

least squares plot of cube root of compliance as a function of crack length. The MBT 

expression, hence, is: 

 

Another alternative for GI calculation in ASTM D5528 is Compliance Calibration (CC) 

method. In this method, a plot of logarithm of compliance versus logarithm of crack 

lengths is plotted. The slope (n) of this plot is determined and used in the expression: 

 

  

In case of Mode-I fracture toughness testing, the loads required for crack extension are 

very low (in the order of few 100 N). In the cases where load cells of higher capacities 



146 

 

are used, the load data contains a high amount of signal-to-noise ratio. A direct, closed-

form load-independent equation (de Verdiere, Skordos, May, & Walton, 2012;  Isakov, 

May, Paul, & Nishi, 2019) has hence been developed in the literature: 

 

Where: 

E = Young’s modulus (N/mm2) 

I = area moment of inertia (mm4) 

Other symbols stand for the same parameters as mentioned before.  

 

The calculated fracture toughness values by any of the data reduction methods do not 

differ from each other by more than 3.1%, as is reported in the ASTM D5528. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147 

 

 

Appendix 6: Engineering properties of NCF carbon fiber epoxy composites under 

quasi-static loads 
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Appendix 7: Unfiltered load-displacement curves under Mode-I loads 

 

Appendix 8: Mode-I crack growth characteristics in unidirectional lamina 

 

Appendix 9: Mode-I crack growth characteristics in cross-ply laminates 
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Appendix 10: Mode-II crack growth characteristics in unidirectional lamina 

 

Appendix 11: Mode-II crack growth characteristics in cross-ply laminates 

 

Appendix 12: R-curves under Mode-I opening loads 
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Appendix 13: R-curves under Mode-II shearing loads 

 

Appendix 14: Energy balance for damage in composites 

The energies stored and dissipated in the composites upon application of mechanical 

loads can be determined from the load-displacement curves. Let us consider the 

mechanical response of and the associated energy balance in [0/±45/90]s laminate under 

an axial compressive load as an example. 

 

The total energy supplied to a specimen is determined by calculating the area under the 

load-displacement curve. The total energy can be resolved into two components: 1. The 

energy permanently dissipated and lost 2. The recoverable energy stored elastically in the 

material. The total energy is mathematically expressed as a summation of the two 

aforementioned energies.  
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Determination of stored elastic energy at a particular displacement during the test 

requires unloading data at that point. In the load-displacement curves above, it is assumed 

that the unloading curve traces a path parallel to the initial elastic region back to zero 

load. The area enclosed in the triangle formed by X-axis and the two red dashed lines in 

the figure on the right is the elastic energy stored in the material.  

The energy dissipated is a subtraction of stored elastic energy from the total energy. This 

is the energy which is either lost to the surroundings in forms such as heat or is utilized in 

the creation of permanent damage in the system. The lost energy is assumed to be 

negligible in this study. 

In the [0/±45/90]s laminate under axial compression, the dissipated energy is primarily 

utilized in the creation of a single matrix shear crack passing through the off-axis plies 

and a delamination crack along 0/+45 interface. Any other secondary damage 

mechanisms are ignored. Furthermore, visual inspections confirm that the cracks span the 

entire width. The geometrical parameters of the specimens are also known. 

Above data is sufficient to compute the amounts of energies spent in creation of matrix 

shear crack and then predict the extent of delamination. A matrix shear crack is a crack 

present at certain angle to the specimen cross section. Hence, the area of the matrix shear 

crack will be a product of width of the specimen and total thickness of the off-axis plies 

through which the crack is present, divided by sine of the angle of crack inclination. The 

area of delamination crack is simply length of the crack multiplied by the width of the 

specimen. 

The damage area is then multiplied by the critical strain energy release rate of that 

particular damage mode to determine the energy expended in creation of that damage 

mode.  
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Appendix 15: Energies supplied, stored elastically and dissipated in multidirectional 

composites under compression 
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