
 

ABSTRACT 

HASAN, TAMIR SAFA. Microstructural Modeling of Nanocrystalline Twinned Face 
Centered Cubic Systems. (Under the direction of Professor Mohammed Zikry). 

Nanocrystalline-twinned materials exhibit significantly higher strength and ductility 

than naocrystalline face centered cubic (f.c.c.) materials without twins. The underlying 

material mechanisms have not been well quantified or fundamentally understood. In this 

investigation, a dislocation-density based multiple-slip crystalline constitutive and a 

nonlinear finite-element formulation have been used to understand how twin volume 

fractions, grain and twin orientations and texture, dislocation-density accumulation, and large 

inelastic strains affect the competing strengthening and toughening effects in nanotwinned 

materials. Dislocation-density accumulation at twin boundaries that resulted in local and 

global strengthening and toughening occurred because of inelastic strain accumulation within 

the nanograins and nanotwins. Furthermore, the predictions have indicated that the highest 

strengthening for the nanocrystalline-twinned materials are physically representative of high 

and low angle grain-boundary (GB) misorientations with respect to the loading axis. The 

predictions were validated with experiments pertaining to nanotwinned f.c.c. copper 

aggregates. The validated predictions from this investigation can be used as design guidelines 

for optimizing the mechanical behavior of nanotwinned crystalline materials, such that 

failure can be mitigated and controlled at the nanocrystalline scale.   
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CHAPTER 1: INTRODUCTION TO CRYSTALLOGRAPHIC TWINNING  
 

1.1 Overview 

Twinning is a phenomenon observed in crystallographic materials in which the 

direction of a uniform lattice is mirrored across a particular plane, referred to as the twin 

plane. (Niewczas 2007) Non-twinned material is referred to as parent material. Nanotwins 

have relatively low thicknesses, generally measured on the order of tens of nanometers, and 

have been experimentally shown to induce a significant strengthening effect in crystalline 

materials. Plastic deformation occurs when atomic dislocations move throughout a material 

in response to applied stress. Therefore, the strength and ductility of a material is directly 

dependent on the material characteristics that block dislocation motion or store dislocations, 

such as the addition of twin boundaries. (You, Lu and Lu 2011) This factor is influenced by 

the material properties and microstructural texture. Twin boundaries behave much in the 

same manner as grain boundaries (GBs) within a material, and the dislocation activity may 

be regarded in the same way as in subgrain structures. (Rezvanian, Zikry and Rajendran 

2007, Dao, et al. 2006, Christian and Mahajan 1995) 

Twinning is a mechanism that crystalline materials use to cope with stress application 

and to maintain a low energy state. It occurs naturally during plastic deformation and other 

mechanical or chemical processes that encourage energy minimization through the 

application of shear. (Lu, Shen, et al. 2004) Recent experimental studies have focused on the 

effects of applied twinning on the strength and ductility of crystallographic materials. This 

class of materials promises a new method of material strengthening and toughening in 
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addition to conventional methods that have included grain size refinement and secondary 

phases. Material tensile strength has been shown to increase by up to ten times in 

nanocrystalline-twinned materials when compared with non-twinned materials. (Lu, Shen, et 

al. 2004) Other experimentally observed benefits include increases in ductility and crack 

blunting during fracture. (Shan, et al. 2008) 

This investigation is focused on developing a validated computational framework for 

understanding nanocrystalline-twinned materials and identifying the mechanisms by which 

twinning strengthens and improves ductility in materials. Specifically, the effects of 

orientation of twinned materials are examined in materials undergoing tensile and 

compressive loading conditions. This will lead to understanding and identifying how 

mechanisms that include dislocation-density evolution and stress and shear strain 

accumulation affect strengthening and toughening.  

1.2 Experimental Results  

Recent experimental results have shown that coherent nanoscale twin boundaries in 

crystalline materials result in a strengthening effect while maintaining high levels of 

ductility. This is in contrast with the method of refining grain size for strengthening grained 

material, in which high strength is achieved at the expense of ductility when compared with 

coarse-grained materials. (Lu, Shen, et al. 2004, Koch, et al. 1999) Twin boundaries have 

been determined to be coherent to the parent crystal lattice, and may act as sources, sinks, or 

blocking structures for dislocations. (Lu, Zhu, et al. 2009) The experimental analysis of 

twinned materials has shown that the effect of twinned boundaries on dislocations moving 
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throughout the material, either by blockage or partial glissile dislocation creation, generates a 

significant contribution to the overall strength and ductility of the material. (Lu, Shen, et al. 

2004)  Dislocations have generally been observed in concentrated form at twin boundaries 

and are less common within twin lamella. (Shen, et al. 2005, Dao, et al. 2006) Molecular 

dynamics (MD) simulations have also demonstrated that twin boundaries can serve as 

boundaries to inhibit dislocation motion. (Yamakov, et al. 2003) 

Experimental results have demonstrated the strengthening effects of nanotwins in 

various f.c.c. materials that include copper (Lu, Shen, et al. 2004) and stainless steel. (Zhang, 

et al. 2004) The most common techniques for the reliable formation of strengthening twins 

include pulsed electrodeposition (Lu, Shen, et al. 2004, Shen, et al. 2005), sputter deposition 

(Zhang, et al. 2004), and dynamic plastic deformation at cryogenic temperatures (Wang, 

Wang and Lu 2011, Xiao, Tao and Lu 2011). 

The pulsed electrodeposition technique utilizes an electrolyte of CuSO4 to create thin 

Cu sheets with thicknesses of ~500  µμm that exhibit twinning. Highly purified Cu and Ti 

sheets are used as anodes and cathodes, respectively. When using this method, modification 

of the electrodeposition parameters allows control over specific physical features such as the 

grain sizes and twin thicknesses. (You, Lu and Lu 2011, Chen, Lu and Lu 2011) Procedures 

have been developed to ensure preferential grain orientation in as-deposited materials. (You, 

Lu and Lu 2011) This technique has shown that smaller grain sizes and even smaller twin 

thicknesses result in the greatest strengthening. Specifically, the nanotwinned Cu samples 

that have exhibited the highest strengths had twin thicknesses on the order of ~15-20 nm and 

grain sizes on the order of ~500 nm. (Chen, Lu and Lu 2011, Lu, et al. 2005) Reduced 
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strength and ductility were observed in samples with higher twin thicknesses. (Lu, et al. 

2005) This is partially a result of lower twin thicknesses inhibiting the nucleation of new 

dislocations. (Shan, et al. 2008) 

Sputter deposition can also be used in the creation of nanotwinned materials. Cu/330 

Stainless Steel multilayers have been deposited on Si substrates in near vacuum conditions, 

resulting in twinning. Microstructural analysis has revealed that the f.c.c. crystal structure 

was maintained throughout the resulting material, and that the material had a texture strongly 

oriented perpendicular to the deposition plane. (Zhang, et al. 2004) In this scenario, increases 

in material hardness were observed because the twinned interfaces blocked dislocation 

motion. (Zhang, et al. 2004) 

Dynamic plastic deformation (DPD) is another process that has been developed to 

create twinned materials. It is a subset of the severe plastic deformation twin formation 

method that involves applying high compressive stresses to materials that result in high 

strains. (Hong, Tao and Huang, et al. 2010, Wang, Wang and Lu 2011)  The strains applied 

during this process determine the volume fraction of the resulting twins. (Xiao, Tao and Lu 

2011) This method has shown promise in the development of materials with preferential twin 

orientation by responding in a predictable manner to differing grain orientations. (Hong, Tao 

and Lu, et al. 2009) 

1.3 Applications 

In addition to being applicable to any setting in which high material strength and 

ductility are preferred, twinned materials can also be used across a spectrum of more specific 
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applications. Nanotwinned copper aggregates improve materials used in three-dimensional 

integrated-circuit packaging. This leads to increased mechanical strength and chip life. 

(Hsiao, et al. 2012) Improvements in electrical conductivity in Cu have also been measured, 

which is rare to find in conjunction with increased strength. (Lu, Shen, et al. 2004) 

1.4 Modeling of Nanocrystalline-Twinned Materials 

Modeling of nanocrystalline-twinned materials has mainly focused on molecular 

dynamics (MD) simulations.  These included the modeling of dislocation-dislocation and 

dislocation-twin boundary interactions to further understand specific atomistic behaviors at 

twin boundaries (Yamakov, et al. 2003, Wu, Zhang and Srolovitz 2009), modeling the 

nucleation characteristics of twins (Li, et al. 2010), and modeling of aggregates with twinned 

structures and random grain orientations. (Dao, et al. 2006, Zhou, Qu and Yang 2010) Many 

of these modeling techniques have been successful in reproducing specific experimentally 

derived responses of twinned materials. Some finite element modeling of twinned aggregates 

has also been performed using strain gradient plasticity theory, and this modeling also 

matches experimental results. (Wu and Wei 2008) 

The specific mechanisms resulting in the strengthening and toughening of 

nanocrystalline-twinned materials have not been identified or understood. Therefore, a 

dislocation-density based crystalline plasticity formulation and a nonlinear finite element 

framework will be used to analyze nanocrystalline-twinned aggregates on the microstructural 

scale. This approach will provide an understanding of how aggregate dislocation density 

evolution and crystalline slip affects material behavior with different volume fractions and 



 6 

loading conditions. The twins, which are known to form on the [111] plane in f.c.c. 

materials, were oriented properly with respect to their individual parent grains on the 2-D 

projection for a plane strain representation (Chen, et al. 2003, Pumphrey and Bowkett 1971, 

Cronje, et al. 2013)   

This thesis is organized as follows: Chapter 2 describes the general theory behind the 

dislocation density-based formulation utilized in this research; Chapter 3 includes results 

from finite element method simulations that were designed to recreate experimental results; 

Chapter 4 includes results from finite element method simulations designed to better 

understand the mechanisms behind twin strengthening, especially as related to twin 

orientation; and Chapter 5 gives an overview of proposed future research objectives.  
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CHAPTER 2: DISLOCATION-DENSITY BASED MULTIPLE-SLIP CRYSTALLINE 
CONSTITUTIVE FORMULATION 

 

 This chapter presents the formulation for the finite deformation of multiple-slip 

crystal plasticity rate-dependent constitutive relations that are coupled to evolutionary 

nonlinear equations for mobile and immobile dislocation densities. A more thorough 

treatment of this dislocation-density based formulation may be found in (Zikry and Kao 

1996) and (Kameda and Zikry 1998). 

2.1 Multiple-Slip Crystal Plasticity Formulation 

The material deformation gradient tensor, 𝐹!", is used to define the spatial velocity 

gradient, 𝐿!", as follows: 

𝐿 =   𝐹    ∙ 𝐹!!  (2.1) 

It is assumed that the velocity gradient is composed of symmetric and skew-

symmetric parts: 

𝐿!" = 𝐷!" +𝑊!"  (2.2) 

Here, the symmetric portion, or the deformation rate tensor, is defined as: 

𝐷!" =
!
!
𝐿!" + 𝐿!" ,  (2.3) 

and the skew-symmetric part, or the total spin tensor, is defined as: 

𝑊!" =
!
!
𝐿!" − 𝐿!" .  (2.4) 

These two tensors can be logically decomposed into elastic and inelastic components: 

𝐷!" = 𝐷!"! + 𝐷!"
! , 𝑊!" =𝑊!"

! +𝑊!"
!. (2.5) 
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The plastic components can then be further reduced to relations that are defined in 

terms of the crystallographic slip rate: 

𝐷!"! = 𝑃!"
(!)𝛾(!) 𝑊!"

! = 𝜔!"
(!)𝛾(!). (2.6) 

Here, 𝛼  indicates a summation across all slip systems. The composing elements 𝑃!"
(!) and 

𝜔!"
(!), which represent the symmetric and asymmetric components of the Schmid tensor, are 

defined as: 

𝑃!"
(!) =

1
2 𝑠!

! 𝑛!
! + 𝑠!

! 𝑛!
!  𝜔!"

(!) =
1
2 𝑠!

! 𝑛!
! − 𝑠!

! 𝑛!
! . (2.7) 

Here, 𝑠!
(!) represents the unit vector in the slip direction and 𝑛!

(!) is the unit vector normal to 

the slip plane. 

 Plastic strain is incorporated through the plastic deformation rate tensor, which 

represents the effective plastic shear slip, as shown below: 

𝛾!"" =
2
3 𝐷!"!𝐷!"!𝑑𝑡 

 (2.8) 

 The elastic response is represented using the Jaumann stress rate, which is 

corotational with the lattice: 

𝜎!"
∆,! = 𝐶!"#$𝐷!"!   (2.9) 

Here, 𝐶!"#$ is the material matrix: a fourth-order isotropic elastic modulus tensor defined as 

follows: 

𝐶!"#$ = 𝜇 𝛿!"𝛿!" + 𝛿!"𝛿!" + 𝜆𝛿!"𝛿!".  (2.10) 

The Jaumann stress rate can then be described as a term of the material stress rate in the 

reference coordinate system as follows: 
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𝜎!" = 𝜎!"
∆,! +𝑊!"

!𝜎!" +𝑊!"!𝜎!". (2.11) 

 Slip rates by slip system are formulated using the assumption of power law 

hardening. (Hutchinson 1976) The slip rates are related to the resolved shear stresses by slip 

system. 

𝛾(!) = 𝛾!"#
(!) ! !

!!"#
!

! !

!!"#
!

!
! !!

 no sum on 𝛼. (2.12) 

Here, 𝛾!"#
(!) is the reference shear strain rate that corresponds to a reference shear stress 𝜏!"#

! . 

The strain rate sensitivity parameter, represented as 𝑚, is defined by: 

𝑚 =
𝜕 ln 𝜏(!)

𝜕 ln 𝛾(!)
. (2.13) 

The reference shear stress is determined by incorporating the hardening effects of immobile 

dislocation density 𝜌!", an interaction coefficient to track dislocation movement between slip 

systems 𝑎!", thermal softening using a negative exponent 𝜉, and a normalizing reference 

temperature 𝑇! (293 K). The Burgers vector is denoted by 𝑏 and the number of slip systems 

in the material is denoted by 𝑛𝑠𝑠. 

𝜏!"#
(!) = 𝜏!! + 𝜇𝑏 𝑎!"𝜌!"

!

!!!,!""

𝑇
𝑇!

!

 (2.14) 

In the present study, interaction coefficients are varied between twinned and non-twinned 

(parent) structures. Motivation for representing the material in this manner was drawn from 

indications from experimental studies that relatively few dislocations were present in twinned 

structures after deformation, along with observations of increased slip activity occurring near 

twin boundaries. (Shen, et al. 2005, Mirkhani and Joshi 2011) 
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Temperature (𝑇) is updated using the following rate of change formulation that is 

related to the rate of plastic work. 

𝑇 =
𝜒
𝜌𝑐!

𝜎!"!"#𝐷!"
!  (2.15) 

Here, 𝜒 is the fraction of plastic work converted to heat, 𝜌 is the material density, 𝑐! is the 

specific heat of the material, and 𝜎!"!"# is the deviatoric stress. 

2.2 Mobile and Immobile Dislocation Density Evolution Equations 

The total dislocation density, 𝜌(!) , of a structure is assumed to be additively 

composed of mobile (𝜌!
(!)) and immobile (𝜌!"

(!)) dislocation densities, as shown below: 

𝜌(!) = 𝜌!
(!) + 𝜌!"

(!) (2.16) 

As a material is strained, the simulation of various material effects can modify mobile and 

immobile dislocation densities. These include mobile dislocation density generation, 

dislocation interactions between the mobile and immobile dislocation densities, or immobile 

dislocation density annihilation. (Shanthraj and Zikry 2011) These are represented using the 

following coupled differential equations: 

𝜌!
(!) = 𝜌!"#"$%&'(#

(!) − 𝜌!"#$%&'#!("!
(!)  (2.17) 

𝜌!"
(!) = 𝜌!"#$%&'#!("!

(!) − 𝜌!""#!!"#$!%&
(!)  (2.18) 

The components of these differential equations include the generation term: 

𝜌!"#"$%&'(# = 𝜌!"#$%&
! 𝜈 !

𝑦!"#$
, (2.19) 
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which is composed of the velocity of a mobile dislocation divided by the average distance 

traveled by a dislocation 𝑦!"#$ emitted from a dislocation source 𝜌!"#$%&. The generation rate 

can be further modified using the Orowan equation, 𝛾 ! = 𝜌!
(!)𝑏 ! 𝜈 ! : 

𝜌!"#"$%&'(# = 𝜙
𝜌!"
!

𝑏 !   
  

!

𝜌!"
!

𝜌!
! 𝛾(!).   (2.20) 

Here, 𝜙 is a geometric parameter and 𝑏(!) is the Burgers vector length on slip system 𝛼. 

 The dislocation density formulation also involves mobile dislocation immobilization 

as a result of the interactions of dislocation densities on separate slip systems. The relative 

velocity between two slip systems assumed to interact is defined as: 

𝜈 !" =
𝛾 !

𝜌!
! 𝑏(!)

+
𝛾!

𝜌!
(!)𝑏 !

 (2.21) 

The junction length bridging two slip systems is assumed to be dependent on the immobile 

dislocation spacing: 

𝑙! =
1

𝜌!"
!

!

  .   (2.22) 

From the above formulations, the dislocation density immobilization rates on slip system 𝛼 

because of the interaction with slip system 𝛽 are 𝑓!𝜌!
! 𝜌!"

! 𝑙!𝜈(!) for the effect of immobile 

dislocations from 𝛽 and 𝑓!𝜌!
! 𝜌!

! 𝑙!𝜈(!") for the effect of mobile dislocations from 𝛽. 𝑓! 

represents the fraction of the junctions that are stable and contribute to the immobilization 

rate. The rate of mobile dislocation density immobilization on slip system 𝛼 can then be 

derived as: 
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𝜌!"#$%&'#!("!
(!) = 𝑓! 𝜌!

! 𝑙!
γ !

𝑏 ! + 𝜌!
! 𝑙!

𝛾 !

𝑏 !
!

+ 𝑓! 𝜌!"
! 𝑙!

𝛾 !

𝑏 !
!

 (2.23) 

This interaction formulation also incorporates the effects of dislocation interactions 

forming further dislocation junctions. Frank’s rule is used to determine the energetically 

favorable interactions, which may lead to immobile junction formation. The dislocation 

density interaction tensor for junction formation on slip system 𝛼  resulting from the 

interactions of slip systems 𝛽 and 𝛾 is defined as: 

𝑛!
!" = 1  𝑖𝑓  𝜇𝑏 ! ! < 𝜇𝑏 ! ! + 𝜇𝑏 ! !  𝑎𝑛𝑑  𝑏(!) = 𝑏(!) + 𝑏(!)

0  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
. (2.24) 

The rates of junction formation on 𝛼 can then be defined as  

𝑛!
!"𝑓!𝜌!

! 𝜌!
! 𝑙!𝑣 !"  and 𝑛!

!"𝑓!"𝑙! 𝜌!
! 𝜌!"

! 𝜈 ! + 𝜌!
! 𝜌!"

! 𝜈 !  (2.25) 

for mobile/mobile and mobile/immobile interactions, respectively. From this, the total 

increase in mobile dislocations resulting from interactions becomes: 

𝜌!"#$%&'#!("!
(!) = 𝑓! 𝜌!

! 𝑙!
γ !

𝑏 ! + 𝜌!
! 𝑙!

𝛾 !

𝑏 !
!,!

+ 𝑓! 𝜌!"
! 𝑙!

𝛾 !

𝑏 ! + 𝜌!"
! 𝑙!

𝛾 !

𝑏 !   
!,!

. 

(2.26) 

Dislocation density annihilation from recovery is modeled using an Arrhenius relationship: 

(Rasmussen, et al. 2000) 

 𝜌!""#!!"#$!%&
(!) = 𝜈(!)𝑒 ! !

!"   . (2.27) 
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where the frequency of immobile dislocations that are intersected by mobile dislocations on 

other slip systems is related to the attempt frequency, 𝑣(!), as 

 𝑣(!) = 𝑓! 𝜌!"
!

! 𝑙!
! !

! !   . (2.28) 

The activation enthalpy, 𝐻, is related to the immobile dislocation density and saturation 

density, 𝜌!, as  

 𝐻 = 𝐻! 1−
!!"
!

!!
 (2.29) 

The annihilation rate of dislocation densities on slip system 𝛼 becomes 

   𝜌!""#!!"#$!%& = 𝑓! 𝜌!"
!

! 𝑙!
! !

! ! 𝑒!
!
!" (2.30) 

 The generation, interaction, and annihilation rates are then substituted into Equations 

2.17 and 2.18 to obtain a coupled nonlinear set of evolutionary equations for the dislocation 

densities. The evolutionary equations can be expressed as:  

 !!!
!

!"
= 𝛾! !!"#$!

!!
!!"
!

!!!
− 𝑔!"#$%&!! 𝜌!! −

!!""#$!
!

!
𝜌!"! , (2.31) 

 !!!"
!

!"
= 𝛾! 𝑔!"#!"#!! 𝜌!! −

!!""#$!
!

!
𝜌!"! − 𝑔!"#$%! 𝜌!"!  (2.32) 

where gsour is a coefficient pertaining to an increase in the mobile dislocation-density because 

of dislocation sources; gminter is a coefficient related to the trapping of mobile dislocations 

because of forest intersections, cross-slip around obstacles, or dislocation interactions; grecov is 

a coefficient for the rearrangement and annihilation of immobile dislocations; and gimmob is a 

coefficient for the immobilization of mobile dislocations. 
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2.3 Numerical Methods 

The total deformation rate tensor, , and the plastic deformation rate tensor, , are 

needed to update the material stress state.  Zikry developed the method used here for rate-

dependent crystalline plasticity formulations, and only a brief outline will be presented here.  

For dynamic deformations, an explicit method is used with a lumped mass, four-point 

integration, and central-time-difference. To overcome numerical instabilities associated with 

stiffness that can occur because of large variations in slip rates, resolved shear stresses, and 

dislocations-densities, a hybrid explicit-implicit method is used to obtain the plastic 

deformation rate tensor, , and to update the evolutionary equations for the mobile and 

immobile dislocation densities.  The hybrid method is based on using an explicit Runge-

Kutta method, but is switched to an implicit Euler method when numerical stiffness is 

encountered.  
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CHAPTER 3: VALIDATION WITH EXPERIMENTAL RESULTS 
 

When developing methods for modeling twinned nanocrystalline aggregates, it was 

necessary to ensure that the simulation predictions were consistent with experimental data. 

To achieve this, experimental data was recreated using the twinned simulations (Figure 1). 

The three twinned cases presented by Shen et al. were used as the benchmark cases. In 

addition to simplifying the simulation by only focusing on one material, the experiments 

clearly showed the effects of varying percentages of twinned structures on the material 

responses to applied strain. The experimental specimens had been produced using the pulsed 

electro-deposition technique. No controlling methods for preferentially orienting the twin 

structures were used experimentally, so the Euler angles were chosen randomly for the 

material model simulations. (Shen, et al. 2005) Insights into specific material dynamics, 

including dislocation density evolution and areas of localized shear slip, were developed 

while ensuring conformance to experimental results. 

 Table 2 shows the material properties reported in the experimental work and Table 3 

shows the material properties used to recreate the experiments. Table 3 also shows various 

parameters specific to the finite element simulation. The experimental and simulated results 

were consistent with one another. Material failure was not modeled, so hardening occurred 

indefinitely in simulation. This manifested itself in the stress-strain curve by a continuation in 

hardening beyond the experimental ultimate tensile yield stress. 

Meshing was performed using Abaqus and mesh element sizes were generally on the 

order of 7,000-8,000 elements. These mesh sizes were found sufficient for convergence. The 



 16 

only two material parameters that were modified between twin and parent materials were the 

slip system interaction coefficients and the slip systems themselves. The interaction 

coefficients were elevated in the twinned structures on the basis that experimental studies 

have found few dislocations residing within the twinned structures in the final strained state 

and that softness was observed near twin boundaries. (Shen, et al. 2005, Mirkhani and Joshi 

2011) In addition to interaction coefficient modification, the slip systems in the twinned 

materials were modified in accordance with the work of Niewczas. (Niewczas 2007) The 

parent and twinned slip systems for f.c.c. materials can be found in Table 1. Symmetric 

boundary conditions were used for the bottom and left edges of the specimen, so that the 

modeled material consisted of the top right corner of a larger polycrystalline aggregate. 

Monotonic quasi-static loading was applied in the [001] direction. Using a framework 

developed in this manner, it was a relatively simple matter to control for such factors as twin 

volume fraction, grain size, twin thickness, grain (and twin) orientation, and grain 

misorientations.  

3.1 Further examination of 19% Twin Volume Fraction Case 

 The 19% twinned volume fraction (v.f.) case was selected for further examination. 

An image showing the specific grain shapes and twin lamella used in the simulation is shown 

in Figure 2. Random orientations were assigned to each grain and the twinned regions were 

oriented realistically with respect to the parent grains. Toughness values for the experimental 

and simulated cases were determined by calculating the area beneath the respective stress-
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strain curves using a trapezoidal integration method. The simulation value of toughness for 

the 19% v.f. case was 3.99% greater than the experimentally derived value for toughness. 

 Contour maps of the resulting simulation were analyzed to further understand the 

effect of twins on the material aggregate. Figure 3 shows the dislocation density resulting 

from the [111](110) parent/ 111 110  immobile slip system that was normalized by the 

initial dislocation density. In certain grains, it was evident that the orientation of the twins 

placed them in a position relative to the loading axis such that greater activity resulted in a 

higher dislocation density. In other grains, the parent material exhibited this trait. The only 

difference between individual grains was the material orientation, so it is understood that 

dislocation densities are dependent on grain orientation. This is significant because it 

highlights the effects of twinned structures on resulting dislocation density. Effectively, twins 

were modeled as small grains with different slip system orientations. This provided more 

opportunities for slip system activation compared with a homogenously oriented material. 

This heterogeneous distribution of dislocations is consistent with experimental 

measurements. (Shen, et al. 2005) This effect will be utilized in Chapter 4 to produce further 

strengthening effects in simulation by preferentially orienting all grains within the material.   

 A contour map of lattice rotation for this material is shown in Figure 4. Rotation was 

generally higher in twinned materials than in other materials, and this feature differed per 

grain. Regions of high shear slip (Figure 5) also generally corresponded with regions of 

highly negative lattice rotation. Areas of high shear slip similarly were not strictly dependent 

on material type (twin or parent) and varied by grain.  
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 The stress contour, shown in Figure 6, was uniform throughout the simulated 

material, with large regions of the material showing approximately five times the yield stress. 

There were also localized regions of high stress that corresponded with up to nine times the 

yield stress, and these occurred with greatest frequency near twin and grain boundaries, and 

particularly near triple junctions.  

3.2 Conclusions 

Three twinned material experimental responses were successfully simulated, which 

validated the computational approach. The random orientations of the twinned structures had 

a significant effect on the distribution of stresses and dislocation-densities within the 

material. More significantly, this demonstrated that preferential orientations for twinned 

materials might exist.  
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Figure 1: Comparison of experimental and predicted stress-strain curves. 

 

  

1 – Experimental Values 
     (Shen, et al. 2005) 
2 – Predicted Values 
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Table 1: Parent and equivalent twin slip systems  

Slip System Number Parent Slip System Equivalent Twin Slip System 
1 [111](101) [111](101) 

2 [111](110) [111](011) 

3 [111](011) [111](110) 

4 [111](011) [200](011) 

5 [111](110) [200](011) 

6 [111](101) [200](020) 

7 [111](101) [002](020) 

8 [111](110) [002](110) 

9 [111](011) [002](110) 

10 [111](011) [111](011) 

11 [111](110) [111](110) 

12 [111](101) [111](101) 

(Niewczas 2007) 

 

Table 2: Experimental microstructure description  

Microstructural Factors Case A Case B Case C 

Grain Size 450 nm 400 nm 400 nm 

Twin Volume Percentage 48% 19% 7.2% 

Nominal Strain to Failure 2.8% 6.1% 14.4% 
(Shen, et al. 2005) 
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Table 3: Simulation parameters 

Parameter Case A: 48% v.f. Case B: 19% v.f. Case C: 7.2% v.f. 

Yield Stress 125 MPa 165 MPa 300 MPa 

Modulus of 
Elasticity 

103 GPa 103 GPa 77.2 GPa 

Grain Size 450 nm 400 nm 400 nm 

Twin Volume 
Percentage  

44.2% 20.7% 6.92% 

Strain Rate 1.88×10!! 𝑠!! 1.88×10!!  𝑠!! 1.88×10!! 𝑠!! 

Taylor Coefficients 0.3 Twin / 0.07 
Parent 

0.3 Twin / 0.07 
Parent 

0.3 Twin / 0.07 
Parent 

Nominal Strain  to 
Failure 

2.8% 6.1% 14.4% 

Mesh Size 
(elements) 

6,833 7,032 10,345 

Number of Grains 9 9 9 
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Figure 2: Representative material featuring randomized grains and twin lamella. 
(Spatial dimensions are in meters) 

 

 

 

 

 

  



 23 

 

Figure 3: Normalized dislocation density values from one slip system. (Spatial 
dimensions are meters) 

 

 

Figure 4: Lattice rotation at terminal strain showing that twinned regions have an 
effect on local rotation. (Spatial dimensions are meters)  

Immobile Dislocation Density –  
[𝟏𝟏!𝟏](𝟏𝟏𝟎) Parent/[𝟏𝟏!𝟏](𝟏!𝟏!𝟎) Twin 

Lattice Rotation 
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Figure 5: Shear slip in the material appears localized in either the twinned or parent 
material, depending on grain orientation. (Spatial dimensions are meters) 

 

 

Figure 6: Stress distribution in the material, normalized by the yield stress. (Spatial 
dimensions are meters)  

Shear Slip 

Normal Stress, Normalized by Yield Stress 
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Figure 7: Normalized shear stress. (Spatial dimensions are meters) 

 

 

Figure 8: Normalized lateral stress.  (Spatial dimensions are meters)  

Shear Stress, Normalized by Yield Stress 

Lateral Stress, Normalized by Yield Stress 
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CHAPTER 4: ORIENTATION EFFECTS ON TWINNED AGGREGATES 
 

To further understand the effects of the twin addition to materials, the effects of 

orientation on twinned materials were quantified. To do this, the simulation designed to 

model the 19% v.f. case was modified to orient the grains so that the twin structures would 

be at seven specific angles with respect to the loading axis. No other material properties were 

modified. Because randomized Voronoi tessellations were used to create the figures, slight 

variations in microstructure geometry occurred. However, the average grain sizes were 

maintained at values consistent with experimental results. Simulations at each orientation 

with no twin structures were also performed. Up to 10° of misorientation were incorporated 

into the grain orientations to create a realistic representation of a preferentially oriented 

polycrystalline grain structure.  

The goal for this phase of the research was to control for as many variables as 

possible while modifying the grain structure so that the materials would be preferentially 

oriented in one of seven directions. These directions were 0°, 15°, 30°, 45°, 60°, 75°, and 90°. 

Only the Euler angle that controlled orientation in one direction perpendicular to the loading 

axis of the material was varied. The other two angles remained at 0°. Misorientations were 

incorporated so that a maximum of 10° of misorientation would be possible between 

neighboring grains. For example, in the 30° simulation, grain orientations were randomly 

chosen so that the twins would be oriented between 25° and 35° with respect to the horizontal 

axis. Figure 9 shows a sample grain structure with 30° orientation.  
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4.1 Mesh Convergence 

The original mesh in the 45° simulation contained 7,657 elements. To ensure that 

mesh convergence had occurred, a new mesh with the same material shapes was created with 

10,386 elements. These meshes are both shown in Figure 10. Figure 11 additionally shows 

the stress responses for both simulations. The material toughness and stress at terminal strain 

for the refined simulation were both 1.40% greater than the original values. Based on this 

analysis, the use of meshes within the 7,000-8,000 element range was deemed acceptable.  

4.2 Grain Aggregate Size  

All of the modeling simulations in this work were produced with 9-grain models 

created using Voronoi tessellations. Having boundary conditions on the left and bottom sides 

effectively turned the model into a two-way symmetric 36-grain representative material. To 

ensure that grain count was representative of a much larger aggregate, a 16-grain model was 

created using equivalent properties and orientations to the 0° orientation run described 

earlier. This effectively produced a 64-grain aggregate because of symmetry conditions. 

Similar stress-strain responses were noted between the higher grain count aggregate and the 

lower grain count aggregate, as shown in Figure 12. 

4.3 Comparison of Stress-Strain Responses 

Figure 13 shows the resulting stress-strain curves comparing the 19% v.f. case with 

the aforementioned simulations of preferentially oriented twins. Initial examination indicates 

a strong dependence on orientation for twinned materials. It appears that any preferential 

orientation produces a stronger material than the experimental case, where grains were 
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randomly oriented, and that the 45° simulation in particular has the greatest potential for 

material strengthening. It bears noting that Figure 13 does not incorporate the responses of 

the equivalent preferentially oriented non-twinned material at each orientation. To further 

understand and quantify the differences between twinned and non-twinned materials at each 

preferred orientation angle, the toughness values for each simulation were determined. These 

are presented in Figure 14. The dotted blue line represents the experimentally derived 

toughness of the benchmark 19% v.f. case, which had no preferred orientation. All twinned 

simulations exhibited higher toughness than the experimental case. One possible concern is 

that the comparison between the experimental case and simulated cases with no failure 

modeling may be not be accurate, but it should also be noted that the difference between the 

toughness values of the experimental case and the randomized benchmark simulation was 

only 4%, and that many of the conclusions that follow are based solely on a comparison of 

variables from non-twinned material simulations and twinned material simulations, both of 

which used no failure modeling.  

To understand the modeling results, the percentage differences between toughness 

values for the twinned and non-twinned simulations were compared. This provided an 

indication of exactly how much strength increase occurs when twins of the thickness and 

volume fraction used in the 19% v.f. case were introduced to a material, and what 

dependence on twin orientation this may have. Figure 15 shows this information. It is 

apparent that a pattern exists between orientation and percentage toughness increase 

compared with the non-twinned simulations. Contrary to what the information in Figure 13 

may appear to suggest, the greatest advantage in the use of twinned materials appears to be 
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their reinforcement of the material at low and high angle orientations. The material toughness 

decreased in the twinned simulation when compared with the non-twinned analog at 45°. For 

further clarification, the stress-strain curves for this simulation are shown in Figure 16. The 

yield point in the twinned simulation was lower than that of the non-twinned counterpart, but 

the average stress at the terminal strain of the benchmark case was higher in the twinned case 

than in the non-twinned case. Conclusions regarding ductility in the twinned and non-

twinned material cannot be made because failure was not modeled, but parameters such as 

shear slip may allude towards material ductile capability, and these will be discussed later in 

the text. 

4.4 Dislocation Density Evolution 

Dislocation activity plays a broad role in material response to strain.  To characterize 

the effect of individual slip systems on the toughness response of twinned materials, the 

aggregate dislocation density in each material was taken per slip system and compared with 

material toughness. These values were then compared with non-twinned simulations to 

determine the changes in these material parameters when the material was subjected to 

twinning. The goal was to determine if the activation of certain slip systems at particular 

orientations was related to the resulting toughness of the material. Many slip systems showed 

no meaningful relationship in these areas, but there were noteworthy exceptions that appear 

in Figures 17-20. For these slip systems, it is clear that grain orientation (and therefore slip 

system orientation) with respect to the loading axis strongly influenced slip system 

activation, which in turn may have contributed to increases in toughness. The [111](101) 
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parent/ 200 020  twinned immobile slip system displayed some positive relationship with 

toughness percent increase, as did the 111 110  parent/ 002 110  immobile slip system. 

These two plots are shown as Figure 17 and Figure 18. Representations of mobile 

dislocations on slip systems tended to decrease with increasing toughness wherever 

discernable patterns existed. Figure 19 and Figure 20 show the [111](011) 

parent/ [002](110)  twinned mobile slip system and the [111](011)  parent/ [111](011) 

twinned mobile slip system, where grain orientations that resulted in a reduction in aggregate 

mobile dislocation density compared with the respective non-twinned simulation generally 

had higher percent changes in toughness than did the orientations that resulted in higher 

aggregate mobile dislocation densities.  

Figure 21 was generated using values for the aggregate immobile dislocation density 

summed over every slip system of each material. The motivation was to determine if 

immobile dislocation densities, irrespective of slip system, were dominant factors in 

determining the toughness of a material. This information was plotted with the percentage 

change in material toughness between the twinned and a similar non-twinned material as a 

dependent variable. Information from both twinned and the equivalent non-twinned materials 

were compared to form a percent change in aggregate immobile dislocation density at each 

orientation. The plot strongly suggests that the general immobilization of dislocations within 

the material leads to a relative increase in toughness compared with a non-twinned material. 

This is of significance because it suggests that twin lamella affect the aggregate material 

immobile dislocation density, which can in turn impact toughness. 
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It was projected that mobile dislocation densities may also influence material 

toughness. Figure 22 shows an aggregate similar to that presented for immobile dislocations, 

and a similar relationship was found between aggregate mobile dislocation density and the 

percentage increase in toughness. Essentially, mobile dislocation densities should remain 

similar to those of the non-twinned materials for higher material toughness values. The 

twinned material with the greatest negative percent change in mobile dislocation density was 

the 45° case, which was also the material with minimal change in toughness and greatest 

decrease in shear slip compared with the similar non-twinned case. This is largely consistent 

with dislocation theory, which indicates that immobilizing dislocations is advantageous to 

material strength. (You, Lu and Lu 2011) 

 To visually understand the specific roles of dislocations in twinned systems, the 

dislocation densities across all slip systems in each material simulation at the terminal strain 

were summed and presented in contour plots. Figure 23 shows the summed immobile slip 

systems in twinned and non-twinned simulations, and Figure 24 shows the summed mobile 

slip systems in twinned and non-twinned simulations. The maximum values for immobile 

dislocation density in twinned materials were unilaterally higher than those for non-twinned 

materials. For information on aggregate immobile dislocation density, the reader may recall 

Figure 21, where all twinned materials were shown to benefit from an increase in immobile 

dislocation densities. This is significant because the contours in Figure 23 show that the 

twinned materials have generally lower immobile dislocation densities when compared with 

the parent material surrounding the twin lamella. At 30°, 60°, and 75°, immobile dislocation 

densities were concentrated near twin boundaries, particularly on the side of the parent 
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material. This is consistent with experimental evidence that describes pileups at twin-parent 

boundaries. (Shen, et al. 2005) The maximum values of mobile dislocation density across all 

materials were lower than those of the non-twinned materials, indicating the tendency of 

twinned materials to convert mobile dislocations to immobile dislocations as a result of the 

higher percentage of internal boundaries. 

Further investigation into individual slip systems is shown in Figure 25 and Figure 

26. Figure 25 shows immobile dislocation densities for the [111](101) parent/[200](020) 

twin slip system as contour maps for 0°, 15°, 30°, 45°, 60°, 75° and 90° grain orientations. 

All twinned simulations present higher maximum values compared with non-twinned 

simulations, and Figure 17 shows that all twinned simulations that had increases in 

toughening also had increases in immobile dislocation density for this slip system. The 

contours also show that this particular slip system was most concentrated at triple junctions 

formed by grain and twin boundaries as opposed to higher concentrations along the length of 

the twin boundaries. The twins broke up the distributions that would otherwise be uniform in 

a non-twinned material with equivalent parent grain orientations. 

Contours for the [111](011)  parent/[111](011)  twin slip system are shown in 

Figure 26. This slip system is significant because activation in the twinned and parent 

materials differ greatly from one another. At low orientations (i.e. 0° - 15°), the twin lamellas 

had mostly higher activation than the surrounding parent material, but overall activation 

within the material was reduced compared with the non-twinned simulation. At 30° and 45°, 

the twin lamellas had higher activation than the surrounding parent material, and this was 

reflected in the non-twinned material, where low activation occurred. At 60°, however, both 
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twinned and non-twinned materials both had generally lower slip system activation. This 

trend reversed at 75°, and higher slip system activation, mostly in the parent regions, 

occurred. The non-twinned material model showed a similar increase. This slip system is an 

example of how heavily dependent slip system activation is on orientation. 

4.5 Lattice Rotation, Shear Slip, and Stress Buildup 

Lattice rotation contours are shown in Figure 27. It is interesting to note that at 45° 

orientation, the twinned regions exhibited greater lattice rotation than the surrounding areas, 

whereas at other orientations, the twinned regions had less rotation. The same pattern existed 

for shear slip, which is shown in Figure 28, which indicates that the twinned regions may be 

primarily responsible for the reduction in toughening at the 45° orientation. Shear slip 

buildup at twin boundaries also occurred, particularly at the 60° orientation. Aggregate shear 

slip in twinned and non-twinned simulations was also compared in the same manner that 

dislocation densities were in Figure 29. A sharp reduction in aggregate shear slip appeared to 

occur for the same orientations that experienced less toughening, in particular 45°. It would 

appear that higher shear slip within the twin lamella impacted the parent regions to reduce 

the aggregate values for shear slip.  

Normal stresses in the loading direction for twinned and non-twinned materials at 

different orientations are shown in Figure 30. At lower orientation angles, the twins made 

little disruption in the material, but as the orientation angle increased, the twins had a greater 

impact on the contour. At all orientations, the twinned materials had greater maximum 

stresses compared with the non-twinned materials. At 45° and 60°, the twin lamellas 
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appeared to relieve stress. The stresses within these contours were additionally analyzed in 

the same manner as the dislocation densities earlier. Aggregate sums of stresses across the 

entire material were compared between non-twinned and twinned materials. The results are 

shown in Figure 31, which shows that a positive percentage increase in stress occurred in all 

twinned materials, and that the general pattern of stress increase by orientation followed that 

of toughness shown in Figure 15. 

Lateral stress is shown in Figure 32. The general trends in lateral stress were similar 

to those found in normal stress. No discernible patterns were found amongst the twinned 

materials. A similar conclusion can be reached upon examination of the shear stress in Figure 

33. Buildups in shear stress can be seen at the twin boundaries and maximum shear stress 

values were unilaterally higher in the twinned materials as opposed to the non-twinned 

materials. This was likely a result of the higher dislocation activity in those areas.   

4.6 Predictions of Twinned Materials under Compression 

The orientation predictions were reevaluated under compression instead of tension. 

All simulation parameters, including mesh and shape, remained the same. The absolute value 

of the final nominal strain also remained constant. The results led to the same general 

conclusions as those from the simulations with tensile loading, with similar but slightly 

different values for toughness. Figure 34 shows a comparison between twinned and non-

twinned simulations for compressive loading toughness at each orientation, along with the 

randomly oriented twinned baseline. Figure 35 shows the percent difference between twinned 

and non-twinned simulations at each orientation. All orientations have improved toughness 



 35 

compared with the original randomly oriented twinned simulation, with the greatest 

difference in percent toughness between twinned and non-twinned simulations occurring at 

low and high angle orientations. 

4.7 Conclusions 

It is clear that the activation of immobile slip systems is a contributing factor to the 

strengthening found in twinned materials. The provided contour plots support this by 

showing the activity in certain slip systems in which twinned materials produce different 

results when compared with non-twinned materials. Additionally, values for aggregate 

mobile and immobile dislocation density were related with material toughness. Most 

importantly, it is clear that the effect of twins on the parent material is a direct result of the 

twin orientation with respect to the loading axis. This implies that the potential of twins to 

strengthen engineered materials exceeds that recorded in current experimental results, where 

little is known about twin orientation control in bulk materials. The conclusions provide 

guidance for significant improvements to toughness and strength in nanocrystalline-twinned 

materials.   
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Figure 9: Example of a 30° oriented twinned structure. 𝝓 = 𝟑𝟎°± 𝟏𝟎°. (Spatial units 
are in meters) 

  

𝜙 
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Figure 10: Normal mesh density (top) and refined mesh (bottom)  
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Figure 11: Mesh convergence in 45° simulation. 

 

 

Figure 12: Comparison of 9-grain and 16-grain simulated results. 
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Figure 13: Stress-strain curves comparison of 19% v.f. simulation experimental results 
and orientation results 
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Figure 14: Twinned and non-twinned material responses quantified in the form of 
toughness. Toughness was determined at the experimentally observed nominal failure 

strain. 

 

 

Figure 15: Percentage increase in toughness between twinned and non-twinned 
simulations. 
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Figure 16: Stress-strain curves for the twinned and non-twinned versions of the 45° 
material. 

 

 

 

  

0	  

200	  

400	  

600	  

800	  

1000	  

1200	  

1400	  

1600	  

0	   0.01	   0.02	   0.03	   0.04	   0.05	   0.06	  

En
gi
ne
er
in
g	  
St
re
ss
	  (M

Pa
)	  

Engineering	  Strain	  

45-‐Degree	  Stress	  Strain	  Curves	  

Non-‐twinned	  

Twinned	  



 42 

 

 

Figure 17: Correlation between twinned percent deviation in immobile dislocation 
density and toughness percent change for the [𝟏𝟏1](101) parent slip system and the 

[𝟐𝟎𝟎](0𝟐0) twin slip system. 
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Figure 18: Correlation between twinned percent deviation in immobile dislocation 
density and toughness percent change for the 𝟏𝟏𝟏 𝟏𝟏𝟎  parent slip system and the 

[𝟎𝟎𝟐](𝟏𝟏𝟎) twin slip system. 
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non-twinned/[𝟎𝟎𝟐!](𝟏!𝟏!𝟎) twinned slip system 
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Figure 19: Relation between twinned percent deviation in mobile dislocation density 
and toughness percent change for the [𝟏𝟏𝟏](𝟎𝟏𝟏) parent slip system and the 

[𝟎𝟎𝟐](𝟏𝟏𝟎) twin slip system. 

Mobile	  Dislocation	  Density	  Percent	  Change	  for	  [𝟏!𝟏𝟏](𝟎𝟏!𝟏) non-
twinned/[𝟎𝟎𝟐!](𝟏𝟏!𝟎) twinned slip system 
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Figure 20: Correlation between twinned percent deviation in mobile dislocation density 
and toughness percent change for the [𝟏𝟏𝟏](𝟎𝟏𝟏) parent slip system and the 

[𝟏𝟏𝟏](𝟎𝟏𝟏) twin slip system. 

Mobile	  Dislocation	  Density	  Percent	  Change	  for	  [𝟏𝟏!𝟏](𝟎𝟏𝟏) non-
twinned/[𝟏𝟏!𝟏](𝟎𝟏!𝟏!) twinned slip system 
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Figure 21: Aggregate immobile dislocation density percent change compared with 
percent changes in toughness values for twinned materials and their non-twinned 

counterparts.  
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Figure 22: Aggregate mobile dislocation density percent change compared with percent 
changes in toughness values for twinned materials and their non-twinned counterparts. 
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Figure 23: Total immobile dislocation densities summed over all slip systems. All spatial 
units are in meters. Dislocation densities are normalized by their initial values. 

  



 49 

 

 

 

 

 

  

0° Orientation Total Immobile Dislocation Density  

15° Orientation Total Immobile Dislocation Density 



 50 

 

 

 

 

 

 

 

  

30° Orientation Total Immobile Dislocation Density  

45° Orientation Total Immobile Dislocation Density 



 51 

 

 

 

 

 

 

 

  

60° Orientation Total Immobile Dislocation Density  

75° Orientation Total Immobile Dislocation Density 



 52 

 

 

 

  

90° Orientation Total Immobile Dislocation Density  



 53 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Total mobile dislocation density, across all slip systems. All spatial units are 
in meters. Dislocation densities are normalized by their initial values. 
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Figure 25: [𝟏𝟏𝟏](𝟏𝟎𝟏) parent/[𝟐𝟎𝟎](𝟎𝟐𝟎) twin slip system immobile dislocation 
density for 0°, 15°, 30°, 45°, 60°, 75°, and 90° are shown above. All spatial units are in 

meters. Dislocation densities represented are normalized by their initial values. 
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0° Oriented [𝟏!𝟏!𝟏](𝟏𝟎𝟏) parent/[𝟐𝟎𝟎](𝟎𝟐!𝟎) Twin Immobile Slip System  

15° Oriented [𝟏!𝟏!𝟏](𝟏𝟎𝟏) parent/[𝟐𝟎𝟎](𝟎𝟐!𝟎) Twin Immobile Slip System 
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30° Oriented [𝟏!𝟏!𝟏](𝟏𝟎𝟏) parent/[𝟐𝟎𝟎](𝟎𝟐!𝟎) Twin Immobile Slip System 

45° Oriented [𝟏!𝟏!𝟏](𝟏𝟎𝟏) parent/[𝟐𝟎𝟎](𝟎𝟐!𝟎) Twin Immobile Slip System 
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60° Oriented [𝟏!𝟏!𝟏](𝟏𝟎𝟏) parent/[𝟐𝟎𝟎](𝟎𝟐!𝟎) Twin Immobile Slip System 

75° Oriented [𝟏!𝟏!𝟏](𝟏𝟎𝟏) parent/[𝟐𝟎𝟎](𝟎𝟐!𝟎) Twin Immobile Slip System 
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90° Oriented [𝟏!𝟏!𝟏](𝟏𝟎𝟏) parent/[𝟐𝟎𝟎](𝟎𝟐!𝟎) Twin Immobile Slip System 
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Figure 26: [𝟏𝟏𝟏](𝟎𝟏𝟏) parent/[𝟏𝟏𝟏](𝟎𝟏𝟏) twin slip system mobile dislocation density 
for 0°, 15°, 30°, 45°, 60°, 75°, and 90° are shown above. All spatial units are in meters. 

Dislocation densities represented are normalized by their initial values. 
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0° Oriented [𝟏𝟏!𝟏](𝟎𝟏𝟏) parent/[𝟏𝟏!𝟏](𝟎𝟏!𝟏!) twinned mobile slip system 

15° Oriented [𝟏𝟏!𝟏](𝟎𝟏𝟏) parent/[𝟏𝟏!𝟏](𝟎𝟏!𝟏!) twinned mobile slip system 
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30° Oriented [𝟏𝟏!𝟏](𝟎𝟏𝟏) parent/[𝟏𝟏!𝟏](𝟎𝟏!𝟏!) twinned mobile slip system 

45° Oriented [𝟏𝟏!𝟏](𝟎𝟏𝟏) parent/[𝟏𝟏!𝟏](𝟎𝟏!𝟏!) twinned mobile slip system 
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60° Oriented [𝟏𝟏!𝟏](𝟎𝟏𝟏) parent/[𝟏𝟏!𝟏](𝟎𝟏!𝟏!) twinned mobile slip system 

75° Oriented [𝟏𝟏!𝟏](𝟎𝟏𝟏) parent/[𝟏𝟏!𝟏](𝟎𝟏!𝟏!) twinned mobile slip system 
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90° Oriented [𝟏𝟏!𝟏](𝟎𝟏𝟏) parent/[𝟏𝟏!𝟏](𝟎𝟏!𝟏!) twinned mobile slip system 
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Figure 27: Lattice rotation for twinned and non-twinned materials at various 
orientations. (All spatial units are in meters) 
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0° Orientation Lattice Rotation 

15° Orientation Lattice Rotation 
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30° Orientation Lattice Rotation 

45° Orientation Lattice Rotation 
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75° Orientation Lattice Rotation 

60° Orientation Lattice Rotation 
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90° Orientation Lattice Rotation 
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Figure 28: Shear slip comparisons between twinned and non-twinned materials. (All 
spatial units are in meters) 
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45° Orientation Shear Slip 
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Figure 29: Percent difference in aggregate shear slip compared with material 
orientation. 
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Figure 30: Normalized stress comparisons between twinned and non-twinned materials. 
(All spatial units are in meters) 
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Figure 31: Aggregate normal stress percentage increase from non-twinned to twinned 
materials plotted against orientation. Note that all twinned materials represent an 

increase in aggregate normal stress. 
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Figure 32: Normalized lateral stress for twinned and non-twinned materials. (All spatial 
units are in meters) 
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Figure 33: Normalized Shear Stress for twinned and non-twinned materials. (All spatial 
units are in meters) 
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Figure 34: Compressive loading at different orientations compared with experimental 
toughness for comparison. 

 

 

Figure 35: Toughness increase from non-twinned simulation shown as function of 
orientation.   

20	  

30	  

40	  

50	  

60	  

70	  

0	   10	   20	   30	   40	   50	   60	   70	   80	   90	  

To
ug
hn
es
s	  
(M
Pa
	  x
	  %
)	  

Orientation	  (Degrees)	  

Toughness	  and	  Orientation	  

Series1	   Nontwinned	   (Shen	  et	  al.	  2005)	  

0	  

5	  

10	  

15	  

20	  

25	  

30	  

35	  

40	  

0	   10	   20	   30	   40	   50	   60	   70	   80	   90	  

Pe
rc
en
t	  D
iff
er
en
ce
	  

Orientation	  (Degrees)	  

Percent	  Increase	  in	  Toughness	  and	  Orientation	  



 96 

CHAPTER 5: RECOMMENDATIONS FOR FUTURE RESEARCH 
 

The following are recommendations for future research, based upon the findings of 

this investigation:  

• Incorporate failure modeling appropriate for f.c.c. materials to obtain more accurate 

toughness values and values for ultimate tensile strength (Rezvanian, Zikry and 

Rajendran 2007) and (Wu and Wei 2008). 

• Perform analysis on the effects of varying grain misorientations in twinned materials. 

• The current study focused on varying the twin orientation in the plane with a Y-axis 

normal. Varying twin orientation in the plane with the X-axis normal will likely activate 

other slip systems and yield a broader understanding of preferentially oriented twin 

structures. 

• Use a plane stress formulation as opposed to plane strain to quantify the effects of 

preferentially oriented twins in thin films because bulk-processing techniques remain 

under development. 
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