
ABSTRACT 

SHANTHRAJ, PRATHEEK. Microstructural Modeling of Failure Modes in Martensitic 
Steels. (Under the direction of Professor Mohammed A. Zikry). 
 

A dislocation-density based multiple-slip crystal plasticity formulation that is based 

on accounting for microstructural heterogeneities, dislocation-density interactions, and 

dislocation-density grain boundary (GB) interactions, such as dislocation-density 

transmission and blockage, has been developed to investigate microstructural quasi-static and 

dynamic failure modes in martensitic steel alloys. The balance between the generation and 

annihilation of dislocations, through glissile and forest interactions at the slip system level is 

taken as the basis for the evolution of mobile and immobile dislocation densities, and the 

evolution equations are then coupled to a framework that relates it to a general class of 

crystallographies and deformation modes. The formulation accounts for variant morphologies 

and orientation relationships (ORs) that are uniquely inherent to lath martensitic 

microstructures. Dislocation-density GB interactions, which are based on dislocation-density 

accumulation and transmission at variant boundaries, is used to predict stress accumulation 

or relaxations. A microstructural failure criterion based on resolving these stresses onto 

martensitic variant cleavage planes, and specialized finite-element (FE) methodologies using 

overlapping elements to represent evolving fracture surfaces is used for a detailed analysis of 

fracture nucleation and intergranular and transgranular crack growth in martensitic steels. 

The interrelated effects of microstructural characteristics, such as variant 

morphology, variant distribution, ORs, and relative block and packet sizes, on the dominant 

dislocation-density mechanisms for the localization of plastic strains, void interactions, and 

the initiation and propagation of intergranular and transgranular fracture modes in martensitic 



microstructures that are representative of SEM/EBSD mapped images of martensitic steels, 

subjected to a broad spectrum of loading conditions ranging from quasi-static to high strain-

rates, is analyzed. 

The results indicate that the local dislocation-density behavior at the variant 

boundaries and the interiors are the dominant microstructural factors that influence the failure 

initiation and growth, which are consistent with experimental observations. The relative 

effects of the block and packet boundaries is investigated, and the orientation of the cleavage 

planes in relation to the slip planes and the lath morphology can be used to determine the 

dominant intergranular and transgranular failure modes. Block sizes along the lath long and 

lateral directions are identified as the key microstructural characteristics for toughening 

mechanisms, such as crack arrest and deflection. This indicates that optimal distributions and 

sizes of blocks and packets in martensitic steels can be determined for desired ductility, 

delayed crack nucleation and greater fracture toughness. This framework can then be used to 

obtain validated design guidelines for a new generation of high strength and high toughness 

steels. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2011 by Pratheek Shanthraj 

All Rights Reserved



Microstructural Modeling of Failure Modes in Martensitic Steels 
 

 

by 
Pratheek Shanthraj 

 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Doctor of Philosophy 
 

Mechanical Engineering 

 

 

Raleigh, North Carolina 

2012 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 
Professor Mohammed A. Zikry   Professor Kara Peters 
Committee Chair 
 
 
 
________________________________  ________________________________ 
Professor Yong Zhu     Professor Robert T. Nagel 



 

ii 

DEDICATION 

 

To 

Hutchappa Paparaj  
For the lessons on cooking a perfect batch of chips 

 

and 

 

Sasha 
For the dissertation she never wrote 



 

iii 

BIOGRAPHY 

 

Pratheek Shanthraj was born in Bangalore, India. He was awarded a Bachelor�’s 

degree in Mechanical Engineering from the Visvesvaraya Technological University, 

Karnataka, in 2006, and a Masters�’ degree in Mechanical Engineering from the North 

Carolina State University in 2008. While at NC State, he has been nominated to the Phi 

Kappa Phi and Tau Beta Pi academic honor societies. Upon completion of his Doctor of 

Philosophy degree in Mechanical Engineering under the direction of Prof. M. A. Zikry, he 

will pursue his post-doctoral research at the Max Planck Institute in Düsseldorf. 

 

Research Publications  

 

P. Shanthraj, O. Rezvanian, M. A. Zikry (2011), �‘Electro-Thermo-Mechanical Finite Element 

Modeling of Metal Microcontacts in MEMS�’, Journal of Microelectromechanical Systems, 

vol. 20, no. 1, pp 1-12. (doi:10.1109/jmems.2010.2100020) 

 

P. Shanthraj, M. A. Zikry (2011), �‘Modeling Dislocation-Density Evolution in Face-Centered 

Cubic Crystals�’, Acta Materialia, vol. 59, pp 7695-7702. (doi:10.1016/j.actamat.2011.08.041)  

 

P. Shanthraj, T. M. Hatem, M. A. Zikry (2010), �‘Microstructural Modeling of Failure Modes 

in Martensitic Steel Alloys�’, MRS Proceedings, vol. 1296. (doi: 10.1557/opl.2011.1446) 

 

P. Shanthraj, M. A. Zikry (2011), �‘Dislocation Mechanisms for Void Interactions in 

Crystalline Materials�’, International Journal of Plasticity, In press (doi: 

10.1016/j.ijplas.2012.01.00). 



 

iv 

 

P. Shanthraj, M. A. Zikry (2011), �‘Microstructurally Induced Fracture Nucleation and 

Propagation in Martensitic Steels�’, Under Review. 

 

P. Shanthraj, M. A. Zikry (2011), �‘The Effects of Microstructure and Morphology on 

Fracture Nucleation and Propagation in Martensitic Steel Alloys�’, Under Review. 

 

P. Shanthraj, M. A. Zikry (2011), �‘Microstructural Optimization in Martensitic Steels�’, 

Under Review. 

 

P. Shanthraj (2008), �‘Electro-thermo-mechanical Modeling of Metal to Metal Contact RF 

MEMS Switches�’, M.S. Thesis, North Carolina State University  

 

Conference Presentations 

 

W. M. Lee, P. Shanthraj, H. Salem, M. A. Zikry (2012), �‘Computational and Experimental 

Investigation of the Interfacial Dynamic Compressive Behavior of High Strength Aluminum 

Alloys�’, Mechanical Behavior Related to Interface Physics, TMS Annual Meeting & 

Exhibition 

 

P. Shanthraj, W. M. Lee, M. A. Zikry (2011), �‘Microstructural Modeling of Failure Modes in 

Crystalline Alloys�’, Computational Dynamic Failure and Fracture, Trends & Challenges in 

Computational Mechanics  

 

W. M. Lee, K. El-Khodary, P. Shanthraj, M. A. Zikry (2011), �‘Interfacial Microstructurally 

Induced Failure Modes in High Strength Aluminum Alloys�’, Multiscale Modeling of 

Damage and Failure Mechanics Symposium in Honor of Professor Douglas J. Bammann's 

60th Birthday, ASME International Mechanical Engineering Congress 



 

v 

 

P. Shanthraj, W. M. Lee, M. A. Zikry (2011), �‘Modeling of Microstructural Failure in 

Crystalline Materials�’, Multi-Scale Computation and Modeling of Defects in Materials, 

ASME International Mechanical Engineering Congress  

 

W. M. Lee, K. El-Khodary, P. Shanthraj, H. Salem, M. A. Zikry (2011), �‘Experimental 

Microstructurally-Based Computational Investigation of the High Strain Rate Behavior of 

High Strength Aluminum Alloys�’, Computational Plasticity: Multiscale Modeling in 

Plasticity, TMS 2011  

 

P. Shanthraj, T. M. Hatem, M. A. Zikry (2010), �‘Modeling of Dislocation-Density Evolution 

and Failure in Cubic Crystalline Materials�’, Damage and Fracture Characterization of 

Engineering Materials, ASME International Mechanical Engineering Congress 

 

P. Shanthraj, M. A. Zikry (2010), �‘Microstructural Modeling of Failure Modes in Martensitic 

Steel Alloys�’, New Methods in Steel Design--Steel Ab Initio, MRS Fall Meeting 

 

T. M. Hatem, P. Shanthraj, M. A. Zikry (2010), �‘Microstructural Modeling of Failure Modes 

in Polycrystalline Materials�’, Instability in Solids and Structures, ASME International 

Mechanical Engineering Congress 

 

W. M. Lee, K. El-Khodary, P. Shanthraj, M. A. Zikry (2010), �‘Microstructurally-Based 

Computational Investigation of the Dynamic Compressive Behavior of High Strength 

Aluminum Alloys�’, Advances in Multiscale Modeling of Polycrystalline Materials, ASME 

International Mechanical Engineering Congress 

 



 

vi 

ACKNOWLEDGMENTS 

 

 I would like to acknowledge here the contributions, directly and indirectly, of the 

many people with whom I have had the good fortune of interacting.  I am especially indebted 

to my advisor, Prof. Mohammed Zikry, for teaching me, through example and with kindness 

and patience, the way to conduct good research. Being a part of his research team over the 

years has brought me in contact with an exceptional group of peers: Omid, Tarek, Khalil, 

Will, James, Jibin, Siqi, Prasenjit, Darell, Letisha, Qifeng and Shoayb, and I am grateful for 

all the insightful discussions shared that have helped me grow as a researcher. 

 To my wife, Divya, I owe many thanks for standing beside me through all my 

misadventures, for sharing our marriage with my research and for always believing I can 

achieve anything she puts her mind to. I would also like to thank my family, for not letting a 

tenuous grasp of the concepts of mechanics come in the way of their unwavering support of 

my work. 

 A special thanks to all the friends I made during my stay at NCSU: Ravi, Akshay, 

Sami, Mei, Adi, Shalaka, Jilebi, Srini, Pachu, Pakshi, Nilesh, Bhatia, Bhargav, Coma, 

Srikanth, Abhi, Apu, and Kat, for making Raleigh feel like home. 

 The support we received for this research from the Office of Naval Research is 

likewise gratefully acknowledged.  



 

vii 

TABLE OF CONTENTS 

 

LIST OF TABLES............................................................................................................. ix
LIST OF FIGURES ............................................................................................................ x
Chapter 1: Introduction ....................................................................................................... 1

1.1 Overview................................................................................................................... 1
1.2 Research Objectives.................................................................................................. 4
1.3 Outline....................................................................................................................... 6

Chapter 2: Microstructure Modeling and Representation................................................... 8
2.1 Multiple-slip Crystalline Plasticity Formulation ...................................................... 8
2.2 Mobile and Immobile Dislocation Density Evolution ............................................ 10

2.2.1 Dislocation Density Generation....................................................................... 11
2.2.2 Dislocation Density Interaction ....................................................................... 11
2.2.3 Dislocation Density Recovery ......................................................................... 15

2.3 Temperature Update................................................................................................ 16
2.4 Dislocation Density GB interaction scheme........................................................... 17
2.5 Martensitic Microstructure Representation............................................................. 19
2.6 Figures and Tables .................................................................................................. 21

Chapter 3: Numerical Methods......................................................................................... 27
3.1 Computational Representation of Failure Surfaces ................................................ 27
3.2 Microstructural Failure Criterion............................................................................ 28
3.3 Determination of Velocity Gradients...................................................................... 29
3.4 Figures and Tables .................................................................................................. 31

Chapter 4: Dislocation Density Evolution and Interaction in Crystalline Materials ........ 32
4.1 The Model............................................................................................................... 32
4.2 Results and Discussions.......................................................................................... 33

4.2.1 Taylor Interaction Coefficients ........................................................................ 33
4.2.2 Validation......................................................................................................... 34

4.3 Conclusion .............................................................................................................. 37
4.4 Figures and Tables .................................................................................................. 39

Chapter 5: Dislocation Density Mechanisms for Void Interactions in Austenitic and 
Martensitic Steels.............................................................................................................. 45

5.1 The Model............................................................................................................... 46
5.2 Results and Discussions.......................................................................................... 47

5.2.1 Void Interactions in Austenitic Steels.............................................................. 47
5.2.2 Void Interactions in Martensitic Steels............................................................ 49

5.3 Conclusion .............................................................................................................. 50
5.4 Figures and Tables .................................................................................................. 52

Chapter 6: Microstructurally Induced Fracture Nucleation and Propagation in Martensitic 
Steels ................................................................................................................................. 59

6.1 The Model............................................................................................................... 60



 

viii 

6.2 Results and Discussions.......................................................................................... 60
6.2.1 Quasi-Static Crack Nucleation......................................................................... 60
6.2.2 Dynamic Behavior ........................................................................................... 64

6.3 Conclusion .............................................................................................................. 65
6.4 Figures and Tables .................................................................................................. 67

Chapter 7: Microstructural and Morphological Effects on Fracture in Martensitic Steels 
........................................................................................................................................... 75

7.1 The Model............................................................................................................... 76
7.2 Results and Discussions.......................................................................................... 77

7.2.1 Low Carbon Steel ............................................................................................ 77
7.2.2 High Carbon Steel............................................................................................ 79
7.2.3 Dynamic Behavior ........................................................................................... 81

7.3 Conclusion .............................................................................................................. 82
7.3 Figures and Tables .................................................................................................. 84

Chapter 8: Microstructural Optimization in Martensitic Steels........................................ 93
8.1 Microstructural Optimization.................................................................................. 93
8.2 Results and Discussions.......................................................................................... 95

8.2.1 Random Microstructure ................................................................................... 95
8.2.2 Optimal Microstructure.................................................................................... 98
8.2.3 Dynamic behavior............................................................................................ 99

8.3 Conclusions........................................................................................................... 100
Tables and Figures�—Chapter 8 .................................................................................. 102

Chapter 9: Recommendations for Future Research ........................................................ 112
References....................................................................................................................... 114
 



 

ix 

LIST OF TABLES 

 

Table 2.1: Slip systems in FCC crystals ........................................................................... 21
Table 2.2: Slip systems in BCC crystals........................................................................... 22

Table 2.3: g coefficients in Eqn. 2.22 and 2.23 ................................................................ 23
Table 2.4: The 24 variants corresponding to the KS OR.................................................. 24

Table 4.1: Material properties of aluminum grains .......................................................... 39
Table 4.2: Interaction coefficient values for the 6 types of reactions between slip systems in 

FCC crystals.............................................................................................................. 39
Table 4.3: Interaction coefficient values for the types of reactions between slip systems in 

BCC crystals ............................................................................................................. 40
Table 5.1: Material properties........................................................................................... 52

Table 6.1: Material properties........................................................................................... 67
Table 8.1: Slip transmission factor across variant boundaries indicating Bain groups A, B and 

C.............................................................................................................................. 102
 



 

x 

LIST OF FIGURES 

 

Figure 2.1: Dislocation configuration of a Frank-Read source in the vicinity of a GB.... 25

Figure 2.2: The alignment of variant lath long directions ................................................ 26

Figure 3.1: Representation of a crack using overlapping elements .................................. 31

Figure 4.1: The simulation contours of the total accumulated slip due to all active slip-
systems at (a) 24% nominal strain and (b) 40% nominal strain and experimental images 
of deformed structures at (c) 36% nominal strain and (d) 69% nominal strain from Paul 
et al. (2008) ............................................................................................................... 41

Figure 4.2: (a) Lattice rotation contour near the grain boundary at 40% nominal strain and 
orientation distribution in the form of {111} pole figures in the (b) Cube and (c) Goss 
grains......................................................................................................................... 42

Figure 4.3: Misorientation along a section in each grain at 40% nominal strain in the (a) Cube 
and (b) Goss grains ................................................................................................... 43

Figure 4.4: Nominal stress-strain curve for Cube and Goss grains in plane-strain compression
................................................................................................................................... 43

Figure 4.5: Normalized immobile dislocation density contours on the (a) [01 1 ](111)  and (b) 
[011](11 1 )  slip systems at 40% nominal strain ........................................................ 44

Figure 5.1: Contours of the total accumulated slip due to all active slip-systems at 30% 
nominal strain in austenite crystals with (a) Cube and (b) Goss orientation ............ 53

Figure 5.2: Contours of the interaction density at 30% nominal strain (a) on the (0 1 1)[111] 
slip system in an austenite crystal with Cube orientation and (b) on the (110)[1 11]  slip 
system in an austenite crystal with Goss orientation ................................................ 54

Figure 5.3: Hydrostatic stress distribution at 30% nominal strain in austenite crystals with (a) 
Cube and (b) Goss orientation .................................................................................. 55

Figure 5.4: Contours of the total accumulated slip due to all active slip-systems at 30% 
nominal strain in martensite crystals of (a) variant 1 and (b) variant 2 .................... 56

Figure 5.5: Contours at 30% nominal strain in martensite crystals of variant 1 (a) m for slip 
system 1 1 1( ) 1 01[ ]  (b) m for slip system 1 1 1( ) 1 12[ ] and (c) Total interaction density
................................................................................................................................... 57

Figure 5.6: Contours at 30% nominal strain in martensite crystals of variant 2 (a) m for slip 
system 111( ) 112 [ ] (b) m for slip system 111 ( ) 112[ ] and (c) Total interaction density
................................................................................................................................... 58

Figure 6.1: Distribution of variants in blocks and packets ............................................... 68



 

xi 

Figure 6.2: Normalized mobile dislocation densities on (a) slip system 112( ) 11 1 [ ]  (b) slip 

system 1 01( ) 11 1[ ]  (c) normalized interaction density at 10-4 s-1 strain-rate ............ 69

Figure 6.3: (a) Plastic slip and (b) GB dislocation density at 4.4% nominal strain indicating 
dislocation-density pile-up and plastic slip accumulation. Normal stress at (c) 4.5% 
nominal strain showing crack nucleation and (d) 5.0% nominal strain at 10-4 s-1 strain-
rate............................................................................................................................. 70

Figure 6.4: Normalized mobile dislocation densities on (a) slip system 1 01( ) 11 1[ ] (b) slip 

system 01 1( ) 1 11[ ]  (c) normalized interaction density at 10-4 s-1 strain-rate for low-angle 
variant arrangement .................................................................................................. 71

Figure 6.5: (a) Plastic slip and (b) GB dislocation density at 11.2% nominal strain. Normal 
stress  at (c) 11.4% nominal strain showing crack nucleation and (d) 13% nominal strain 
at 10-4 s-1 strain-rate for low-angle variant arrangement ........................................... 72

Figure 6.6: Nominal stress-strain curves over the range of loading conditions................ 73

Figure 6.7: (a) Plastic slip and (b) temperature at 3.3% nominal strain. Normal stress at (c) 
3.4% nominal strain showing crack nucleation and (d) 4.0% nominal strain at 2500 s-1 

strain-rate .................................................................................................................. 74

Figure 7.1: Block and packet distribution in (a) low carbon steel with an average packet size 
of 250 µm and (b) high carbon steel with an average packet size of 100 µm. Packets are 
represented by distinct colors, and numbers in blocks indicate the constituent lath 
variant (Table 2.4)..................................................................................................... 84

Figure 7.2: Normalized mobile dislocation densities at a nominal strain of 9.1% on (a) slip 
system 1 01( ) 11 1[ ]  (b) slip system 101( ) 111 [ ] (c) normalized interaction density at a 
strain rate of 10-4 s-1 .................................................................................................. 85

Figure 7.3: (a) Plastic slip (b) Lattice rotations and (b) GB dislocation density at 9.1% 
nominal strain indicating dislocation-density pile-up and plastic slip accumulation at a 
strain rate of 10-4 s-1 .................................................................................................. 86

Figure 7.4: Normal stress at (a) 9.1% nominal strain (b) 9.2% nominal strain showing crack 
nucleation and (c) 9.3% nominal strain and (d) 9.6% nominal strain showing crack 
propagation at a strain rate of 10-4 s-1........................................................................ 87

Figure 7.5: Normalized mobile dislocation densities for a refined variant arrangement at a 
nominal strain of 5.9% on (a) slip system 1 01( ) 11 1[ ]  (b) slip system 101( ) 11 1 [ ] (c) 
normalized interaction density at a strain rate of 10-4 s-1 .......................................... 88

Figure 7.6: (a) Plastic slip (b) Lattice rotations and (b) GB dislocation density for a refined 
variant arrangement at 5.9% nominal strain indicating dislocation-density pile-up and 
plastic slip accumulation at a strain rate of 10-4 s-1 ................................................... 89



 

xii 

Figure 7.7: Normal stress for a refined variant arrangement at (a) 5.9% nominal strain (b) 
6.1% nominal strain showing crack nucleation and (c) 6.4% nominal strain and (d) 
6.75% nominal strain showing crack propagation at a strain rate of 10-4 s-1 ............ 90

Figure 7.8: Nominal stress-strain curves .......................................................................... 91

Figure 7.9: (a) Plastic slip and (b) temperature at 6.0% nominal strain. Normal stress at (c) 
6.1% nominal strain showing crack nucleation and (d) 6.4% nominal strain at a strain 
rate of 2500 s-1 .......................................................................................................... 92

Figure 8.1: Block and packet distribution in (a) random variant distribution and (b) optimized 
variant distribution. Packets are represented by distinct colors, and numbers in blocks 
indicate the constituent lath variant (Table 2.4)...................................................... 103

Figure 8.2: Normalized mobile dislocation densities for a random variant distribution at a 
nominal strain of 4.8% on (a) slip system 1 12( ) 11 1[ ]  (b) slip system 112( ) 111 [ ] (c) 
normalized interaction density at a strain rate of 10-4 s-1 ........................................ 104

Figure 8.3: (a) Plastic slip (b) Lattice rotations and (c) GB dislocation density and (d) Normal 
Stress for a random variant distribution at 4.8% nominal strain indicating dislocation-
density pile-up and plastic slip accumulation at a strain rate of 10-4 s-1 ................. 105

Figure 8.4: Normal stress for a random variant distribution at (a) 5.0% nominal strain (b) 
6.8% nominal strain showing crack nucleation and (c) 8.0% nominal strain and (d) 8.8% 
nominal strain showing crack propagation at a strain rate of 10-4 s-1 ..................... 106

Figure 8.5: Nominal stress-strain curves......................................................................... 107

Figure 8.6: Normalized mobile dislocation densities for an optimized variant distribution at a 
nominal strain of 20% on (a) slip system 1 12( ) 11 1[ ] (b) slip system 112( ) 111 [ ] (c) 
normalized interaction density at a strain rate of 10-4 s-1 ........................................ 108

Figure 8.7: (a) Plastic slip (b) Lattice rotations (c) GB dislocation density and (d) Normal 
stress for an optimized variant distribution at 20% nominal strain indicating dislocation-
density pile-up and plastic slip accumulation at a strain rate of 10-4 s-1 ................. 109

Figure 8.8: (a) Plastic slip (b) Temperature and (c) GB dislocation density for an optimized 
variant distribution at 16% nominal strain indicating dislocation-density pile-up and 
plastic slip accumulation at a strain rate of 2500 s-1 ............................................... 110

Figure 8.9: Normal stress for an optimized variant distribution at (a) 16% nominal strain (b) 
17% nominal strain showing crack nucleation and (c) 18% nominal strain and (d) 19% 
nominal strain showing crack propagation at a strain rate of 5000 s-1.................... 111

 



 

1 

CHAPTER 1: INTRODUCTION 

 

1.1 Overview 

 

Lath martensitic steels have a myriad of military and civilian applications due to their 

high strength wear resistance and toughness, which results from its unique microstructure. 

Depending on the processing and chemical composition, martensitic steels can offer a variety 

of microstructures and properties (Takaki et al., 2001; Tsuji et al., 2004; Song et al., 2005). 

Superior combinations of mechanical properties have been achieved through microalloying 

elements and thermomechanical treatment followed by tempering and aging (Ayada et al., 

1998; Barani et al., 2006; Kimura et al., 2007). Failure in martensitic steels and its relation to 

the microstructure has been experimentally studied, and various failure modes, such as the 

formation of intensely localized shear bands (Minnaar and Zhou, 1998) transgranular and 

intergranular fracture (Krauss, 1995; Inoue et al., 1970; Matsuda et al., 1972), evolve as a 

function of the interrelated effects of martensitic structure, the ORs and strain-rate. 

Computational studies on martensitic failure have been performed using molecular dynamics 

(Suzuki et al., 2006; Marian et al., 2003), microstructurally-based FE (Hatem and Zikry, 

2009) and phenomenological FE simulations (McVeigh et al., 2007; Zhai et al., 2004). All 

these investigations clearly indicate that failure characteristics are critically dependent on the 

morphology and distribution of the martensitic microstructure. 
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Morito and co-workers have characterized lath martensitic microstructures into lath, 

block and packet substructures, which have well defined ORs with parent austenite grain 

(Morito et al., 2003; Morito et al., 2006). The size of cleavage facets in transgranular fracture 

modes has been related to the packet size (Inoue et al., 1970; Matsuda et al., 1972) and the 

block size (Hughes et al., 2011). Refinement of the block and packet sizes can reduce the 

coherence interface length on the {110} and {112} slip planes, which improves strength by 

resisting dislocation motion, and on the {100} cleavage planes, which improves toughness by 

suppressing crack propagation modes (Morris, 2011; Guo et al., 2004). While block and 

packet size refinement through intercritical heat treatments (Jin et al., 1975; Kim et al., 1998) 

and tempforming (Kimura et al., 2008) have been used to obtain high strength and toughness, 

it has generally been observed to result in high strength with a significant loss in ductility 

(Howe, 2000; Tsuji et al., 2002). The relative roles of the block and packet boundaries in the 

strengthening and toughening mechanisms are unclear in these investigations, as the effect of 

processing on the refinement of both packet and block sizes is not considered, which can be 

important as noted by Kawata et al. (2006) who have observed that block sizes can be 

increased by packet size refinement by changing the processing conditions. Using 

microbending experiments, Shibata et al. (2010) have shown the significant contribution of 

block boundaries relative to that of sub-block boundaries to strengthening, which has been 

attributed to the pile-up of dislocations at the high-angle block boundaries. Ohmura et al. 

(2004) have observed dislocation absorption into the block boundary with no indication of 

pile-ups, and the observed hardening due to block size refinement has been attributed to the 

decoration of the boundary with carbides (Ohmura and Tsuzaki, 2007). 
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Complex interactions between dislocations and boundaries can lead to different 

interfacial behavior that can have a significant effect on the nucleation and propagation of 

transgranular and intergranular cracks (Kim et al., 2003; Zhang et al., 2003). The high angle 

misorientations at variant interfaces act as strong barriers to dislocation movement, resulting 

in dislocation absorption and dislocation pile-ups, and can consequently change the original 

crack directions and even render transgranular cracks into intergranular cracks (Qiao and 

Argon, 2003; Robertson et al., 1992). In-situ TEM observations (Gemperlova et al., 2002; 

Gemperlova et al., 2004; Lee et al., 1990a; Lee et al., 1990b), and nano-indendation 

experiments (Ohmura et al., 2004; Ohmura and Tsuzaki, 2007) have been used to 

characterize dislocation transmission across grain boundaries. Computational studies have 

been used to understand dislocation transfer reactions across boundaries (Dewald and Curtin, 

2007; de Koning et al., 2002; Ma et al., 2006; Shi and Zikry, 2010) and the formation of 

residual dislocations on the GB plane (Ma et al., 2006). In de Koning et al. (2002), a line 

tension model that captures the essential energetics of dislocation-GB interactions was also 

developed. However, a formulation incorporating experimental observations into a 

physically-based dislocation-GB interaction model to investigate the role of block and packet 

boundaries on deformation and failure modes in martensitic microstructures is lacking. 

Futhermore, failure in martensitic microstructures involves complex intergranular and 

transgranular crack propagation paths (Krauss, 1995; Krauss, 1999). Existing methods for the 

computational representation of evolving fracture surfaces, such as Extended FE methods 

(XFEM) (Belytschko and Black, 1999), cohesive element methods (Xu and Needleman, 

1994) and element deletion methods, have severe limitations. Element deletion methods are 
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extremely mesh sensitive and are not generally suited for modeling failure in lath structures 

with complex morphologies (Morito et al., 2006). Conventional XFEM are mesh 

independent, but are prone to numerical errors and instabilities (Song et al., 2008). Cohesive 

elements have been widely used to study intergranular cracks (Wells and Sluys, 2001; 

Yamakov, Saether, 2006). However, the crack path needs to be known a-priori, and addition 

of excessive cohesive elements is known to make the system artificially compliant. Due to 

these limitations, sub-scale physics, which is critical in crack propagation (Ravi-Chandar and 

Knauss, 1984), has not been incorporated into numerical studies through validated materials 

models, and realistic phenomena such as crack blunting, crack branching and irregular crack 

paths are difficult to model. 

All of these investigations clearly indicate that the morphology and crystallography of 

the blocks and packets have a significant influence on the strength and toughness of 

martensitic microstructures, through the complex interactions of the prior austenite grain 

boundaries, the packet and the block boundaries with the evolving dislocation microstructure 

and propagating cracks. However, what is lacking is a systematic investigation of the 

relationship between the microstructure and the material behavior, which is not well 

established. 

 

1.2 Research Objectives 

 

 The objective of the present work, therefore, is to develop an integrated framework 

that incorporates material descriptions, which are sensitive to dominant martensitic 
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microstructural features, with specialized computational representations of evolving failure 

surfaces and microstructurally-based failure criteria, to accurately model the initiation and 

evolution of failure in martensitic steels. Dislocation-density based evolution equations are 

used to obtain a detailed understanding and accurate characterization of interrelated material 

mechanisms, which occur over different scales in crystalline materials. The formulation is 

based on the framework developed by Shanthraj and Zikry (2011). The dislocation-density 

equations are coupled through the interaction of forest densities, which account for the 

formation and annihilation of junctions. All physically possible dislocation interactions are 

considered within this formulation, and the reaction products are mapped to the 

corresponding slip systems through the use of an interaction tensor. The model coefficients 

pertaining to dislocation interactions are determined considering the basic interaction types in 

crystalline materials and applying Frank�’s energy criterion to determine the strength of the 

interactions and reaction products. A physically-based dislocation density-GB interaction 

scheme that is representative of the resistance to dislocation transmission across variant 

interfaces is developed and incorporated into the dislocation-density constitutive formulation. 

The formulation accounts for variant morphologies and orientation relationships that are 

uniquely inherent to lath martensitic microstructures. Some of the disadvantages of existing 

crack propagation methods are overcome through the use of a specialized FE methodology 

using overlapping elements to represent failure surfaces (Hansbo and Hansbo, 2004), and a 

failure criterion based on the evolving orientation of the cleavage planes in different 

martensitic variants is developed. This framework is then used to perform large-scale FE 
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simulations to characterize the dominant dislocation-density mechanisms for the localization 

of plastic strains, and the initiation and propagation of failure in martensitic microstructures. 

  

1.3 Outline 

 

 The outline of this dissertation is as follows. The dislocation-density crystalline 

plasticity formulation, the derivation of the dislocation-GB scheme and the martensitic 

microstructure representation is presented in Chapter 2, the numerical implementation of the 

failure surface representation and mictostructural failure criterion, which is based on 

resolving stresses along fracture planes, is outlined in Chapter 3. The dislocation density 

crystalline plasticity formulation is validated using channel die compressed (CDC) 

experiments in Chapter 4. Void interactions in austenite and martensite crystals are 

characterized, and a detailed understanding of the interrelated physical mechanisms that can 

result in ductile material failure is obtained in Chapter 5. The effects of martensitic variant 

distributions and ORs on the dominant dislocation mechanisms for the localization of plastic 

strains, and the initiation and propagation of fracture surfaces in martensitic microstructures 

subjected to quasi-static and dynamic strain-rates in presented in Chapter 6. The effects of 

block and packet boundary morphology on toughening mechanisms, such as crack arrest and 

crack deflection in martensitic microstructures subjected to quasi-static and dynamic strain-

rates in presented in Chapter 7, and optimal distributions and sizes of blocks and packets in 

martensitic steels are determined for increased ductility, delayed crack nucleation and greater 
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fracture toughness in Chapter 8. Finally, in Chapter 9 recommendations for future research 

are given. 
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CHAPTER 2: MICROSTRUCTURE MODELING AND 

REPRESENTATION 

 

2.1 Multiple-Slip Crystal Plasticity Formulation 

 

 In this section, the multiple-slip crystal plasticity rate-dependent constitutive 

formulation is presented. The crystal plasticity framework used in this study is based on the 

formulation developed by Asaro and Rice (1976) and Zikry (1994).  

The velocity gradient is calculated from the deformation gradient as 

Lij = F ijFij

          (2.1) 

It is assumed that the velocity gradient is decomposed into a symmetric deformation rate 

tensor Dij and an anti-symmetric spin tensor Wij. Dij and Wij are then additively decomposed 

into elastic and inelastic components as 

Dij = Dij
* +Dij

p , Wij =Wij
* +Wij

p
      (2.2) 

The inelastic parts are defined in terms of the crystallographic slip-rates as 

Dij
p = Pij

( )  ( ) , Wij
p = ij

( )  ( )

      (2.3)
 

where  is summed over all slip-systems, and Pij
( ) and ij

( ) are the symmetric and anti-

symmetric components of the Schmid tensor in the current configuration. 

 A power law relation can characterize the rate-dependent constitutive description on 

each slip-system as 
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   =  ref
 

 

ref
 

 

 
 

 

 
 

 

ref
 

 

 
 
 

 

 
 
 


m



       (2.4)
 

where  ref
  is the reference shear strain-rate which corresponds to a reference shear stress ref

( ), 

and m is the rate-sensitivity parameter. ( ) is the resolved shear stress on slip system . The 

reference stress used is a modification of widely used classical forms (Franciosi et al., 1980) 

that relate reference stress to immobile dislocation density im
( ) as 

ref
( ) = y

( ) +G b( ) a im
( )

=1

nss 

 
  

 

 
  
T
T0

 

 
 

 

 
 

      (2.5)
 

where y
( ) is the static yield stress on slip system , G is the shear modulus, nss is the 

number of slip systems, b( ) is the magnitude of the Burger�’s vector, and a  are the Taylor 

coefficients which are related to the strength of interactions between slip systems (Devincre 

et al., 2008; Kubin et al., 2008a, 2008b). T is the temperature, T0 is the reference temperature 

and  is the thermal softening exponent. 

 The stress is updated using the Jaumann stress rate co-rotational with the lattice as 

ij
,e = CijklDkl

e
         (2.6) 

where Cijkl is the fourth-order isotropic elastic modulus tensor defined by 

Cijkl = µ ik jl + jk il( ) + ij kl       (2.7) 

The Jaumann stress rate is related to the material stress rate in the reference coordinate 

system as 

 ij = ij
e +Wik

e
kj +W jk

e
ki        (2.8) 
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2.2 Mobile and Immobile Dislocation Density Evolution Equations 

 

 Following the approach of Zikry and Kao (1996), it is assumed that, for a given 

deformed state of the material, the total dislocation density, ( ), can be additively 

decomposed into a mobile and an immobile dislocation density, m
( ) and im

( ). During an 

increment of strain on a slip system, a mobile dislocation-density rate is generated and an 

immobile dislocation-density rate is annihilated. Furthermore, the mobile and immobile 

dislocation density rates can be coupled through the formation and destruction of junctions as 

the stored immobile dislocations act as obstacles for evolving mobile dislocations. This is the 

basis for taking the evolution of mobile and immobile dislocation densities as 

 m
  =  generation

   interaction
 

       (2.9) 

 im
  =  interaction+

   annihilation
 

       (2.10) 

where  generation
   is the mobile dislocation-density rate generated and  annihilation

   is the 

immobile dislocation-density rate annihilated.  interaction-
   and  interaction+

   are interaction rates 

related to the formation and destruction of junctions. All rates pertain to slip system . 
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2.2.1 Dislocation Density Generation 

 

 The rate of dislocation generation is related to the distance, yback, travelled by the 

emitted dislocation from a dislocation source with density source
( ) . If v( ) is the average 

velocity of mobile dislocations, the generation rate can be written as  

 generation
  = source

  v 

yback        (2.11)
 

where yback is proportional to the average spacing between forest obstacles. Using the 

Orowan equation,    = m
 b v , we can obtain the following relation for the generation 

rate as 

 generation
  =

im
 

b 
im
 

m
 

 

 
 

 

 
   

      (2.12)
 

where  is a geometric parameter and b( ) is the magnitude of the Burger vector. 

 

2.2.2 Dislocation Density Interaction 

 

 The dislocation density interaction rates are related to the rate at which mobile 

segments are immobilized by interactions with dislocation densities in junction forming slip 

systems. The frequency with which mobile dislocations on slip system  intersect mobile and 

immobile dislocations on an interacting slip system  is given by m
( )

m
( )v( ) and m

( )
im
( )v( ) , 
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where v( ) is the relative velocity between mobile dislocations on slip systems  and , and is 

obtained from the Orowan equation as 

v( ) =
  ( )

m
( )b( ) +

  ( )

m
( )b( )

       (2.13)
  

 Only a fraction, f , of these intersections are assumed to form stable junctions. This 

fraction is related to the strength of the interaction between slip system  and , and is given 

by f0 a . The length, lc, of the junctions can be approximated as  

lc =
1

im
( )

         (2.14)

 

 The rate, therefore, that mobile dislocations on slip system  are immobilized is 

f m
( )

m
( )lcv

( ) and f m
( )

im
( )lcv

( ), which is due to mobile and immobile dislocation 

interactions on slip system . The total rate,  interaction-
  , at which mobile dislocations on slip 

system  are immobilized can then be obtained by substituting Eqn. 2.13 and 2.14 into the 

above and summing over all interacting slip systems to get 

 interaction
  = f a m

 lc
  

b 
+ m

 lc
  

b 

 

 
 

 

 
 + f a im

 lc
  

b   (2.15)
 

where the interaction rate due to the mobile-mobile dislocation interactions, and the 

immobilization rate due to the mobile-immobile dislocation interactions are delineated. 

 To obtain the total rate,  interaction+
  , at which immobile junctions are formed on slip 

system , we define an interaction tensor, n , as having a value of 1 if dislocations on slip 

systems  and  interact to form an energetically favorable junction on slip system , and a 
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value of 0 if there are no interactions. This interaction tensor, therefore, can be used to map 

the dislocation density interactions with the corresponding slip system, and the energy 

criterion based on Frank�’s rule is used to determine the formation of junctions as 

n =
1 if Gb( )2 < Gb( )2 + Gb( )2 and b( ) = b( ) + b( )

0 otherwise

 
 
    (2.16)

 

 This can be used to obtain the rate at which immobile junctions are formed on slip 

system  due to the interactions between slip systems  and  as 

n f m
( )

im
( )lcv

( )
        (2.17) 

n f lc m
( )

im
( )v( ) + m

( )
im
( )v( )( )       (2.18) 

for the mobile-mobile and mobile-immobile interactions respectively. The total rate, 

 interaction+
  , is then obtained by summing over all interacting slip systems  and . We use 

Eqn. 2.13, 2.14, 2.17 and 2.18 to obtain the total interaction rate is 

 interaction+
  = f na a lc m

    

b 
+ m

    

b 

 

 
 

 

 
 



+ f n a lc im
    

b 
+ im

    

b 

 

 
 

 

 
 

  

           (2.19)
 

 To obtain the interaction tensor, n , the total number of interactions between slip 

systems has to be considered. In FCC crystals, using the family of <110>{111} slip systems, 

the total interactions can be reduced to six basic interaction types based on the symmetry of 

the crystal structure (Kubin et al., 2008). These interactions are: the self-interaction, between 

the same slip system; the co-linear interaction, between slip systems with parallel Burger�’s 

vectors; the co-planar interaction, between co-planar slip systems; the interactions between 
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slip systems forming Lomer locks; the glissile junction, between non-co-planar slip systems; 

and the interaction between slip systems forming Hirth locks. The interaction tensor can be 

obtained by considering the product of each interaction type. To explicitly account for the 

storage of locks, the mobile and immobile dislocation densities on the 12 slip systems in FCC 

crystals are appended with 6 immobile dislocation densities pertaining to the storage of 

Lomer locks on the {100} planes. These slip systems are listed in Table 2.1. This leads to a 

total of 12 x 12 mobile-mobile interactions and 12 x 18 mobile-immobile interactions. 

Similarly in body-centered cubic (BCC) crystals, using the <111>{110} and <111>{112} 

families of slip systems, the total interactions are reduced to 3 interaction types. These 

interaction types are: the self and co-linear interaction between the same slip systems and slip 

systems with parallel Burger�’s vectors; the interaction between slip systems to form binary 

junctions having <100> Burger�’s vectors; and the interaction between slip systems and 

binary junctions to form ternary junctions having <111> Burger�’s vectors. To explicitly 

account for the storage of junctions, the mobile and immobile dislocations on the 24 slip 

systems in BCC crystals are appended with 19 immobile dislocation densities pertaining to 

the storage of <100> binary junctions on various crystallographic planes. These slip systems 

are listed in Table 2.2. This leads to a total of 24 x 24 mobile-mobile interactions and 24 x 43 

mobile-immobile interactions. Thus, the formation of ternary junctions (Bulatov, 2006; 

Madec, Devincre et al., 2008), can be explicitly accounted for through the interactions of 

dislocations locks and binary junctions with mobile dislocation densities. 
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2.2.3 Dislocation Density Recovery 

 

 The dislocation density annihilation rate,  annihilation
  , is due to the recovery process. It 

has been shown in Vegge et al. (2000) that the recovery rate obeys an Arrhenius type 

relation, and is given by 

 annihilation
  =  e

H
kT

 

 
 

 

 
 

        (2.20) 

where the attempt frequency, ( ), is related to the frequency with which immobile 

dislocations are intersected by mobile dislocations on the interacting slip systems, and the 

activation enthalpy, H, is related to the ration of the immobile dislocation density to the 

saturation density. This can be recast as 

 annihilation
  = f a im

 lc
  

b 

 

 
  

 

 
  e

H 
im
 

s

 

 

 
 

 

 

 
 

kT

 

 

 
 
 
 
 
 

 

 

 
 
 
 
 
 

    (2.21)
 

Eqns 2.12-2.21 can be combined to obtain a coupled set of nonlinear evolution equations for 

the mobile and immobile dislocation densities on each slip system. To delineate dislocation 

activities such as generation, interaction, immobilization and annihilation, the evolution 

equations can be expressed as 

d m
( )

dt
=   ( ) gsour

b( )2
im
( )

m
( )

 

 
 

 

 
 gmnter m

( ) gimmob
b( ) im

( )
 

 
 

 

 
 
    (2.22)

 

d im
( )

dt
=   ( ) gmnter+ m

( ) gimmob+

b( ) im
( ) gre cov im

( )
 

 
 

 

 
 
    (2.23)
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where gsour is a coefficient pertaining to an increase in the mobile dislocation density due to 

dislocation sources, gmnter are coefficients related to the trapping of mobile dislocations due to 

forest interactions, cross-slip around obstacles and dislocation interactions, grecov is a 

coefficient related to the rearrangement and annihilation of immobile dislocations, and gimmob 

are coefficients related to the immobilization of mobile dislocations. The g coefficients, 

which are non-dimensional, are summarized in Table 2.3. It should be noted that these 

coefficients are functions of the immobile and mobile densities, and hence are updated as a 

function of the deformation mode. 

 

2.3 Temperature Update 

 

 Following the approach of Schreyer and Maudlin (2005), the rate of change of 

temperature is obtained from the balance of energy by neglecting heat conductions as 

T = 
cv

Dplastic
         (2.24)

 

where the plastic dissipation, Dplastic, is related to the internal energy due to the 

microstructure, U, and cv is the specific heat. This gives 

T = 
cv

     U
m
 
 m
  U

im
 
 im
 

 

 
 

 

 
 

 

 
 

 

 
 
     (2.25)

 

where we assume the following form of the internal energy due to the microstructure by 

Berdichevsky (2006) as 
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U ( )( ) = kG ln 1

1
( )

s
( )

 

 

 
 
 
 

 

 

 
 
 
 
       (2.26)

 

 

2.4 Dislocation Density GB Interaction scheme 

 

 In this section, a dislocation-density GB interaction scheme is presented. It is 

assumed that the dislocation-density interactions occur between slip-systems on each side of 

a GB or a variant interface. Following Ma et al. (2006), the dislocation transmission is 

modeled as an activation event, and the constitutive relation (Eqn. 2.4) has been modified at 

the GB through the introduction of a transmission factor, P( ): 

   =  ref
 

 

ref
 

 

 
 

 

 
 

 

ref
 

 

 
 
 

 

 
 
 


m



P  =  ref
 

 

ref
 

 

 
 

 

 
 

 

ref
 

 

 
 
 

 

 
 
 


m


e
UGB
 

kT

 

 
  

 

 
  

   (2.27)
 

where, the line tension model for the activation of a Frank-Read source in the presence of a 

GB developed in de Koning et al. (2002) is used to obtain the energy required for dislocation 

transmission across a GB, UGB
( ). The energy of such a dislocation configuration (Figure 2.1), 

for incoming and outgoing slip systems  and , is given by: 

UGB
( ) = 2Gb( )2l1 +Gb

( )2l2 +Gb
( )2

1 2( ) +G beff
2

2
( )b( )Asw,1

( )b( )Asw,2 

           (2.28) 

The magnitude of the effective residual Burger�’s vector, beff , is related to the residual 

Burger�’s vector,   
 

b =
 

b ( )
 

b ( ), by 
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beff
b

 

 
 

 

 
 

2

=1+ 2 2 cos +1( )
1
2

      (2.29)
 

where, 

= 2

1

= cos
sin
tanB

, and cosB =
b2

2b( )2      (2.30)
 

For the critical configuration of a Frank-Read source, it is assumed that the geometric 

parameters are constant. The energy required to drive the system to the critical configuration, 

and thus initiate dislocation glide across a GB, which is taken here to be the energy required 

for dislocation transmission across a GB, for incoming and outgoing slip systems  and , 

can then be simplified as 

UGB
( ) = c1Gb

3 1+ c2 1( ) + c2
beff
b

 

 
 

 

 
 c3

( )

ref
( ) c4

( )

ref
( )

 

 
 

 

 
 
   (2.31)

 

where c1 - c4 are constants related to the geometric parameters at the critical configuration. 

They are given by c1b = 2l1 +l2 and c1c2b = 2, and using the condition that for activated 

boundaries with no misorientation, UGB
( )  = 0, we obtain c3 = 0.5 and c4 = 0.5. Dislocation-

density transmission is considered onto the most energetically favorable outgoing slip system 

UGB
( ) =minUGB

( )

        (2.32)
 

 In FE implementations, the modified constitutive relation (Eqn. 2.27) is used for 

elements in the vicinity of the GB, which implies that the motion of dislocation-densities 

within the element width, Le, is constrained by the GB. However, only the motion of 

dislocation-densities within the GB region, Lgb << Le, should be affected by the GB, and the 

dislocation-density motion in the FE implementation at the GB is overconstrained. To 
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overcome this spurious constraint, the activation energy for dislocation-density transmission 

UGB
( ) is relaxed by a factor Lgb/Le, which is length-scale dependent and is absorbed into the 

constant c1. Through this formulation, the criteria for dislocation-density transmission 

proposed by Lee et al. (1990a) have been incorporated into a physical model for dislocation-

density GB interaction: 

(i) The misorientation between the slip planes is minimum 

(ii) The magnitude of the residual Burger�’s vector at the GB must be minimum  

(iii) The resolved shear stress on the outgoing slip system must be maximum 

Furthermore, the flux of dislocations across the GB is given by 

 flux
  =

  

wb           (2.33)
 

where,  is the most favorable outgoing slip system and w is the boundary width, and the 

accumulation of residual GB dislocation-densities is given by 

 GB
  =

bres
b 

  

m
 b          (2.34)

 

 

2.5 Martensitic Microstructural Representation 

 

 Following Hatem and Zikry (2009) the martensitic lath structure is related to the 

global coordinates through the parent austenite grain orientation and variant orientations. 

Commonly accepted ORs for lath martensitic steels are Kurdjumov-Sachs (KS) and 

Nishiyama-Wassermann (NW) ORs. KS ORs are based on a  austenite transformation to �’ 
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martensitic transformation as (111) //  (011) '  ,  [101] //  [111] ' . The NW OR is a KS OR with 

a 5.120 degree rotation around the [011]  direction. The 24 variants obtained from a KS OR 

are tabulated in Table 2.4. 

To relate the martensitic local orientation to the global orientation, three 

transformations are needed. The first transformation,  [T]1, relates an observed OR to a 

theoretical OR, such as KS and NW ORs. The second transformation, [T]2, relates a 

martensite OR to the parent austenite grain orientation. The third transformation, [T]3, relates 

the austenite grain orientation to the global coordinates. These transformations are given by 

 [X]Global = [T]3 [T]2 [T]1 * [X] .       (2.35) 

To characterize martensitic microstructure, we will follow the characterization scheme of 

Morito et al. (2003). We designate a block as a group of laths with low angle misorientation, 

and a packet as a collection of blocks with the same habit plane. The lath long directions are 

oriented along [011]  as shown in Figure 2.2. Blocks will have the largest dimension aligned 

with the constituent lath long direction. Using this methodology, we can use the ORs and 

original austenite orientations to model different variant orientations for different blocks and 

packets arrangements. 
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2.6 Figures and Tables 

 

Table 2.1. Slip systems in FCC crystals 

 

Slip 

system 

Slip 

direction, s 

Slip plane, 

n 

Slip 

system 

Slip 

direction, s 

Slip plane, 

n 

1 [1 01] (111) 10 [011] (11 1) 

2 [1 10] (111) 11 [110] (11 1) 

3 [0 1 1] (111) 12 [1 01] (11 1) 

4 [011] (1 1 1) 13 [1 01] (010) 

5 [1 10] (1 1 1) 14 [1 10] (001) 

6 [101] (1 1 1) 15 [0 1 1] (100) 

7 [101] (1 11) 16 [011] (100) 

8 [110] (1 11) 17 [101] (010) 

9 [0 1 1] (1 11) 18 [110] (001) 
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Table 2.2 Slip systems in BCC crystals 

 

Slip 

system 

Slip 

direction, s 

Slip plane, 

n 

Slip 

system 

Slip 

direction, s 

Slip plane, 

n 

1 1/2[111] (1 10) 23 1/2[111 ]  (011) 

2 1/2[111] (1 01) 23 1/2[111 ]  (1 10) 

3 1/2[111] (0 1 1) 25 1/2[111 ]  (112) 

4 1/2[111] (112 ) 26 1/2[111 ]  (2 1 1) 

5 1/2[111] (12 1) 27 1/2[111 ]  (1 21) 

6 1/2[111] (2 11) 28 1/2[111 ]  - 

7 1/2[111] - 29 [100] (010) 

8 1/2[1 11]  (110) 30 [100] (001) 

9 1/2[1 11]  (101) 31 [100] (011) 

10 1/2[1 11]  (0 1 1) 32 [100] (0 1 1) 

11 1/2[1 11]  (211) 33 [100] - 

12 1/2[1 11]  (11 2) 34 [010] (100) 

13 1/2[1 11]  (121 ) 35 [010] (001) 

14 1/2[1 11]  - 36 [010] (101) 

15 1/2[1 1 1]  (110) 37 [010] (1 01) 

16 1/2[1 1 1]  (011) 38 [010] - 

17 1/2[1 1 1]  (1 01) 39 [001] (100) 

18 1/2[1 1 1]  (121) 40 [001] (010) 

19 1/2[1 1 1]  (1 12) 41 [001] (110) 

20 1/2[1 1 1]  (21 1 ) 42 [001] (1 10) 

21 1/2[1 1 1]  - 43 [001] - 

22 1/2[111 ]  (101)    
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Table 2.3 g coefficients in Eqn. 2.22 and 2.23 

 

g coefficient Expression 

gsour  b im  

gmnter  lc f0 a m

mb
+
  
  b

 

 
 

 

 
  

gimmob  
lc f0

im

a im  
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Table 2.4 The 24 variants corresponding to the KS OR 

 

Variant 
No. 

Parallel 
Planes 

Parallel 
Directions 

Variant 
No. 

Parallel 
Planes 

Parallel 
Directions 

1 (111)//(011) �’ [101]  // [111] �’ 13 (111)//(011) �’ [011]  // [111] �’ 
2  [101]  // [111] �’ 14  [011]  // [111] �’ 
3  [011]  // [111] �’ 15  [101]  // [111] �’ 
4  [011]  // [111] �’ 16  [101]  // [111] �’ 
5  [110]  // [111] �’ 17  [110]  // [111] �’ 
6 
 

 [110]  // [111] �’ 18 
 

 [110]  // [111] �’ 

7 (111)//(011) �’ [101]  // [111] �’ 19 (111)/ (011) �’ [110]  // [111] �’ 
8  [101]  // [111] �’ 20  [110]  // [111] �’ 
9  [110]  // [111] �’ 21  [011]  // [111] �’ 
10  [110]  // [111] �’ 22  [011]  // [111] �’ 
11  [011]  // [111] �’ 23  [101]  // [111] �’ 
12  [011]  // [111] �’ 24  [101]  // [111] �’ 
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Figure 2.1 Dislocation configuration of a Frank-Read source in the vicinity of a GB 
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Figure 2.2 The alignment of variant lath long directions 
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CHAPTER 3: NUMERICAL METHODS 

 

3.1 Computational Representation of Failure Surfaces 

 

 In this section, a method for the representation of the initiation and evolution of 

failure surfaces using overlapping elements is presented. Following the work by Hansbo and 

Hansbo (2004), we consider an element in a FE mesh with area A0, which is crossed by a 

crack, dividing the element domain into two subdomains with areas Ae1 and Ae2 (Figure 3.1). 

Adding an overlapping element on top of the existing element represents the displacement 

discontinuity due to the crack surface. The connectivity of the overlapping element is defined 

such that the two elements do not share nodes, and therefore have independent displacement 

fields. For a 4-node quadrilateral element with reduced integration and hourglass control, the 

internal nodal force vector of the cracked element is given by (Song et al., 2006) 

fe
int = fe1

int + fe2
int

        (3.1) 

where fe1 and fe2 are the internal nodal force vectors of the overlapping elements representing 

the cracked element, and is given by 

f(e1/ e2)
int =

A(e1/ e2)
A0

BT
(e1/ e2)[ ]dVe

      (3.2)
 

To improve numerical performance, a penalty force, which decays with time, is added 

to resist large initial relative displacements between overlapping elements due to the sudden 

loss in stiffness of a cracked element. The penalty force is given by 
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f(e1/ e2)
penalty = 0.995( )nstep ue1 ue2[ ]      (3.3) 

where  is a penalty parameter. 

 

3.2 Microstructural Failure Criterion 

 

 The inherent fracture mode in martensitic steel is cleavage on {100} �’ planes in the 

microstructure (Guo et al., 2004). To formulate this into a microstructural failure criterion, 

the orientation of the cleavage planes for each variant in the global coordinate system is 

obtained by applying the series of transformations outlined in Chapter 2.5. 

ncleave = T1[ ] T2[ ] T3[ ]ncleave, '        (3.4) 

The global orientation of the cleavage planes in the current configuration is then 

obtained by updating at every time-step due to the lattice rotations as n cleave =W ncleave . The 

normal component of the traction acting on each cleavage plane has a direct influence on 

fracture along that plane. The maximum, over all the {100} �’ cleavage planes, of the normal 

component of the traction on these planes is, therefore, used as the failure criterion 

tcleave = max
100{ } ' planes

ncleave
T [ ]ncleave

      (3.5)
 

A crack is assumed to nucleate when tcleave > frac, and the crack is oriented along the most 

favorable cleavage plane. 

 

 

 



 

29 

3.3 Determination of the Velocity Gradients 

 

 The total velocity gradient can be obtained by means of finite element analysis.  For 

quasi-static analysis, an incremental, iterative approach taking advantage of the quasi-

Newton BFGS scheme is used to determine the nodal displacements.  For dynamic analyses, 

an implicit Newmark-  iterative approach using BFGS to solve the finite element equations 

linearized about tn at each timestep is used.  Trapezoidal values of  = 1/4 and  = 1/2 were 

chosen for unconditional stability of the finite element method.  The deformation calculated 

by the finite element method is used to calculate the total velocity gradient in accordance 

with Eqn. 2.1. To avoid numerical locking due to incompressibility pressure constraints, 

reduced 1-point integration of the Q4 quadrilateral element is used, which has the added 

benefit of reduced computational time.  However, reduced integration can lead to the zero-

energy numerical instability of hourglassing.  Stiffness-based hourglass control, is 

implemented to control the hourglass instability (Belytschko, Liu et al. 2000). 

 The objective stress rate is coupled with the time derivative of the resolved shear 

stresses to determine the resolved shear stresses on each slip plane 

   =
d
dt

Pij
 

ij( )
        (3.6)

 

which can be expanded to 
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where the reference stress is a function of the immobile dislocation density.  The slip rates 

can be determined using the resolved shear stress (Eqn. 2.4).  The plastic deformation rate 

tensor and spin rate tensor can then be used along with the Schmid tensor and slip rates to 

determine the plastic velocity gradient (Eqn. 2.3).  

 The elastic spin rate tensor can be determined as a function of the total spin rate 

tensor and the plastic spin rate tensor using Eqn. 2.2.  It was assumed in the derivation of 

Eqn. 3.7 that the time rate of change of the slip normals and directions is related to the lattice 

spin as 

n i
  =Wij

n j , and s i
  =Wij

s j        (3.8) 

To overcome numerical instabilities associated with stiffness, a hybrid explicit-implicit 

method is used to update the evolutionary equations for resolved shear stresses and the 

mobile and immobile densities. 
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3.4 Figures and Tables 

 

 

 

Figure 3.1 Representation of a crack using overlapping elements 

 

Ae1 

Ae2 

Crack 

Top crack face 

Bottom crack face 
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CHAPTER 4: DISLOCATION DENSITY EVOLUTION AND 

INTERACTION IN CRYSTALLINE MATERIALS 

 

 In this chapter, the accuracy and predictive capabilities of the constitutive formulation 

are validated by the simulation of experimental results pertaining to the strain hardening and 

microstructure evolution of aluminum bicrystals subjected to channel die compression 

(CDC). 

 

4.1 The Model 

 

 The accuracy and predictive capabilities of the constitutive formulation was 

investigated by the simulation of experimental results obtained by Paul et al. (2008) 

pertaining to the inelastic deformation of aluminum bicrystals under CDC. The experiments 

were performed for an aluminum bicrystal comprised of grains with Cube, {100}<001>, and 

Goss, {110}<001> orientations, where {hkl}<uvw> signify the compression plan normal and 

elongation directions. Consistent with the experimental specimens, a convergent plane strain 

FE mesh of 9500 elements with dimensions of 15 mm x 7.5 mm was subjected to plane strain 

compression at a nominal strain rate of 10-4 s-1 with the GB parallel to the compression axis. 

The material properties (Table 4.1) that are used for the constituent crystals are representative 

of aluminum single crystals (Zikry and Kao, 1996). 
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4.2 Results and Discussion 

 

4.2.1 Taylor interaction coefficients 

 

 The Taylor interaction coefficients, a , which are required to determine the reference 

shear stress (Eqn. 2.5) and the evolution of mobile and immobile dislocation densities (Eqn. 

2.22 and 2.23), are such that a  represents the average strength of the interaction between 

dislocations on slip systems  and  (Kubin et al., 2008b). We assume that the average 

strength of an interaction is proportional to the energy of the dislocation dissipated due to the 

reaction. This proportionality can be expressed as 

a

a( )
self

=
Dissipation( )
Dissipation( )self

       (4.1)

 

This dissipated energy is calculated for the six interaction types in FCC crystals using 

Frank�’s energy criterion. The Taylor interaction coefficient for the self-interaction is taken as 

0.6 (Zikry and Kao, 1996), and the Taylor interaction coefficients for each interaction type is 

obtained from the relationship between a  and the dissipated energy (Shanthraj and 

Zikry, 2011). These values are tabulated in Table 4.2, and they compare well with the 

interaction coefficients calculated in (Kubin et al., 2008b). Similarly, the Taylor interaction 

coefficients are calculated for the interaction types in BCC crystals from the relationship 

between a  and the dissipated energy. These values are tabulated in Table 4.3. and they 
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compare well with the interaction coefficients calculated (Madec et al., 2008; Queyreau et 

al., 2009). 

 

4.2.2 Validation 

 

 The contours of the total accumulated slip due to all active slip-systems at nominal 

strains of 24 % and 40 % are shown in Figure 4.1a-b. The experimental images of the 

deformed structures from Paul et al. (2008) at 36 % and 69 % are shown in Figure 4.1c-d. 

The bicrystal initially undergoes larger strains in the Cube grain, with a maximum 

accumulated slip of 1.1 occurring in a band-like strain inhomogeneity across the grain 

compared to a maximum accumulated slip of 0.7 in the Goss grain at 24 % nominal strain, 

which results in a curvature of the grain boundary. At a higher nominal strains of 40%, the 

accumulated slip distribution in the two grains are similar, with a maximum accumulated slip 

of 2.2 in both grains (Figure 4.1a-b). This is consistent with the experimental images of the 

deformed structures where band-like strain inhomogeneities in the Cube grain, initial 

curvature and subsequent even grain boundary are distinctly observed (Figure 4.1c-d). The 

shear slip in the simulated bi-crystal plateaus at a nominal strain of 40 % as compared with 

the experimental results of 69 %.  This difference is due to the higher operating temperature 

of 273 K in the simulation as compared with the 77 K in the experiments. We can also see 

from Figure 4.1 that at lower strains, the grain with the stable Goss orientation does not have 

band-like strain inhomogeneities. In contrast, for the unstable Cube orientation, the formation 

of a band-like strain inhomogeneity inclined at approximately 350 to the horizontal axis can 
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be clearly seen. This is consistent with experimental observations of deformation bands 

inclined at 0-350 to the elongation direction (ED) (Paul et al., 2008). 

 The lattice rotation contours near the grain boundary at 40 % strain are shown in 

Figure 4.2a. There is a clear difference in the orientation of the strain inhomogeneities that 

are formed in the two grains. In the Cube configuration, the lattice undergoes major rotations 

with lattice rotations as large as 300 about the transverse direction (TD), and it is aligned 

approximately parallel to the compression plane. For the Goss orientation, there is less lattice 

rotation, with a maximum of approximately 80 about the TD (Figure 4.2a-c). The orientations 

of these inhomogeneities are consistent with the experimental measurements, where larger 

rotations are observed in the Cube orientation as compared with the Goss orientation as well 

as the formation of coarse band structures oriented roughly parallel to the compression plane 

in the Cube orientation (Figure 7 in Paul et al., 2008). 

 The misorientation along a section of each grain is shown in Figure 4.3. In the Goss 

orientation, the misorientation is lower with a maximum of approximatelly 80 occurring at 

the strain inhomogeneities (Figure 4.3b). In contrast, higher misorientations of up to 250 are 

observed in the Cube oriented grain (Figure 4.3a). The sub-structure and misorientations are 

consistent with the EBSD measurements, where misorientations of up to 100 in the Goss 

grain and 350 in the Cube oriented grains have been experimentally measured (Paul et al., 

2008). Furthermore, the spacing between the strain inhomogeneity bands can be estimated 

from the distance between the peaks in the misorientation profile (Figure 4.3). A spacing of 

approximately 100 µm in the Cube orientation (Figure 4.3a) has also been observed in the 

experimental images (Figure 10a in Paul et al., 2008). However, the extremely small spacing 
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observed in the Goss oriented grain (Figure 10b Paul et al., 2008) was not reproduced due to 

restrictions in resolution needed for the element size. These differences indicate how 

different substructures form due to the Cube and Goss crystalline orientations. 

 We can further analyze the microstructure evolution in terms of the dislocation-

density interactions. Both the Cube and the Goss orientations are symmetric multiple slip 

orientations with the same Taylor factor. However, differences in the strain hardening 

behavior have been experimentally observed (Paul et al., 2008). At lower strains, without 

significant lattice rotations, the [01 1 ](111) , [011](111 ) , [01 1 ](1 11) , and [011](11 1)  slip 

systems are active in the Cube orientation, which are pairs of co-linearly interacting slip 

systems, and hence the annihilation of junctions is dominant. The [101](1 11) , [0 1 1](1 11) , 

[011](11 1)  and [101 ](11 1)  slip systems are active in the Goss orientation, which interact to 

form co-planar junctions and Lomer locks, and hence the formation of junctions is dominant. 

The lower work hardening in the Cube orientation due to the annihilation of junctions result 

in softening and a greater tendency to form band-like strain inhomogeneities. The higher 

work hardening in the Goss orientation, due to the formation of junctions result in 

strengthening. The difference in strain hardening behavior is reflected in the nominal stress-

strain curves for both orientations (Figure 4.4), which is consistent with the experimental 

observations of (Paul et al., 2008). At large nominal strains (40%), due to the lattice rotation 

about the TD, which has a maximum of 300 in the Cube grain and 80 in the Goss grain, 

secondary slip systems can be activated. To elucidate the local microstructural mechanisms 

associated with this, the contours of the immobile dislocation density normalized by the 

saturation density corresponding to the most active secondary slip systems at a nominal strain 
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of 40% are shown in Figure 4.5. The maximum normalized immobile dislocation densities in 

the Cube orientation are 1.2 and for Goss orientation it is 1.1 for slip system [01 1 ](111)  

(Figure 4.5a), and 1.2 (Cube orientation) and 0.6 (Goss orientation) for slip system 

[011](111 )  (Figure 4.5b). This evolution of dislocation densities on secondary slip systems 

in the Goss orientation result in a localization of shear slip (Figure 4.1b), causing the 

curvature of the grain boundary to become even (Figure 4.1). 

 

4.3 Conclusion 

 

Newly developed dislocation-density based evolution equations are coupled to a 

multiple-slip crystal plasticity formulation, and a framework is established that relates the 

dislocation-density coefficients to the crystallographic orientations and deformation mode. 

The Taylor interaction coefficients corresponding to the interaction types in f.c.c. crystals are 

calculated based on the Frank�’s energy criteria for the formation of a junction to identify 

different types of  locks such as sessile and glissile locks. Specialized FE methodologies have 

then been used to investigate strain hardening and microstructure evolution in CDC 

aluminum bicrystals. Results from the present study are consistent with experimental 

observations for Cube-Goss oriented aluminum bicrystals.  

The bicrystal undergoes larger strains in the Cube orientation, in comparison with the 

Goss orientation, but at higher nominal strains the accumulated slip distributions in the two 

orientations is similar. The unstable Cube orientation breaks up into deformation bands with 
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localized misorientations as high as 300 aligned along the ED, whereas the Goss orientation 

remains stable up to large nominal strains of 40%. The Cube grain also develops a distinct 

substructure characterized by local misorientations as high as 80, which is also observed 

experimentally. The dislocation-density interactions in the two orientations lead to the 

formation or annihilation of junctions, which is due to the orientation dependence of strain 

hardening, and more significantly it can result in critical differences in microstructural 

evolution and behavior. 
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4.4 Figures and Tables 

 

Table 4.1 Material properties of aluminum grains 

 

Properties Value 
Young�’s modulus, E 80 GPa 
Static yield stress, y 200 MPa 

Poisson�’s ratio,  0.3 
Rate sensitivity parameters, m 0.01 

Reference strain rate,  ref  0.001s-1 
Critical strain rate,  critical  104s-1 

Burger vector, b 3.0 × 10-10m 
 

 

 

Table 4.2 Interaction coefficient values for the 6 types of reactions between slip systems in 

FCC crystals 

 

Interaction type Dissipation 
( aij) 

aij aij from Kubin et al., 
(2008) 

Self 2kGb2 0.6 - 
Co-linear 2kGb2 0.6 0.625 

Lomer lock kGb2 0.15 0.122 
Glissile junction kGb2 0.15 0.137 

Co-planar kGb2 0.15 0.122 
Hirth lock 0 0.00 0.045 
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Table 4.3 Interaction coefficient values for the types of reactions between slip systems in 

BCC crystals 

 

Interaction type Dissipation ( aij) aij aij from (Madec et al., 2008; 
Queyreau et al., 2009) 

Self, Co-linear 1.5kGb2 0.6 0.55 - 0.72 
Binary junction 0.5kGb2 0.067 0.045 - 0.09 
Ternary junction kGb2 0.267 0.1225 �– 0.3364 
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(a)                                                                  (b) 

 

 
(c)                                                                        (d) 

Figure 4.1 The simulation contours of the total accumulated slip due to all active slip-systems 

at (a) 24% nominal strain and (b) 40% nominal strain and experimental images of deformed 

structures at (c) 36% nominal strain and (d) 69% nominal strain from Paul et al. (2008) 
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(a) 

 
(b)                                                                   (c) 

 

Figure 4.2 (a) Lattice rotation contour near the grain boundary at 40% nominal strain and 

orientation distribution in the form of {111} pole figures in the (b) Cube and (c) Goss grains 
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(a)                                                                    (b) 

 

Figure 4.3 Misorientation along a section in each grain at 40% nominal strain in the (a) Cube 

and (b) Goss grains 

 

 

Figure. 4.4 Nominal stress-strain curve for Cube and Goss grains in plane-strain compression 
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(a)                                                                         (b) 

Figure 4.5 Normalized immobile dislocation density contours on the (a) [01 1 ](111)  and (b) 

[011](11 1 )  slip systems at 40% nominal strain 
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CHAPTER 5: DISLOCATION DENSITY MECHANISMS FOR 

VOID INTERACTIONS IN AUSTENITIC AND 

MARTENSITIC STEELS 

 

In this chapter, a detailed understanding of the interrelated physical mechanisms that 

can result in the interaction of voids, through the localization of plastic slip, void coalescence 

and ultimately failure of crystalline materials is obtained. A multiple-slip dislocation-density 

based constitutive formulation is used to obtain a detailed understanding and accurate 

characterization of interrelated material mechanisms, which occur over different scales in 

crystalline materials. The formulation is based on the framework developed by Shanthraj and 

Zikry (2011) for FCC crystals and BCC crystal structures. The dislocation-density evolution 

equations are coupled through the interaction of forest densities, which account for the 

formation and annihilation of junctions. All physically possible dislocation interactions are 

considered within this framework, and the reaction products are mapped to the corresponding 

slip systems through the use of an interaction tensor. The model coefficients pertaining to 

dislocation interactions are determined by considering the basic interaction types in FCC and 

BCC crystals and applying Frank�’s energy criterion to determine the strength of the 

interactions and the reaction products. The evolution equations are coupled to a multiple-slip 

crystal plasticity formulation, and specialized numerical techniques (Zikry, 1994) are used to 

perform large-scale FE simulations to characterize the dominant dislocation interaction 
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mechanisms in austenitic and martensitic crystals at different orientations that govern the 

interaction between voids. 

 

5.1 The Model 

 

A convergent plane strain FE mesh of 8200 elements is used with dimensions of 60 

mm x 30 mm having two voids with a void volume fraction of 0.05 %, a void spacing of 5 

times the void diameter and oriented at 600 to the loading axis. The orientation of the voids 

affects the resolved shear stress distributions, which coupled with the lattice rotations 

(through geometric softening) affect the shear slip distribution. Thus, we choose this 

orientation to give a representative result. A tensile load is applied at a nominal strain rate of 

10-4 s-1. The interaction between the voids is studied in austenite crystals having Cube, 

{100}<001>, and Goss, {110}<001> orientations, where {hkl}<uvw> signify the loading 

plane normal and lateral directions, and martensite crystals having an (111) (011) '  

[1 01] [1 1 1] '  (variant 1) and (111) (011) '  [0 1 1] [1 1 1] '  (variant 2) OR with the parent 

austenite grain. The material properties (Table 5.1) that are used for the constituent crystals 

are representative of austenitic and martensitic steels. 
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5.2 Results and Discussion 

 

5.2.1 Void interactions in austenitic steels 

 

The contours of the total accumulated slip due to all active slip-systems at a nominal 

strain of 30 % are shown in Figure 5.1a-b. The crystal having Goss orientation undergoes 

larger strains, with a maximum accumulated slip of 3.5 (Figure 5.1b). The accumulated 

plastic slip is concentrated around the periphery of each void with relatively less localization 

of plastic slip between the voids. The lack of interaction between the voids, through the 

localization of plastic slip in the intervoid ligament, results in a greater individual void 

growth, and an interaction between the void and the free surface that causes local necking of 

the specimen. This is in contrast to the lower plastic strains in the crystal having Cube 

orientation, with a maximum accumulated slip of 1.2, which is localized in the intervoid 

ligament region resulting in greater interaction between the voids (Figure 5.1a). 

The interaction density on slip system , which is the increase in immobile 

dislocation density due to junction formation on the slip system relative to the decrease of 

mobile dislocation density can be defined (Eqn. 2.22 and 2.23) as 

intr
( ) =   ( ) gmnter+ m

( ) +
gimmob+

b im
( ) gmnter m

( ) gimmob
b im

( )
 

 
 

 

 
 dt

 (5.1)
 

to characterize the dominant interaction mechanism on the active slip systems in the 

crystalline material. Values of intr
( ) < 0 indicates that the annihilation of dislocation-density 
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junctions is dominant, while values of intr
( ) > 0 indicates that the formation of dislocation-

density junctions is dominant. The interaction density contours on an active slip system at a 

nominal strain of 30 % are shown in Figure 5.2a-b. The interaction density in the crystal 

having Cube orientation (Figure 5.2a) is -4x1013 m-2 in the region of shear localization at the 

intervoid ligament, and is -8x1013 m-2 around the periphery of the void. This indicates that 

the voids interact through the annihilation of dislocations in the region of shear localization 

in the intervoid ligament. There is a higher level of interaction density in the crystal having 

the Goss orientation (Figure 5.2b) with a value of 3x1015 m-2 around the periphery of the 

void, and is 5x1014 m-2 in the region of the intervoid ligament. This indicates that the 

formation of dislocation junctions is the dominant interaction mechanism, which results in 

lower void interaction due to the localization of plastic slip and hardening of the material 

around the periphery of the voids. 

 The hydrostatic stress distribution at a nominal strain of 30 % is shown in Figure 

5.3a-b. The crystal having Cube orientation has larger hydrostatic stresses (Figure 5.3a). The 

localization of plastic slip in the intervoid ligament and the interaction between the voids 

results in lower void growth and larger hydrostatic stress concentrations around the 

peripheries of the void, with a maximum of 1.2 GPa. In the crystal having the Goss 

orientation, the larger accumulation of plastic slip around the periphery of the voids, in 

comparison with the Cube orientation, lowers the hydrostatic stress concentrations around the 

periphery of the void, with a maximum hydrostatic stress of 1 GPa. 

Both the Cube and the Goss orientations are symmetric multiple slip orientations with 

the same Taylor factor. At lower strains, without significant lattice rotations, the [01 1 ](111) , 
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[011](111 ) , [01 1 ](1 11) , and [011](11 1)  slip systems are active in the Cube orientation. 

These are pairs of co-linearly interacting slip systems, and hence the annihilation of junctions 

is dominant. The [101](1 11) , [0 1 1](1 11) , [011](11 1)  and [101 ](11 1)  slip systems are 

active in the Goss orientation, which interact to form co-planar junctions and Lomer locks, 

and hence the formation of junctions is dominant. While the lower work hardening in the 

Cube orientation, due to the annihilation of junctions, result in material softening and a 

greater tendency for the localization of plastic slip between voids, the higher work hardening 

in the Goss orientation, due to the formation of junctions result in the strengthening of the 

material around the periphery of the void. Thus, it can be seen that the anisotropic nature of 

the dislocation interaction mechanisms result in contrasting void interaction behavior in 

crystals with symmetric multiple slip orientations. 

 

5.2.1 Void interactions in martensitic steels 

 

The contours of the total accumulated slip due to all active slip-systems at a nominal 

strain of 30 % are shown in Figure 5.4a-b. Variant 2 undergoes larger strains, with a 

maximum accumulated slip of 1.3 (Figure 5.3b). The accumulated plastic slip is concentrated 

around the periphery of each void with relatively less localization of plastic slip between the 

voids. The lack of interaction between the voids, through the localization of plastic slip in the 

intervoid ligament, results in a greater individual void growth. This is in contrast to the lower 

plastic strains in variant 1, with a maximum accumulated slip of 0.8, which is localized in the 

intervoid ligament region resulting in greater interaction between the voids (Figure 5.4a). 
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The mobile dislocation density contours on the 11 1( ) 1 01[ ]  and 11 1( ) 1 12[ ]  slip systems, 

which are the active slip systems in variant 1, is shown in Figure 5.5a-b. The maximum 

dislocation density on the 11 1( ) 1 01[ ]  and 1 1 1( ) 1 12[ ]  slip system is 1x1013 m-2 and 1.5x1013 

m-2. These are co-linearly interacting slip systems, and hence the annihilation of dislocation 

junctions is dominant. This leads to a lower total interaction density, which is the interaction 

density summed over all the slip systems, as seen in Figure 5.5c, with a maximum of 6x1014 

m-2. This results in a softening of the material and a tendency towards shear slip localization 

and void interaction as seen in Figure 5.4a. The mobile dislocation density contours on the 

111( ) 112 [ ] and 111 ( ) 112[ ] slip systems, which are the active slip systems in variant 2, is 

shown in Figure 5.6a-b. The maximum dislocation density on the 111( ) 112 [ ] and 111 ( ) 112[ ] 

slip systems is 1.5x1013 m-2 and 1.8x1013 m-2. Dislocations on these slip systems interact to 

form binary junctions, and hence the formation of dislocation junctions is dominant. This 

leads to a higher total interaction density as seen in Figure 5.6c, with a maximum of 2x1015 

m-2, which results in lower void interaction due to the localization of plastic slip and 

hardening of the material around the periphery of the voids as seen in Figure 5.4b. 

 

5.3 Conclusion 

 

Newly developed dislocation-density based evolution equations are coupled to a 

multiple-slip crystal plasticity formulation, and a framework is established that relates the 
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dislocation-density coefficients to the crystallographic orientations and deformation mode. 

The Taylor interaction coefficients corresponding to the interaction types in FCC and BCC 

crystals are calculated based on the Frank�’s energy criterion for the formation of a junction to 

identify different types of  locks such as sessile and glissile locks. Specialized FE 

methodologies have then been used to characterize void interactions in austenitic and 

martensitic crystals at different orientations. 

 The results indicate that dislocation interaction mechanisms, which result in local 

dislocation junction formation or annihilation, can lead to significant differences in void 

interaction behavior. In austenitic crystalline materials with symmetric multiple slip 

orientations, anisotropic dislocation interaction mechanisms result in significantly different 

void interaction behavior, with voids interacting through the annihilation of dislocation 

densities and plastic slip localization in the intervoid ligament region in crystals having Cube 

orientation, while the formation of dislocation junctions results in lower void interaction due 

to the localization of plastic slip and hardening of the material around the periphery of the 

voids in crystals having Goss orientation. Similarly, in BCC crystalline materials orientation 

plays a critical role in determining the dominant interaction type in martensitic steel variants. 

The dislocation-density interactions in crystalline materials lead to the formation or 

annihilation of junctions, and more significantly it can result in critical differences in 

microstructural evolution and void interaction behavior. These effects of orientation and 

crystallography are dominant local mechanisms for the initiation and evolution of void 

growth and coalescence. 

 



 

52 

5.4 Figures and Tables 

 

Table 5.1 Material Properties 

 

Properties Austenite Martensite 
Young�’s modulus, E 80 GPa 228 GPa 
Static yield stress, y 200 MPa 517 MPa 

Poisson�’s ratio,  0.3 0.3 
Rate sensitivity parameters, m 0.01 0.01 

Reference strain rate,  ref  0.001s-1 0.001s-1 
Critical strain rate,  critical  104s-1 104s-1 

Burger vector, b 3.0 × 10-10m 3.0 × 10-10m 
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(a) 

 

(b) 

Figure 5.1 Contours of the total accumulated slip due to all active slip-systems at 30% 

nominal strain in austenite crystals with (a) Cube and (b) Goss orientation 



 

54 

 

(a)  

(b)  

Figure 5.2 Contours of the interaction density at 30% nominal strain (a) on the (0 1 1)[111] 

slip system in an austenite crystal with Cube orientation and (b) on the (110)[1 11]  slip 

system in an austenite crystal with Goss orientation 
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(a)  

(b)  

Figure 5.3 Hydrostatic stress distribution at 30% nominal strain in austenite crystals with (a) 

Cube and (b) Goss orientation 
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(a)      (b) 

 

Figure 5.4 Contours of the total accumulated slip due to all active slip-systems at 30% 

nominal strain in martensite crystals of (a) variant 1 and (b) variant 2 
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(a)      (b) 

 

(c) 

 

Figure. 5.5 Contours at 30% nominal strain in martensite crystals of variant 1 (a) m for slip 

system 11 1( ) 1 01[ ]  (b) m for slip system 1 1 1( ) 1 12[ ] and (c) Total interaction density 
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(a)      (b) 

 

(c) 

 

Figure 5.6 Contours at 30% nominal strain in martensite crystals of variant 2 (a) m for slip 

system 111( ) 112 [ ]  (b) m for slip system 111 ( ) 112[ ] and (c) Total interaction density
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CHAPTER 6: MICROSTRUCTURALLY INDUCED 

FRACTURE NUCLEATION AND PROPAGATION IN 

MARTENSITIC STEELS 

 

In this chapter, a physically-based dislocation-density GB interaction scheme that is 

representative of the resistance to dislocation transmission across block and packet 

boundaries is developed is incorporated into a multiple-slip dislocation-density based 

constitutive formulation. The formulation accounts for variant morphologies and orientation 

relationships that are uniquely inherent to lath martensitic microstructures. Some of the 

disadvantages of existing crack propagation methods are overcome through the use of a 

specialized FE methodology using overlapping elements to represent failure surfaces 

(Hansbo and Hansbo, 2004), and a failure criterion based on the evolving orientation of the 

cleavage planes in different martensitic variants is developed. This framework is then used to 

perform large-scale FE simulations to characterize the dominant dislocation-density 

mechanisms for the localization of plastic strains, and the initiation and propagation of failure 

in martensitic microstructures. 
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6.1 The Model 

 

The multiple-slip dislocation-density-based crystal plasticity formulation, the 

dislocation density-GB interaction scheme and the representation of cracks using overlapping 

elements were used to investigate the microstructural failure behavior of martensitic steel. 

The martensitic orientation is represented as outlined in Section 2.5. The parent austenite 

grain is assumed to have a Cube orientation, and the KS relation is adopted as the martensite 

OR with {111}  as the habit plane. The martensitic microstructure morphology is represented 

by an aggregate of 40 blocks distributed within 10 packets, as shown in Figure 6.1. A 

convergent plane strain FE mesh of 8200 elements with dimensions of 6 mm x 3 mm was 

subjected to tensile loading at nominal strain rates of 10-4 s-1, 500 s-1 and 2500 s-1. The 

material properties (Table 6.1) that are used for the constituent crystals are representative of 

low nickel alloy steel (Hatem and Zikry, 2009).  

 

6.2 Results and Discussion 

 

6.2.1 Quasi-static crack nucleation 

 

The normalized mobile dislocation-densities corresponding to the two most active 

slip systems at a nominal strain of 4.4%, which is just before the onset of crack nucleation, is 

shown in Figure 6.2a-b. The maximum normalized mobile dislocation-densities are 0.04 for 
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slip system 112( ) 111 [ ], and 0.11 for slip system 1 01( ) 11 1[ ] . The normalized interaction 

density, which is the increase in immobile dislocation-density due to junction formation 

relative to the decrease of mobile dislocation-density, is shown in Figure 6.2c. Negative 

values, with a minimum of -0.12, indicate that the annihilation of dislocation junctions 

through self and co-linear dislocation interactions is dominant. Positive values, with a 

maximum of 0.1, indicate that the formation of dislocation junctions through binary and 

ternary dislocation interactions is dominant (Table 4.3). The dominant interaction type is 

determined by the active slip-systems in each variant and using the interaction tensor (Sec. 

2.3).  

The plastic slip due to all active slip-systems at nominal strain of 4.4 % is shown in 

Figure 6.3a. The maximum accumulated slip is 0.09. The loading is aligned along the [001]  

direction, which results in a maximum resolved shear stress along the [011]  direction. The 

[011]  direction is also parallel to the long direction of the laths and blocks and to the slip 

direction [111] �’ based on the KS OR. This configuration, which aligns the slip systems with 

the maximum resolved shear stress, along with local material softening mechanisms due to 

the annihilation of dislocations, results in the localization of shear strain in the blocks 

corresponding to a negative interaction density (Figure 6.2c). Neighboring blocks with low-

angle boundaries result in shear pipes for the formation of shear bands (Hatem and Zikry, 

2009). Decreased shear strain localization and accumulation of plastic slip is observed along 

high-angle boundaries as a result of GB dislocation accumulation, and this is also observed 

experimentally (Morito et al., 2003).  
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The total normalized GB dislocation density due to all active slip-systems at a 

nominal strain of 4.4% is shown in Figure 6.3b. The normalized GB dislocation density 

attains a maximum value of 0.7, which is due to the pile-up of dislocations at the block and 

packet boundaries. The GB dislocation-densities accumulate along block and packet 

boundaries between variant pairs having large incompatibilities between the active slip-

systems. The accumulation of GB dislocation-densities results in large local stress 

concentrations along high-angle block and packet boundaries, with a normalized maximum 

normal stress of 6.5, as shown in Figure 6.3c. 

For this variant distribution, the nucleation of the crack occurs at 4.5% nominal strain 

at a junction between variants 1, 4, 7 and 11 (Figure 6.3c), which is separated by a high-angle 

packet boundary, as a result of the local stress concentrations due to GB dislocation 

accumulation at the junction and the favorable orientation of the cleavage planes in 

contiguous blocks. The crack propagation path at 5.0% nominal strain (Figure 6.3d) aligns 

along the packet boundary and along favorably oriented cleavage planes across the adjacent 

block. The fracture mode is determined by the competition between large stress 

concentrations along high-angle boundaries due to the accumulation of GB dislocations and 

the favorable orientation of cleavage planes in blocks. Similar intergranular and transgranular 

fracture modes have also been reported in experimental work (Krauss 1995; Inoue et al. 

1970; Matsuda et al. 1972).  

To further elucidate the interrelated physical mechanisms for failure, the results are 

compared with the failure behavior of a variant distribution of low angle variant pairs 1 and 

4, corresponding to a single martensitic block, in Figure 6.4. The normalized mobile 
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dislocation-densities corresponding to the two most active slip systems at a nominal strain of 

11.2%, which is just before the onset of crack nucleation, is shown in Figure 6.4a-b. The 

maximum normalized mobile-dislocation densities are 0.5 for slip system 1 01( ) 11 1[ ] , and 

0.22 for slip system 0 1 1( ) 1 11[ ] . These slip systems interact to form binary and ternary 

junctions, and hence the formation of dislocation junctions is dominant, which results in a 

positive interaction density with a maximum value of 0.5 (Figure 6.4c). The plastic slip due 

to all active slip-systems at a nominal strain of 11.2 % is shown in Figure 6.5a. The 

maximum accumulated slip is 0.19, with lower slip accumulation as a result of dislocation 

transmission across low-angle boundaries and local material hardening mechanisms due to 

the formation of binary and ternary dislocation junctions. The total normalized GB 

dislocation-density due to all active slip-systems is shown in Figure 6.5b. The normalized 

GB dislocation-density attains a maximum value of 0.2. The lower density of accumulated 

GB dislocations is a result of the lower activation energies that are associated with the 

transmission of dislocation-densities across the low-angle variant boundaries. This also 

results in a more homogeneous normal stress distribution (Figure 6.5c), with a maximum 

normal stress level of 6.5, as a result of the relaxation of stress concentrations at the block 

and packet boundaries due to dislocation transmission. For this variant distribution, the 

nucleation of the crack occurs at 11.4% nominal strain along a low-angle boundary. The 

crack propagation path at 13% nominal strain is illustrated in Figure 6.5d. The fracture mode 

observed is predominantly transgranular as slip transmission is facilitated through the 

formation of dislocation junctions, and dislocation transmission relaxes the stress 
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concentrations at the block and packet boundaries, along with the low misorientation 

between cleavage planes across the variant boundaries. 

At this failure strain of 13%, the dislocation transmission and relaxation of stress at 

the boundaries also result in a reduction in strength of approximately 350 MPa (Figure 6.6), 

which is consistent with the experimental observations of the negligible contribution of sub-

block boundaries to microstructure strength (Shibata et al. 2010). 

 

6.2.2 Dynamic behavior 

 

In this section, we investigate the dynamic fracture of lath martensitic steels at strain-rates of 

500 s-1 and 2500 s-1. The nominal stress-strain curves are shown in Figure 6.6. The 

oscillations at high strain-rates are a result of stress wave reflections along the free and fixed 

boundary, which is dampened due to plasticity. The lower failure strains of 4.1% at a strain 

rate of 500 s-1 and 4% at a strain rate of 2500 s-1 are a result of the strain-rate hardening 

(Figure 6.6). The plastic slip due to all active slip-systems at a nominal strain of 3.3 % and 

strain rate of 2500 s-1 is shown in Figure 6.7a. The maximum accumulated slip is 0.065, and 

the shear strain localization is narrower at higher strain-rates, which is a result of material 

and thermal softening mechanisms, with a maximum temperature of 438 K (Figure 6.7b), as 

well as the high strain-rates, which prevent the accumulation of shear strains over wide 

regions. This is consistent with the experimental observations reported in Dodd and Bai 

(1985). At this strain-rate, two cracks nucleate at a nominal strain of 3.4%, as shown in 

Figure 6.7c, both along high-angle packet boundaries. This is a result of the cracks nucleating 
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at lower plastic strains due to the strain-rate hardening at high strain-rates. The crack 

propagation path at 4.0% nominal strain (Figure 6.7d) aligns along the block and packet 

boundaries as well as along favorably oriented cleavage planes across the adjacent block. The 

fracture mode is determined by the competition between large stress concentrations along 

high-angle boundaries due to the accumulation of GB dislocations and the favorable 

orientation of cleavage planes in blocks.  

 

6.3 Conclusion 

 

A physically-based dislocation-density GB interaction scheme that is representative 

of the resistance to dislocation-density transmission across block and packet boundaries in 

martensitic steel is developed and is incorporated into a dislocation-density based multiple-

slip crystalline plasticity framework, which accounts for variant morphologies and 

orientation relationships that are uniquely inherent to lath martensitic microstructures. 

Specialized FE methodologies to represent evolving failure surfaces and a microstructurally-

based failure criterion for cleavage is then used to perform large-scale FE simulations to 

characterize and predict the dominant dislocation-density mechanisms for the localization of 

plastic strains, and the initiation and propagation of failure in martensitic microstructures 

over a range of loading conditions.  

 The results indicate that dislocation density interactions, which result in local 

dislocation junction formation or annihilation, can lead to significant differences in shear 
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strain localization behavior. When combined with neighboring blocks with low-angle 

boundaries, this can result is the formation of shear-pipes and promote extensive shear-strain 

localization. The line tension model that is used indicated that large activation energies are 

associated with the transmission of dislocation-densities at high-angle block and packet 

boundaries. This accumulation of GB dislocation-densities result in shear strain 

accumulation, local stress concentrations and promote crack nucleation. The large stress 

concentrations along high-angle boundaries due to the accumulation of GB dislocation-

densities together with the orientation of the cleavage planes in relation to the lath 

morphology determine the stresses on the cleavage planes, and a failure criterion based on 

this is used to predict the evolution of intergranular and transgranular fracture modes. The 

effects of dynamic loading can be observed at high strain-rates, and as a result of increased 

strain-rate hardening, thermal softening and dynamic interactions due to wave propagation. 

These high strain-rate characteristics result in crack formation that is different from quasi-

static loading conditions in that the failure surfaces nucleate earlier and form in regions 

where strain-hardening has been surmounted by thermal and geometrical softening. 
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6.4 Figures and Tables 

 

Table 6.1 Material Properties 

 

Properties Value 
Young�’s modulus, E 228 GPa 
Static yield stress, y 517 MPa 

Poisson�’s ratio,  0.3 
Rate sensitivity parameters, m 0.01 

Reference strain rate,  0.001s-1 

Critical strain rate,  104s-1 

Burger vector, b 3.0 × 10-10m 
Fracture stress, frac 7 y 

c1 0.15 
c2 0.9 
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Figure 6.1 Distribution of variants in blocks and packets 
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(a) (b)  

(c)  

Figure 6.2 Normalized mobile dislocation densities on (a) slip system 112( ) 11 1 [ ]  (b) slip 

system 1 01( ) 11 1[ ] (c) normalized interaction density at 10-4 s-1 strain-rate 



 

70 

(a) (b)  

(c) (d)  

Figure 6.3 (a) Plastic slip and (b) GB dislocation density at 4.4% nominal strain indicating 

dislocation-density pile-up and plastic slip accumulation. Normal stress at (c) 4.5% nominal 

strain showing crack nucleation and (d) 5.0% nominal strain at 10-4 s-1 strain-rate 
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(a) (b)  

(c)  

Figure 6.4 Normalized mobile dislocation densities on (a) slip system 1 01( ) 11 1[ ] (b) slip 

system 01 1( ) 1 11[ ] (c) normalized interaction density at 10-4 s-1 strain-rate for low-angle 

variant arrangement 
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(a) (b)  

(c) (d)  

Figure 6.5 (a) Plastic slip and (b) GB dislocation density at 11.2% nominal strain. Normal 

stress  at (c) 11.4% nominal strain showing crack nucleation and (d) 13% nominal strain at 

10-4 s-1 strain-rate for low-angle variant arrangement 
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Figure 6.6 Nominal stress-strain curves over the range of loading conditions 
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(a) (b)  

(c) (d)  

Figure 6.7 (a) Plastic slip and (b) temperature at 3.3% nominal strain. Stress at (c) 3.4% 

nominal strain showing crack nucleation and (d) 4.0% nominal strain at 2500 s-1 strain-rate
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CHAPTER 7: MICROSTRUCTURAL AND 

MORPHOLOGICAL EFFECTS ON FRACTURE IN 

MARTENSITIC STEELS 

 

In this chapter, a physically-based dislocation-density GB interaction scheme that is 

representative of the resistance to dislocation transmission across block and packet 

boundaries is developed is incorporated into a multiple-slip dislocation-density based 

constitutive formulation. The formulation accounts for variant morphologies and orientation 

relationships that are uniquely inherent to lath martensitic microstructures. Some of the 

disadvantages of existing crack propagation methods are overcome through the use of a 

specialized FE methodology using overlapping elements to represent failure surfaces 

(Hansbo and Hansbo, 2004), and a failure criterion based on the evolving orientation of the 

cleavage planes in different martensitic variants is developed. This framework is then used to 

perform large-scale FE simulations to characterize the dominant dislocation-density 

mechanisms for the localization of plastic strains, and the initiation and propagation of failure 

in martensitic microstructures. 
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7.1 The Model 

 

The multiple-slip dislocation-density-based crystal plasticity formulation, the 

dislocation density-GB interaction scheme and the representation of cracks using overlapping 

elements were used to investigate the microstructural failure behavior of martensitic steel. 

The variant orientation and morphology is represented as outlined in Chapter 2.5. The 

microstructure morphology associated with a single parent austenite grain in low and high 

carbon martensitic steels, on the (100)  plane is shown in Figure 7.1, where the block 

morphology is obtained by projecting the constituent lath variant long direction (Figure 2.2) 

onto the plane. For the low carbon steel microstructure, 19 blocks are distributed within 3 

packets with an average packet size of 250 µm (Figure 7.1a). For the high carbon steel 

microstructure, due to the packet and block size refinement (Maki et al., 1980), for the same 

parent austenite grain, 48 blocks are distributed within 8 packets resulting in an average 

packet size of 100 µm (Figure 7.1b). The parent austenite grain is assumed to have a Cube 

orientation, and the KS relation is adopted as the martensite OR with {111}  as the habit 

plane. A convergent plane strain FE mesh with approximately 9000 elements was subjected 

to tensile loading along the (001) direction at nominal strain rates of 10-4 s-1, 500 s-1 and 2500 

s-1. The material properties (Table 6.1) that are used for the constituent crystals are 

representative of low nickel alloy steel (Hatem and Zikry, 2009).  

 

 



 

77 

7.2 Results and Discussion 

 

7.2.1 Low carbon steel 

 

The normalized mobile dislocation densities corresponding to the two most active slip 

systems at a nominal strain of 9.1%, which is just before the onset of crack nucleation, is 

shown in Figure 7.2a-b. The maximum normalized mobile dislocation densities are 0.47 for 

slip system 1 01( ) 11 1[ ] , and 0.49 for slip system 101( ) 11 1 [ ]. The normalized interaction 

density, which is the increase in immobile dislocation density due to junction formation 

relative to the decrease of mobile dislocation density, is shown in Figure 7.2c. Negative 

values, with a minimum of -0.35, indicate that the annihilation of dislocation junctions 

through self and co-linear dislocation interactions is dominant. Positive values, with a 

maximum of 0.5, indicate that the formation of dislocation junctions through binary and 

ternary dislocation interactions is dominant (Table 2.3). The dominant interaction type is 

determined by the active slip-systems in each variant and using the interaction tensor 

(Chapter 2.3).  

The accumulated plastic slip at a nominal strain of 9.1 % is shown in Figure 7.3a. The 

maximum accumulated slip is 0.14. The loading is aligned along the [001]  direction, which 

results in a maximum resolved shear stress along the [011]  directions. The [011]  directions 

are also parallel to the long direction of the laths and blocks and to the slip direction [111] �’ 

based on the KS OR. This configuration, which aligns the slip systems with the maximum 
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resolved shear stress, along with local material softening mechanisms due to the annihilation 

of dislocations in the blocks corresponding to a negative interaction density (Figure 7.2c), 

result in the localization of shear strain. Mobile dislocation-densities are transmitted across 

the block boundaries between the active 1 01( ) 11 1[ ] and 101( ) 111 [ ] slip systems through the 

compatibility of the slip systems, which is associated with a low activation energy (Eqn. 

2.31), and result in shear pipes for the formation of shear bands (Hatem and Zikry, 2009). 

The accumulation of plastic slip is observed along high-angle boundaries as a result of 

dislocation density blockage due to slip-system incompatibility, which is exacerbated by 

lattice rotations (Figure 7.3b), and is also observed experimentally (Morito et al., 2003). 

The total normalized GB dislocation density due to all active slip-systems at a 

nominal strain of 9.1% is shown in Figure 7.3c. The normalized GB dislocation density 

attains a maximum value of 0.8, which is due to the pile-up of dislocation-densities at the 

block and packet boundaries. This happens along block and packet boundaries between 

variant pairs having large incompatibilities between the active slip-systems and results in 

large local stress concentrations along high-angle block and packet boundaries, with a 

maximum normalized stress (by static yield stress) of 8.0, as shown in Figure 7.4a. The 

nucleation of a crack occurs at 9.2% nominal strain at a triple junction between variants 11, 

20, and 21 (Figure 7.4b), which is separated by a packet boundary, as a result of the local 

stress concentrations (Figure 7.4a) due to GB dislocation density accumulation at the triple 

junction (Figure 7.3c). The crack initially grows across the packet boundary (Figure 7.4c), as 

dislocation-density transmission relaxes the stress concentrations along the packet boundary 

and the favorable orientation of the cleavage planes in contiguous blocks, which is 
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accommodated by the lattice rotations (Figure 7.3b). The neighboring block morphologies 

are such that the lath long directions is normal to the crack propagation path, which results in 

resistance to crack propagation and defection of the crack path along the variant boundaries 

due to the GB dislocation-density accumulation and cleavage plane incompatibilities (Figure 

7.4d). These intergranular and transgranular fracture modes re consistent with experimental 

observations (Krauss 1995; Inoue, Matsuda et al. 1970; Matsuda, Okamura et al. 1972), as 

well as crack path deflection and crack arrest (Hughes et al., 2011).  

 

7.2.2 High carbon steel 

 

To further elucidate the role of block and packet morphology in failure, the results are 

compared with the failure behavior of a refined variant distribution, corresponding to high 

carbon steels (Figure 7.1b). The normalized mobile dislocation densities corresponding to the 

two most active slip systems at a nominal strain of 5.9%, which is just before the onset of 

crack nucleation, is shown in Figure 7.5a-b. The maximum normalized mobile dislocation 

densities are 0.24 for slip system 1 01( ) 11 1[ ], and 0.20 for slip system 101( ) 111 [ ]. The 

mobile dislocation-density activity on these slip systems corresponds to a negative 

interaction density with a minimum value of -0.2 (Figure 7.5c). The accumulated plastic slip, 

and the resulting lattice rotation at a nominal strain of 5.9% is shown in Figure 7.6a-b. The 

maximum accumulated slip is 0.1, with lattice rotations ranging from ±80 . The localization 

of shear strain in relation to the lath orientation, interaction density and lattice rotations 
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(Figure 7.6b) occur as discussed in 4.1. The plastic slip is constrained to flow along the lath 

long directions, and the low activation energy associated with the transmission of 

dislocation-densities between the active slip systems in neighboring blocks results in a 

dominant shear band, which is of comparable size to the coarser microstructure. The 

accumulation of shear slip is observed when there is a blockage of dislocation-densities, with 

a maximum normalized GB dislocation density of 0.8 (Figure 7.6c).  

The refinement of the block and packet sizes increases the number of incompatible 

variant interfaces, which serve as sites for stress concentrations due to the accumulation of 

GB dislocation-densities, with a maximum normalized stress of 6.5 (Figure 7.7a). This 

results in the nucleation of a crack at a nominal strain of 6.1%, which is lower than that 

corresponding to the coarse block and packet microstructure, at a triple junction between 

variants 9, 11, and 12 (Figure 7.7b). Variants 11 and 12 belong to different Bain groups, and 

thus have a large misorientation in {100} cleavage planes (Guo et al., 2004). This results in a 

resistance to the crack propagation across the variant boundary, and forces the crack path to 

deflect along the lath long direction (Figure 7.7c). On encountering the neighboring packet 

boundary, the crack is arrested as a result of the incompatibility in cleavage planes and a 

change in the neighboring block morphology. A new crack is then nucleated in the 

neighboring block ahead of the arrested crack tip, which is constrained to propagate along the 

neighboring block morphology (Figure 7.7d).  

In contrast to coarse blocks, where the crack propagates across the block width 

(Figure 7.4b-d), block size refinement in high carbon steels constrain crack propagation 

along the block morphology resulting in greater fracture resistance, with an increase in load 
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bearing capacity after crack nucleation of a nominal strain of 0.4%. However, the stress-

strain curve indicates that there is no increase in strength due to refinement (Figure 7.8). 

Block size refinement is more effective in improving fracture resistance than strength as the 

variant boundaries offer relatively less resistance to slip transmission onto the 24 possible 

slip-systems, on the {110} and {112} crystallographic planes, compared to the transmission 

of cracks onto only three possible {100} cleavage planes. This results in the formation of 

shear bands of comparable sizes and in both microstructures and similar strengths since the 

microstructural strength is associated with the resistance to plastic slip. As the plastic slip is 

constrained to flow along the lath long directions, block refinement in this dimension is most 

effective in strengthening, while refinement of the block width is most effective in improving 

fracture resistance by constraining the crack to propagate along the lath long direction. 

However, refinement also increases the number of incompatible triple junctions, which can 

be sites for crack nucleation, and therefore also reduces the ductility. Therefore the effects of 

both block and packet refinement should be considered in relation to the lath morphology in 

determining fracture behavior.  

 

7.2.3 Dynamic effects 

 

In this section, we investigate the dynamic fracture of low carbon martensitic steels at 

loading rates of 500 s-1 and 2500 s-1. The nominal stress-strain curves over the range of 

loading conditions are shown in Figure 7.8. The oscillations at high strain-rates occur due to 

stress wave reflections along the free and fixed boundary, which is dampened due to 
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plasticity. The lower failure strains of 6.2% at a strain rate of 500 s-1 and 6.0% at a strain rate 

of 2500 s-1 are a result of dynamic strain-rate hardening (Figure 7.8). The accumulated plastic 

slip at a nominal strain of 5.9 % and strain rate of 2500 s-1 is shown in Figure 7.9a. The 

maximum accumulated slip is 0.09, and the shear strain localization is narrower at higher 

strain-rates, which is a result of material and thermal softening mechanisms, with a 

maximum temperature of 458 K, as well as the dynamic strain-rates, which prevent the 

accumulation of shear strains over wide regions. This is consistent with the experimental 

observations of Dodd and Bai [42]. At this strain-rate, crack nucleation at a nominal strain of 

6.0%, as shown in figure 7.9c. Crack deviation is observed at block boundaries with large 

incompatibilities in the cleavage planes (Figure 7.9d). However a lower resistance to the 

crack propagation path across block boundaries due to lower accumulated of GB dislocation-

densities, with a maximum value of 0.7, and stress concentrations along the variant boundary 

is observed, as a result of the strain-rate hardening at high strain-rates. Block size refinement 

is less effective in improving fracture resistance at high-strain rates, and these high strain-rate 

characteristics result in fracture modes that are different from quasi-static strain-rates.  

 

7.3 Conclusion 

 

The role of packet and block boundaries in the failure behavior of low and high 

carbon steels is investigated, and the results indicate that the variant interface along the lath 

long direction is dominant. Shear strain localization is constrained by these interfaces to be 
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along the lath morphology, and slip transmission to neighboring blocks is accommodated 

through compatible slip systems or the formation of low energy residual GB dislocations. As 

a result the effective grain size for strengthening is along the lath long direction. These 

interfaces also result in resistance to crack propagation and deviation of the crack path along 

the variant boundaries due to the GB dislocation accumulation and cleavage plane 

incompatibilities, resulting in an effective grain size for fracture resistance along the block 

width. It is observed that refinement is more effective in improving the fracture resistance 

than in improving the strength as the variant boundaries offer relatively less resistance to slip 

transmission onto 24 possible slip-systems, on the {110} and {112} crystallographic planes, 

compared to the transmission cracks onto only 3 possible {100} cleavage planes. However, 

refinement also increases the number of incompatible variant junctions, which serve as sites 

for stress concentrations, and results in the nucleation of a crack at a lower nominal strain. 

The effects of dynamic loading can be observed at high strain-rates, and as a result of 

increased strain-rate hardening, thermal softening and dynamic interactions. These high 

strain-rate characteristics result in crack formation that is different from quasi-static loading 

conditions in that the failure surfaces nucleate earlier and form in regions where strain-

hardening has been surmounted by thermal and geometrical softening. 

 



 

84 

7.4 Figures and Tables 

 

(a) (b)  

Figure 7.1 Block and packet distribution in (a) low carbon steel with an average packet size 

of 250 µm and (b) high carbon steel with an average packet size of 100 µm. Packets are 

represented by distinct colors, and numbers in blocks indicate the constituent lath variant 

(Table 3) 

 



 

85 

(a) (b)  

(c)  

Figure 7.2 Normalized mobile dislocation densities at a nominal strain of 9.1% on (a) slip 

system 1 01( ) 11 1[ ] (b) slip system 101( ) 111 [ ]  (c) normalized interaction density at a strain 

rate of 10-4 s-1 
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(a) (b)  

(c)  

 Figure 7.3 (a) Plastic slip (b) Lattice rotations and (b) GB dislocation density at 9.1% 

nominal strain indicating dislocation-density pile-up and plastic slip accumulation at a strain 

rate of 10-4 s-1  
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(a) (b)  

(c) (d)  

Figure 7.4 Normal stress at (a) 9.1% nominal strain (b) 9.2% nominal strain showing crack 

nucleation and (c) 9.3% nominal strain and (d) 9.6% nominal strain showing crack 

propagation at a strain rate of 10-4 s-1 
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(a) (b)  

(c)  

Figure 7.5 Normalized mobile dislocation densities for a refined variant arrangement at a 

nominal strain of 5.9% on (a) slip system 1 01( ) 11 1[ ]  (b) slip system 101( ) 11 1 [ ] (c) 

normalized interaction density at a strain rate of 10-4 s-1 
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(a) (b)  

(c)  

Figure 7.6 (a) Plastic slip (b) Lattice rotations and (b) GB dislocation density for a refined 

variant arrangement at 5.9% nominal strain indicating dislocation-density pile-up and plastic 

slip accumulation at a strain rate of 10-4 s-1  



 

90 

(a) (b)  

(c) (d)  

Figure 7.7 Normal stress for a refined variant arrangement at (a) 5.9% nominal strain (b) 

6.1% nominal strain showing crack nucleation and (c) 6.4% nominal strain and (d) 6.75% 

nominal strain showing crack propagation at a strain rate of 10-4 s-1  
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Figure 7.8 Nominal stress-strain curves 
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(a) (b)  

(c) (d)  

Figure 7.9 (a) Plastic slip and (b) temperature at 6.0% nominal strain. Stress at (c) 6.1% 

nominal strain with crack nucleation and (d) 6.4% nominal strain at a strain rate of 2500 s-1 
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CHAPTER 8: MICROSTRUCTURAL OPTIMIZATION OF 

MARTENSITIC STEELS 

 

In this chapter, a dislocation-density based model for slip transmission at variant 

boundaries and a microstructural failure criterion based on resolving stresses onto variant 

cleavage planes is developed and used to determine optimal distributions of blocks and 

packets in martensitic steels to improve ductility and fracture toughness upon grain 

refinement. 

 

8.1 Microstructural Optimization 

 

Ductility in martensitic steels is directly related to the transmission of plastic slip 

across variant boundaries (Guo et al., 2004; Shibata et al., 2010; Tsuji et al., 2008). The slip 

transmission factor (Chapter 2.4),  

P( ) = e
UGB
( )

kT

 

 
 
 

 

 
 
 

        (8.1) 

between the most active slip systems  and  across a variant boundary can therefore be used 

as a measure of the ductility. The activation energy, UGB
( ), is given by Eqn. 2.31. Taking / ref 

~ 1 for the most active slip systems, the transmission factor can then be reduced to a function 

of the orientation of the interacting slip planes, slip directions and GB. The orientation of the 

slip plane and slip direction of the most active slip system in a variant is determined from the 
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variant OR (Table 2.4) for a cube oriented parent austenite grain, and the transmission factor 

across the variant boundaries for the 24 KS variants is calculated using Eqn. 2.31 for 

different GB orientations. The variants are grouped based on the transmission factors in 

Table 8.1. The boundaries between variants belonging to group I and II have large 

transmission factors (> 0.26), which is desirable for ductility, while variant boundaries in 

group III and IV have low transmission factors (< 0.01), which results in slip-blockage, stress 

accumulation and crack nucleation. In addition, fracture resistance in martensitic steels is 

related to the misorientation between the cleavage planes across variant boundaries (Chapter. 

3.2). In Guo et al. (2004), the KS variants are categorized into Bain groups, where variants 

belonging to a Bain group have low misorientations in the cleavage planes. A microstructural 

distribution with boundaries between variants belonging to different Bain groups and having 

large slip transmission factors (Table 8.1) therefore optimizes ductility and fracture 

toughness in martensitic steels. 

Based on these guidelines, the microstructure associated with a single parent austenite 

grain for a random and optimized variant distribution, on the (100)  plane is shown in Figure 

8.2, where 68 blocks are distributed within two packets and the block morphology is obtained 

by projecting the constituent lath variant long direction (Figure 2.2) onto the plane. For the 

optimized variant distribution, only variant boundaries belonging to group I is used and, 

since it is unavoidable, the use of boundaries between variants belonging to the same Bain 

group is restricted to be along the shorter lath lateral direction (Figure 8.2b). The variant 

orientation is represented as outlined in Chapter 2.5. The parent austenite grain is assumed to 

have Cube orientation, and the KS relation is adopted as the martensite OR with {111}  as 
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the habit plane. The multiple-slip dislocation-density-based crystal plasticity formulation, the 

dislocation density-GB interaction scheme and the representation of cracks using overlapping 

elements were then used to investigate the microstructural failure behavior. A convergent 

plane strain FE mesh with approximately 9000 elements was subjected to tensile loading 

along the (001) direction at nominal strain rate of 10-4 s-1. The material properties (Table 6.1) 

that are used for the constituent crystals are representative of low nickel alloy steel (Hatem 

and Zikry, 2009).  

 

8.2 Results and Discussion 

 

8.2.1 Random variant distribution 

 

The normalized (by the saturation dislocation-density) mobile dislocation densities 

corresponding to the two most active slip systems at a nominal strain of 4.8%, which is just 

before the onset of crack nucleation, is shown in Figure 8.2a-b. The maximum normalized 

mobile dislocation densities are 0.30 for slip system 1 12( ) 1 1 1[ ], and 0.38 for slip system 

112( ) 11 1 [ ] . The normalized interaction density, which is the increase in immobile 

dislocation density due to junction formation relative to the decrease of mobile dislocation 

density, is shown in Figure 8.2c. Negative values, with a minimum of -0.35, indicate that the 

annihilation of dislocation junctions through self and co-linear dislocation interactions is 

dominant. Positive values, with a maximum of 0.12, indicate that the formation of dislocation 
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junctions through binary and ternary dislocation interactions is dominant (Table 4.3). The 

dominant interaction type is determined by the active slip-systems in each variant and using 

the interaction tensor (Chapter 2.3).  

The accumulated plastic slip at a nominal strain of 4.8% is shown in Figure 8.3a. The 

maximum accumulated slip is 0.13. The loading is aligned along the [001]  direction, which 

results in a maximum resolved shear stress along the [011]  directions. The [011]  directions 

are also parallel to the long direction of the laths and blocks and to the slip direction [111] �’ 

based on the KS OR. This configuration, which aligns the slip systems with the maximum 

resolved shear stress, along with local material softening mechanisms due to the annihilation 

of dislocations in the blocks corresponding to a negative interaction density (Figure 8.2c), 

result in the localization of shear strain. Mobile dislocation-densities are transmitted across 

the block boundaries between the active 1 12( ) 1 1 1[ ] and 112( ) 111 [ ] slip systems through the 

compatibility of the slip systems, which is associated with a low activation energy (Eqns. 

2.31-2.32), and result in shear pipes for the formation of shear bands (Hatem and Zikry, 

2009). The accumulation of plastic slip is observed along high-angle boundaries as a result of 

dislocation density blockage due to slip-system incompatibility, which is exacerbated by 

lattice rotations (Figure 8.3b), and is also observed experimentally (Morito et al., 2003).  

The total normalized GB dislocation density due to all active slip-systems at a 

nominal strain of 4.8% is shown in Figure 8.3c. The normalized GB dislocation density 

attains a maximum value of 0.95, which is due to the pile-up of dislocation-densities at the 

block and packet boundaries. This occurs along block boundaries between variant pairs 

belonging to group III and IV in Table 8.1, which have large incompatibilities between the 
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active slip-systems and low slip transmission factors. This results in large local stress 

concentrations along high-angle block and packet boundaries, with a maximum normalized 

stress (by static yield stress) of 8.0, as shown in Figure 8.3d. The nucleation of a crack occurs 

at 5.0% nominal strain at a triple junction between variants 13, 17, and 18 (Figure 8.4a), as a 

result of the local stress concentrations (Figure 8.3d) due to GB dislocation density 

accumulation at the triple junction (Figure 8.3c). The crack initially grows across the block 

width in variant 13, but is deflected at the boundaries with variant 17 and is constrained to 

propagate along the block morphology (Figure 8.4b), because variant 17 is not favorably 

oriented for fracture as it belongs to a different Bain group resulting in a large misorientation 

in the cleavage planes along which the crack propagates. A new crack is then nucleated in a 

neighboring block due to the large stress build-up ahead of the arrested crack tip (Figure 

8.4b). The neighboring block morphologies are such that the lath long directions is normal to 

the crack propagation path, which results in resistance to crack propagation, defection of the 

crack path along the variant boundaries due to the GB dislocation-density accumulation and 

cleavage plane incompatibilities, and the nucleation of microcracks ahead of the arrested 

crack tip (Figure 8.4c-d). These intergranular and transgranular fracture modes are consistent 

with experimental observations (Krauss 1995; Inoue et al. 1970; Matsuda et al. 1972), as well 

as crack path deflection and crack arrest (Hughes et al., 2011). The nominal stress-strain 

curve indicating the toughening due to crack arrest and deflection at incompatible variant 

boundaries, and the stress drop due to the subsequent nucleation of secondary cracks during 

the different stages of crack propagation (Figures 8.4a-d) is shown in Figure 8.5.  
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8.2.2 Optimized variant distribution 

 

These results are compared with the failure behavior of a variant distribution, 

optimized for slip transmission (Figure 8.1b). The normalized mobile dislocation densities 

corresponding to the two most active slip systems at a nominal strain of 20% are shown in 

Figures 8.6a-b. The maximum normalized mobile dislocation densitiy is 0.7 for slip system 

1 12( ) 1 1 1[ ], and 0.75 for slip system 112( ) 11 1 [ ] . The mobile dislocation-density activity on 

these slip systems corresponds to a negative interaction density with a minimum value of -

0.55 (Figure 8.6c). The accumulated plastic slip, and the resulting lattice rotation at a 

nominal strain of 20% are shown in Figure 8.7a-b. The maximum accumulated slip is 0.19, 

with lattice rotations ranging from -110 - 60. The localization of shear strain in relation to the 

lath orientation, interaction density and lattice rotations (Figure 8.7b) occur as discussed in 

Section 8.2.1. The plastic slip is not constrained to flow along the lath long directions, as the 

low activation energy associated with the transmission of dislocation-densities between the 

active slip systems in neighboring blocks results in extensive plastic deformation, and lower 

accumulated GB dislocation densities with a maximum normalized GB dislocation-density of 

0.5 (Figure 8.7c). This also results in a more homogeneous normal stress distribution (Figure 

8.7d), with a maximum normal stress level of 6.5, as a result of the relaxation of stress 

concentrations at the block and packet boundaries due to dislocation transmission. 

In contrast to the random variant distribution, where the refinement of the block and 

packet sizes increases the number of incompatible variant triple junctions, which serve as 
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sites for stress concentrations due to the accumulation of GB dislocations, and results in the 

nucleation of a crack at a lower nominal strain of 5%, the large slip transmission factors 

associated with boundaries between variants belonging to group I in the optimized variant 

distribution decreases the number of incompatible variant triple junctions, and results in the 

delayed nucleation of cracks, at a nominal strain of 21%, and increased ductility. The 

dislocation-density transmission and relaxation of stress at the boundaries also result in a 

reduction in strength of approximately 350 MPa (Figure 8.5), since the microstructural 

strength is associated with the resistance to plastic slip. Block size refinement is effective in 

improving fracture resistance by arresting the crack to propagation across variants belonging 

to different Bain groups. Since the crack propagation path is constrained along the lath long 

direction, the effects of both block and packet refinement should be considered in relation to 

the lath morphology in determining fracture behavior.  

 

8.2.3 Dynamic behavior 

 

In this section, we investigate the dynamic fracture of the optimized microstructure at 

a loading rate of 5000 s-1. The nominal stress-strain curves over the range of loading 

conditions are shown in Figure 8.5. The oscillations at high strain-rates occur due to stress 

wave reflections along the free and fixed boundary, which is dampened due to the dissipative 

plastic mechanisms. The lower failure strain of 16% at a strain rate of 5000 s-1 is a result of 

dynamic strain-rate hardening (Figure 8.5). The accumulated plastic slip at a nominal strain 

of 16% at a strain rate of 5000 s-1 is shown in Figure 8.8a. The maximum accumulated slip is 
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0.175, and the shear strain localization is narrower at higher strain-rates, which is a result of 

material and thermal softening mechanisms, with a maximum temperature of 518 K, which is 

approximately 0.5Tsolidus, as well as the dynamic strain-rates, which prevent the accumulation 

of shear strains over wide regions. This is consistent with the experimental observations of 

Dodd and Bai (1985). A lower accumulation of GB dislocation-densities, with a maximum 

value of 0.45, occurs as a result of the strain-rate hardening at high strain-rates (Figure 8.8c). 

At this strain-rate, crack nucleation occurs at a nominal strain of 16%, as shown in Figure 

8.9a. Crack deviation, crack arrest and secondary crack nucleation occurs due to boundaries 

between variants belonging to different Bain groups, with large incompatibilities in the 

cleavage planes, along the variant long directions (Figure 8.9b-d), which results in a greater 

fracture resistance upon block size refinement, and these high strain-rate characteristics result 

in fracture modes that are different from quasi-static strain-rates. 

 

8.3 Conclusion 

 

A slip transmission criterion and microstructural failure based on resolving stresses 

onto variant cleavage planes is used to determine optimal distributions of blocks and packets. 

The results indicated that for random variant distributions, the variant interfaces along the 

lath long direction was dominant, with plastic slip constrained by these interfaces to flow 

along the lath long direction, and slip transmission to neighboring blocks was accommodated 

through compatible slip systems or the formation of low energy residual GB dislocations. 



 

101 

The effective block size refinement for strengthening was determined to be along the lath 

long direction. These interfaces also result in resistance to crack propagation and deviation of 

the crack path along the variant boundaries due to the GB dislocation-density accumulation 

and cleavage plane incompatibilities. However, block size refinement also increases the 

number of incompatible triple junctions, which serve as sites for stress concentrations, and 

results in the nucleation of a crack at a lower nominal strain. In optimized variant 

distributions, increased ductility, delayed crack nucleation and greater resistance to crack 

propagation occured as a result of greater slip transmission and misorientation between 

cleavage planes. These mechanisms can then be used to control the nucleation and 

propagation of different failure modes, and the framework can then be used to obtain 

validated design guidelines for a new generation of high strength and high toughness steels.  
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8.4 Figures and Tables 

 

Table 8.1. Slip transmission factor across variant boundaries indicating Bain groups A, B and 
C 
 

Variant group Slip transmission factor 

Group I: 

V1(C), V3(B), V4(C), V6(B), V13(C), 

V14(B), V16(C), V17(B) 

0.26 �– 1.0 

Group II: 

V8(C), V9(B), V11(C), V12(B), V19(B), 

V21(C), V22(B), V24(C) 

0.26 �– 1.0 

Group III: 

V2(A), V7(A), V5(A), V10(A) 
0 �– 0.01 

Group IV: 

V15(A), V18(A), V20(A), V23(A) 
0 �– 0.01 
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(a)  

(b)  

Figure 8.1 Block and packet distribution in (a) random variant distribution and (b) optimized 

variant distribution. Packets are represented by distinct colors, and numbers in blocks 

indicate the constituent lath variant (Table 3). 
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(a) (b)  

(c)  

  

Figure 8.2 Normalized mobile dislocation densities for a random variant distribution at a 

nominal strain of 4.8% on (a) slip system 1 12( ) 1 1 1[ ] (b) slip system 112( ) 11 1 [ ]  (c) 

normalized interaction density at a strain rate of 10-4 s-1 
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(a) (b)  

(c) (d)  

 

 Figure 8.3 (a) Plastic slip (b) Lattice rotations and (c) GB dislocation density and (d) Normal 

Stress for a random variant distribution at 4.8% nominal strain indicating dislocation-density 

pile-up and plastic slip accumulation at a strain rate of 10-4 s-1  
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(a) (b)  

(c) (d)  

 

Figure 8.4 Normal stress for a random variant distribution at (a) 5.0% nominal strain (b) 

6.8% nominal strain showing crack nucleation and (c) 8.0% nominal strain and (d) 8.8% 

nominal strain showing crack propagation at a strain rate of 10-4 s-1 
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Figure 8.5 Nominal stress-strain curves 
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(a)  (b)  

(c)  

Figure 8.6 Normalized mobile dislocation densities for an optimized variant distribution at a 

nominal strain of 20% on (a) slip system 1 12( ) 1 1 1[ ] (b) slip system 112( ) 111 [ ]  (c) 

normalized interaction density at a strain rate of 10-4 s-1 



 

109 

(a) (b)  

(c) (d)  

Figure 8.7 (a) Plastic slip (b) Lattice rotations (c) GB dislocation density and (d) Normal 

stress for an optimized variant distribution at 20% nominal strain indicating dislocation-

density pile-up and plastic slip accumulation at a strain rate of 10-4 s-1  
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(a) (b)  

(c)  

Figure 8.8 (a) Plastic slip (b) Temperature and (c) GB dislocation density for an optimized 

variant distribution at 16% nominal strain indicating dislocation-density pile-up and plastic 

slip accumulation at a strain rate of 2500 s-1  
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(a) (b)  

(c) (d)  

Figure 8.9 Normal stress for an optimized variant distribution at (a) 16% nominal strain (b) 

17% nominal strain showing crack nucleation and (c) 18% nominal strain and (d) 19% 

nominal strain showing crack propagation at a strain rate of 5000 s-1



 

112 

CHAPTER 9: RECOMMENDATIONS FOR FUTURE 

RESEARCH 

 

1. Full field 3-D microstructure representation and simulation: The results in 

Chapters 6-8 reveal large anisotropies in the plastic slip localization and fracture 

along the lath long directions. However, projecting lath directions onto a plane and 

using plane-strain assumptions do not consider the out-of-plane lath directions. It 

would thus be very informative to investigate the plastic slip localization and fracture 

using a three dimensional representation of the lath microstructure with a full-field 

analysis.  

2. Multiple-phase steels: The current computational framework is general and can be 

used to investigate other microstructures in steels, such as retained austenite, ferrite 

and bainite phases and their interfaces, which is significant, since, as noted by Tsuji et 

al. (2008), multi-phase microstructures are an important key to managing ductility in 

ultrafine-grained steels.  

3. Phase transformation: Crystal plasticity models for martensitic phase 

transformation kinetics, such as that developed by Han et al. (2004), can be 

incorporated into the current computational framework to investigate TRIP assisted 

strengthening in martensitic steels (Park et al., 2005; Tsuji et al., 2008).  

4. Strain-hardening: The effect of local dislocation-density interactions, such as 

dislocation junction formation and annihilation, and the variant distribution and 



 

113 

morphology on the strain-hardening was observed in Chapters 4-6 and Chapter 7. 

However, the microstructural optimization in Chapter 8 was restricted to the variant 

distribution and morphology. Further improvements in the strength and ductility can 

be achieved by controlling the strain-hardening through the local dislocation-density 

interactions.  

5. Large-scale simulations: The results in Chapters 5-8 pertain to microstructures 

within a single austenite grain. As noted by Hughes et al. (2011), the plastic slip 

localization and fracture behavior is also affected by the austenite grain boundary. 

However, large-scale simulations will be needed to model an aggregate of austenite 

grains.  
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