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Abstract

This paper describes a broad effort that is aimed at understanding the fundamental
mechanisms of crack growth and using that understanding as a basis for designing materials
and enabling predictions of fracture in materials and structures that have small
characteristic dimensions. This area of research, herein referred to as Damage Science,
emphasizes the length scale regimes of the nanoscale and the microscale for which analysis
and characterization tools are being developed to predict the formation, propagation, and
interaction of fundamental damage mechanisms. Examination of nanoscale processes
requires atomistic and discrete dislocation plasticity simulations, while microscale processes
can be examined using strain gradient plasticity, crystal plasticity and microstructure
modeling methods. Concurrent and sequential multiscale modeling methods are being
developed to analytically bridge between these length scales. Experimental methods for
characterization and quantification of near-crack tip damage are also being developed. This
paper focuses on several new methodologies in these areas and their application to
understanding damage processes in polycrystalline metals. On-going and potential
applications are also discussed.

I. Introduction

METALLIC materials are often considered by engineers to be homogeneous and isotropic bodies that can be
characterized using the paradigm of continuum mechanics. In this definition, homogeneity implies that the
mechanical and other properties of the material exhibit no spatial variation while isotropy implies that the
mechanical and other properties of the material are identical regardless of geometric orientation or viewpoint. These
approximations are implicit in many engineering analyses and are the basis for much of the work in the field of
engineering fracture mechanics.

Engineering fracture mechanics relies on the comparison between computed fracture metrics and their empirically
determined critical values. The paradigm involves asserting a fracture parameter, experimentally determining
critical values of the parameter using coupon tests, and predicting crack growth in a structure by comparing
computed metrics based on the parameter to the critical values. Thus, all fracture mechanics-based predictions of
crack growth rely on the (implicitly) assumed similitude between the conditions under which the fracture parameters
were determined and the operating conditions of the subject structure. Examples of these conditions include loading
mode mixity, material thickness and operating environment. Although this paradigm is widely used for modeling
crack growth at structural scales, it does not describe the fundamental processes that govern fracture. As a result,
deviation from the conditions under which the critical fracture parameters were determined weakens the assumed
similitude and may result in unforeseen consequences including unexpected failures.
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Typically, the smaller the length scales involved, the less valid are the implicit approximations made using
engineering fracture mechanics. The development of materials and structures such as nanocrystalline metals,
microelectromechanical devices (MEMS), gradient microstructures and other emerging material and structural
configurations may be highly dependent on developing an understanding of internal damage processes at nano-to-
micro length scales (Needleman, 2001). Figure 1 depicts representative microstructures of a traditional aluminum
alloy and a nanocrystalline metal in addition to a high-magnification image of a failed MEMS device. Note the two
orders of magnitude difference between the respective length scale markers and the multiple order of magnitude
difference between characteristic features. Although each of these configurations is very different, crack initiation
and growth in each is dominated by events and processes occurring at length scales on the order of nanometers to
microns that cannot be understood, predicted or characterized using standard engineering methods.

Cracked MEMs lead a5

Aluminum 7075-T651 Nanocrystalline Al-Ti-Cu Alloy Fracture in MEMS device
(Emery, 2009) (Lee, 2002) (D’ Agostino, 2005)

Figure 1: Examples materials and devices having small characteristic dimensions (note the length scale
markers)

This paper describes a broad effort that is aimed at understanding the fundamental mechanisms of crack growth and
using that understanding as a basis for designing materials and enabling predictions of fracture in materials and
structures that have small characteristic dimensions. Much of the work discussed herein has been performed by the
authors, or by the affiliated collaborators mentioned in the acknowledgements, and noted in the references; however,
important external references are also included to provide additional perspective. The paper consists of a high-level
overview, a discussion of some recent computational and experimental developments, and a few concluding
remarks.

II. Damage Science — Understanding Damage Processes At Nano-to-Micro Length Scales

Thorough examination of damage processes must be undertaken at length scales at which a material cannot be
considered to be a continuum (Raabe, 1998; Van der Giessen, 2002). Here, it is convenient to define two
generalized length scales over which damage processes may be characterized — the nanoscale (approximately 107 to
10°® m) and the microscale (approximately 10° to 10 m). From a viewpoint taken at the nanoscale, the most
fundamental damage processes including free surface creation and dislocation formation, interaction and evolution
are considered. From the viewpoint of the microscale, the development of nanoscale damage mechanisms
progresses into aggregated processes such as small crack formation and plastic gradients near crack tips.
Additionally, an intermediate length scale, the mesoscale, is sometimes used to indicate characteristic dimensions
and processes at the upper end of the nanoscale or the lower end of the microscale. Damage Science focuses on the
development of analysis and characterization methods needed to predict the formation, propagation, and interaction
of fundamental damage mechanisms across these length scales.

Figure 2 presents the characteristic dimensions at which damage may be characterized, the associated physical
features and some corresponding methods that may be employed. At the nanoscale, methods such as molecular
dynamics are used to determine the most fundamental damage processes. At the mesoscale, methods such as
dislocation dynamics are used to model the generation, motion, accumulation and annihilation of relatively large
numbers of dislocations within a grain. At the microscale, various small-scale continuum plasticity formulations,
cohesive zone models and finite element analyses are used to describe damage processes within individual grains or
within polycrystals. Because no single analysis or experimental characterization approach can describe all of the
relevant physics of crack growth, approaches that are developed at each length scale should be integrated within a
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rigorous multiscale modeling framework that spans some or all of these length scales. Additionally, in-situ
experimentation is needed to aid in understanding the complexities of damage under realistic conditions, help to
validate the nano/micro-scale computational results and provide input for the microscale analyses. The following
text is a discussion of work in each of these areas.
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Figure 2: Characteristic dimensions and associated simulation methods

A. Atomistic Simulation

The most exacting interrogation of the fundamental interactions between atoms, including interactions that are near
a crack tip, is performed via quantum mechanical analysis (Nair, 2010). However, quantum mechanical solutions
for the interatomic forces rapidly become intractable as the number of atoms considered increases; therefore,
approximations to these interactions have been developed in the form of empirical and semi-empirical potentials
(Ortiz, 2001; Mishin, 1999) that can be used in a molecular dynamics (MD) analysis. Figure 3 shows the
relationship between the lattice parameter and the atomic energy for fcc aluminum as determined by Mishin
(Mishin, 1999). As seen in the figure, an equilibrium point corresponding to the lattice constant of approximately
0.406 nm corresponds to the minimum energy state. As the spacing between atoms deviates from this value, the
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Figure 3: Energy per atom of fcc aluminum as a function

Lattice parameter a, [A]

of lattice parameter (adapted from Mishin, 1999)

energy (and force) per atom increases rapidly and
tends to return the atoms to their stable equilibrium
positions.

Currently, interatomic potentials have been developed
for many pure metals and some binary alloys. Many
of the existing potentials have been developed with the
goal of modeling a single type of phenomenon or
property (e.g., phase transformations) and have
dubious accuracy when they are used to predict other
phenomena, hence, great care is needed in their
selection and use. The development of new potentials,
particularly for complex atomic systems (e.g., other
binary alloys, ternary alloys, environmental effects), is
an active area of research (e.g., Purja Pun, 2009;
Apostol, 2010).
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Molecular Dynamics Simulations of Fracture

Based on the solution of Newton’s equations of motion for a system of atoms interacting through a prescribed
interatomic potential function, MD simulations are capable of determining the response of materials at atomic
resolution. Although MD only approximates atomic interactions and considers very short time scales (typically on
the order of nanoseconds), it is a powerful tool for understanding the underlying mechanisms of deformation and
fracture. An important characteristic of MD simulations is that the operative deformation mechanisms emerge from
the interatomic forces, and are not prescribed as input to the simulation model. Thus, not only can anticipated
deformation processes be studied, but unanticipated ones may also be predicted. For example, a number of recent
atomistic simulation studies on intergranular and transgranular crack propagation in aluminum have been published
(Farkas, 2001; Hai, 2003; Yamakov, 2006; Warner, 2007; Warner 2009). The results of these investigations show
that two main mechanisms of crack propagation operate and are highly dependent on crystallographic orientation,
material type, external loading and temperature. The mechanisms are propagation through deformation twinning
and propagation through the emission of full dislocations from the crack tip (see Figure 4). These results are largely
consistent with well-established theoretical work (e.g., Rice, 1992; Rice, 1994; Tadmor, 2003).

Like any simulation method, MD simulations have inherent limitations and constraints that should always be
considered in the interpretation of their results. Since current MD simulations typically address very short time
scales (~107s), very high stresses (~10°Pa) and strain rates (~10's™") are required in order for atomic events to be
observed. In an effort to determine whether or not it is possible for an MD-based method to predict the
experimentally-determined mechanisms, Warner and Curtin used an extremely computationally efficient multiscale
analysis method to perform simulations. They developed a unique simulation in which they considered a time range
spanning six orders of magnitude — from picoseconds to microseconds. A transition in the operative mechanism
from twinning to dislocation slip was found when the crack propagation rate was decreased to about one millionth of
the rate that is often used in atomistic simulations (Warner, 2007). Nonetheless, the exact reasons why these length
and time scales affect the propagation process are not completely understood. Additionally, the accelerated
dynamics methods (Voter, 1997) and replica methods (Voter, 1999) that are needed to simulate relatively long time
scales without adversely effecting predictions are under continued development.
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Figure 4: Twinning and slip near a crack tip (Yamakov, 2006)
B. Multiscale Modeling

Molecular dynamics simulations are limited not only by the volume of material and time scales that can be
considered, but also by the types of boundary conditions and loadings that can be used in the analyses. The
boundary conditions (e.g., periodic) and loadings (e.g., hydrostatic) that must be applied in MD simulations are
often not representative of the state near a crack tip. Thus, a purely atomistic approach may not be practical for
determining deformation and fracture in the vast majority of situations. One exception involves certain classes of
nanocrystalline materials wherein the characteristic dimensions are extremely small; typical grain diameters in
nanocrystalline metals range from about 5 to 50 nanometers (Schiotz, 1998). The promise that MD simulations are
enabling to an unprecedented understanding of fundamental damage processes has motivated the development of
multiscale modeling strategies that are needed to resolve many of the issues inherent to purely atomistic simulation.
As a result, two broad classes of multiscale modeling strategies have been developed: concurrent multiscale
modeling and sequential multiscale modeling.
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Concurrent Multiscale Modeling

Coupling atomistic and continuum simulations is particularly attractive for reducing computational cost in cases that
require modeling of relatively large material domains to capture the complete deformation field, but where atomic
refinement is needed only in very localized regions (e.g., near a crack tip or a dislocation core). By using coupled
models, the size limitations of the atomistic simulation can be avoided by embedding an inner atomistic domain
where complex dynamic processes and large deformation gradients exist within an outer domain where the
deformation gradients are sufficiently small so that a continuum representation of the material becomes appropriate.
Figure 5a is an illustration of a generalized concurrent multiscale model that couples MD to finite elements (FEM).

Over the past decade, various methods that couple material representations at different levels of refinement have
been developed and offer significant computational advantages compared with purely MD simulations for predicting
deformation and fracture processes (Curtin, 2003; Miller, 2002; Xiao, 2004; Shilkrot, 2002; Gumbsch, 1995; Rudd,
2005; Saether, 2009a). In these methods, the most challenging problem is the computational connection of the two
different material representations at a prescribed interface where both the continuity of the material properties and
the kinematics must be preserved during simulation. Continuity of material properties must be maintained while
transitioning from individual atoms interacting through nonlocal forces to the local stress-strain field formalism of
continuum mechanics.

Because of the requirement of directly coupling atoms in the MD domain to nodes in the FEM domain, most
approaches to concurrent coupling are limited to two dimensions. Recently, an Embedded Statistical Coupling
Method (ESCM, Figure 5b) that uses statistical averaging over both time and volume within atomistic subdomains
(interface volume cells, IVC) at the MD-FEM interface has been developed and allows concurrent coupling in three
dimensions (Saether, 2009a). In this method, nodal displacement boundary conditions are applied to the continuum
FEM domain, which, in turn, generates interface reaction forces that are applied as constant traction boundary
conditions to the atoms within the localized MD subdomain or IVC. The free MD surface, combined with surface
volume cells (SVC), facilitates an accurate deformation state in the MD domain. The approach may be described as
a local-nonlocal boundary value problem because it relates local continuum nodal quantities with nonlocal statistical
averages of atomistic quantities over selected atomic subdomains. An iterative procedure between the MD
statistical displacements and the FEM reaction forces ensures continuity at the interface. In this way, the problem of
redefining continuum variables at the atomic scale seen in the direct coupling approaches is avoided, and the
developed interface approach links different time and length scales between the MD and FEM domains.
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a) Embedded MD region within FE domain b) Structure of MD/FE interface

Figure 5: Model for concurrent MD-FEM coupling in ESCM (Saether, 2009a)

Sequential Multiscale Modeling

Concurrent multiscale models are only capable of interrogating very small and more importantly, very simple,
domains. Even domains that have been considered using ESCM have very small out-of-plane dimensions, usually,
not more than a few tens of nanometers. Thus, these analyses are only suitable for interrogating damage processes
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very near a crack tip in a single crystal or along a grain boundary. If larger, more complex domains that involve the
fracture and deformation processes common to structural materials are to be considered, a sequential multiscale
modeling strategy is needed. These modeling strategies may be based entirely on atomic-scale information
(Glaessgen, 2006) or may include elements of larger-scale simulations, analytical solutions, experimentally
determined behavior, or some combination thereof.

Sequential multiscale modeling, applied to either fracture process or deformation processes, involves some form of
homogenization or averaging of the quantities of interest. The details of the mechanisms in the model at the lower
length scale are passed as calibrated parameters to a separately analyzed model at the higher length scale. Because
of the homogenization involved, various details are usually lost, thus, the form of the higher length scale model must
be chosen carefully. A cohesive zone model (CZM) such as the one shown in Figure 6 may be used as the basis of
homogenization in the fracture problem, thus, attempts to extract relevant parameters for the decohesion law of a
CZM from atomistic simulations have been made by various groups. Recently, an approach based on the simulation
of a dominant crack growing along a well-defined interface was proposed (Yamakov, 2006; Glaessgen, 2006).
Here, an initial flaw was introduced within the atomistic
simulation by screening the potential between atoms on
opposite sides of the interface over a distance of a few
nanometers. These works introduced the concept of a
cohesive zone volume element (CZVE, see Figure 7) as a
means of homogenizing the response of a small (nanometer
scale) volume of atoms along the crack front. A statistically
relevant traction displacement relationship was obtained from
the CZVE and cast in the form of a continuum mechanics
CZM. Thus, the CZVE, together with the MD simulation of
}‘vn )\,cr fracture, enables the development of a (idealized) constitutive
model of the near-crack tip fracture process that can be used in
simulations at higher length scales (e.g., dislocation dynamics
simulations and elasto-plastic microstructure simulations).

F
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Figure 6: Constitutive relationship of
a typical cohesive zone model

In the deformation problem, there is a natural, though currently unquantified, relationship between the plastic
mechanisms that are determined by discrete simulations (e.g., molecular dynamics) and related continuum
simulations (e.g., crystal plasticity). One natural linkage between these very different idealizations lies in examining
the density of dislocations predicted using the discrete simulations and relating it to continuum quantities such as
plastic slip. Determination of these types of relationships is another active area of research.
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Figure 7: Cohesive Zone Volume Element (CZVE) and associated MD simulation (Yamakov, 2006)
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Several overviews of approaches for addressing various aspects of multiscale modeling have been published
recently. An overview of concurrent multiscale modeling is given in Miller and Tadmor’s compendium (Miller,
2009), a discussion of the use of cohesive zone models developed from molecular dynamics simulations is given in
(Saether, 2009b) and a general discussion of concurrent multiscale modeling, sequential multiscale modeling and
cohesive zone models is given in (Saether, 2009¢).

C. Mesoscale and Microscale Modeling

Although some mechanisms of deformation and fracture must be interrogated using atomistic and related concurrent
multiscale methods, many others may be best examined using mesoscale or microscale methods and related
sequential multiscale models. Phenomena that may be addressed using these approaches include the effects of grain
size, dislocation accumulation and interaction, cracking of second phase precipitates, and fatigue crack closure, on
crack growth. Examples of relevant methods at the mesoscale and the microscale include several variants of
plasticity theory and microstructure mechanics.

Variants of Plasticity Theory

Variants of plasticity theory that are of interest to Damage Science include discrete dislocation plasticity, strain
gradient plasticity and crystal plasticity. At length scales on the order of a few microns or less, discrete dislocation
plasticity can be used to simulate the generation, motion, accumulation and annihilation of individual dislocations
and systems of dislocations in an otherwise elastic medium. At somewhat larger length scales (microns to tens of
microns) where homogenization of the effects of dislocations is required but where gradient effects dominate plastic
mechanisms near discontinuities, strain gradient plasticity can be used to describe plastic deformation near a crack
tip or in the presence of small precipitates. Finally, at even larger length scales that are relevant to deformation of
individual grains (tens of microns to hundreds of microns), crystal plasticity can be used to study plastic slip within
a polycrystal that might contain tens, hundreds or even thousands of grains.

Discrete Dislocation Plasticity

Unlike continuum plasticity formulations wherein the elastic-plastic constitutive behavior is assumed, in discrete
dislocation plasticity both the plastic stress-strain response and the corresponding evolution of the dislocation
structures are predicted as part of the solution of the boundary value problem (Van der Giessen, 1995; Needleman,
2000; Cleveringa, 2000). Discrete dislocation (DD) plasticity simulations have been developed to represent large
numbers of dislocations at relatively large length scales compared to atomic dimensions. In these approaches,
dislocations are represented as lines of displacement discontinuity where the magnitude of the discontinuity is equal
to the Burgers vector. Away from the dislocation core, the displacement, stress and strain fields may be suitably
represented by analytic elasticity solutions. Simulations may involve infinite domains that are modeled using
periodic boundary conditions or as finite domains with various applied boundary conditions.

Discrete dislocation plasticity is based on incrementally solving equations that describe the short- and long-range
interactions between dislocations. During a simulation, the evolution of the dislocation field is obtained by forward
integration of the governing equations so that the plastic stress-strain relationship is directly obtained during the
analysis. As discussed by Van der Giessen and Needleman (Van der Giessen, 1995), the computation of the
deformation history is performed in an incremental manner and involves determination of: (i) the Peach—Koehler
forces on the dislocations; (ii) the rate of change of the dislocation structure caused by the motion of dislocations,
the generation of new dislocations, their mutual annihilation, and their interaction with obstacles; (iii) the stress and
strain state for the updated dislocation arrangement.

Discrete dislocation plasticity simulations may be performed in either two dimensions or in three dimensions. In
two-dimensional simulations, dislocations are represented as point defects that are constrained to move along a
particular slip plane. The result is a simplified representation that provides qualitative results of dislocation
interaction and the resulting plastic and hardening behavior of material domains. While the inelastic stress-strain
and hardening behavior is an outcome of the analysis, much investigation has been made to determine the formation
of dislocation structures such as sub-cells, shear bands and low-angle grain boundaries (Devincre, 2001; Mughrabi,
1983; Thomson, 2002). These internal structures are related to the material plastic response and, due to constraints
on dislocation mobility, result in hardening or increased toughness of the material. Other studies have been directed
towards understanding the role of material length scales in fracture (Chakravarthy, 2010) and in comparing discrete
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dislocation simulations with continuum plasticity predictions (Saether, 2011). Figure 8a depicts a material domain
containing a sharp crack subjected to Mode I loading. The initial nucleation of dislocations from the crack tip is
shown in Figure 8b and produces a pattern of maximum slip oriented along +60° slip systems. This pattern, shown
in Figure 8c, is consistent with continuum crystal plasticity predictions.
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Figure 8: Simulation of dislocation nucleation near a crack tip under Mode I loading (Saether, 2011)

Three-dimensional modeling of dislocations promises to greatly reduce many of the approximations required in two-
dimensional DD, however, there is a tremendous increase in the complexity of the interactions and in the
calculations required. Computational resources and modeling methods have been developed to account for full
three-dimensional dislocation behavior but these methods are still under active development and are only beginning
to be used outside of the groups that developed them. Among the most mature of the three-dimensional DD codes is
the ParaDiS program (Arsenlis, 2007) that is being developed at Lawrence Livermore National Laboratory.
Although the code cannot yet consider the effects of finite geometry on plasticity, it does account for three-
dimensional effects such as dislocation loops and also considers realistic long-range and short-range dislocation
interactions.

Estimates of the strengths of obstacles and dislocation sources are important parameters in DD simulations because
the interaction between dislocations and obstacles largely determines the strength and toughness of engineering
alloys. Although efforts to understand dislocation-obstacle interactions span more than 60 years (e.g., Orowan,
1948), the use of atomistic simulations to attempt to quantify parameters such as obstacle strength are relatively new
(e.g., Bacon, 2009). In Singh (Singh, 2011), the cutting of Guinier-Preston (GP) zones via cross-slip was modeled.
GP zones are nanometer-scale monolayered disks that form during the early stages of age hardening and are
common to many alloys including Al-Cu. Singh and co-workers considered the size of the GP zone as well as its
orientation and offset relative to the dislocation. They found that the preferential interaction mechanisms and the
resulting obstacle strength were strongly dependent on these parameters.

Strain Gradient Plasticity

Strain gradient plasticity is a class of continuum theories that assumes that any increase in flow strength or hardness
of a material is caused by the generation and storage of geometrically necessary dislocations (GNDs) as is required
to accommodate gradients of plastic shear strain such as those near a crack tip (Ashby, 1970; Nye, 1953; Fleck,
1993). Both GNDs and statistically stored dislocations (SSDs) are explicitly modeled by MD and DD methods;
however, consideration of their effects in a homogenized, or continuum, formulation requires special treatment.
While conventional continuum plasticity theories implicitly account for the generation and storage of SSDs, strain
gradient plasticity theories are based on the observation that gradients of plastic deformation result in the generation
and storage of GNDs as well. A basic tenant of these theories is that GNDs are produced by micron-scale gradients
at a density comparable to, or greater than, that of SSDs, thus increasing the total dislocation density and the
resistance to plastic flow. Thus, SSDs are associated with uniform deformation, while GNDs are associated with
gradients as shown in Figure 9.
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One of the earliest characterizations of the effect of GNDs on material response was made by Fleck and coworkers
in 1994 (Fleck, 1994). Fleck determined the tension and torsion responses of polycrystalline copper (99.99%) wires
for diameters in the range from 12 um to 170 wm. It was found that the wire diameter has very little effect on the
true stress-strain response in tension for the five wire diameters considered. However, under torsion, the specimens
demonstrated a profound hardening with decreasing wire diameter. If the constitutive response were independent of
strain gradients, results for both tension and torsion loading would show no dependence on material dimensions.
Dependence of material response on characteristic dimension (e.g, wire diameter) is indicative of the role of GNDs
on strain gradient hardening. In addition to the work of Fleck on small diameter wires, many other experimental
characterizations of the effect of strain gradients and the accompanying geometrically necessary dislocations have
been undertaken. Some of these include the work of Stolken (Stolken, 1998) on bending of thin foils and various
studies on nanoindentation (e.g., the work of Nix (Nix, 1998)).
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Figure 9: Uniform and gradient deformations associated with SSDs and GNDs, respectively
(after Brinckmann, 2006)

From a microstructural point of view, there are several mechanisms or physical features that may determine the
relative importance of various characteristic length scales. For plastic deformation, length scales that are related to
dislocation structures, such as typical distances between dislocations and sizes of dislocation cells, are believed to be
of greatest importance. However, irrespective of the physical feature considered, the number of dislocations within
a homogenization volume must be sufficiently large and uniformly distributed such that meaningful averages can be
taken, thus establishing an absolute lower bound on an effective length scale in these or any other continuum
theories (Niordson, 2003).

Crystal Plasticity

At length scales where strain gradients are small, but where microstructural details of individual grains of material
remain important, theories of crystal plasticity have been developed to predict plastic slip within an individual grain
of a material (Taylor, 1925; Hill, 1972; Pierce, 1983) and for systems of polycrystals (Sarma, 2002). Plastic slip can
be thought of as the homogenization of dislocation slip, in a continuum sense, on a slip plane in a slip direction. In
crystal plasticity, Schmid’s law is used to transform the stress from an arbitrary orientation into the orientation of
each of the slip systems. This resolved shear stress, T, is given by

T=0"Nn"§=0C0SPCcosA

where ¢ and A are the angles that the slip plane normal n and slip direction s make with the loading axis,
respectively, as shown in Figure 10. Slip is assumed to occur once T reaches a critical value. The term cos¢$ cosA is
called the Schmid factor.

The fundamental kinematical assumption of crystal plasticity is that the material flows by dislocation motion while
the lattice itself undergoes elastic deformations and rotations (Asaro, 1977; Asaro, 1983). In other words, it is
assumed that the total deformation, F, can be decomposed into plastic and elastic deformation as shown in Figure
11. The plastic deformation gradient, F*, becomes nonzero when dislocations begin to move through the crystal
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lattice. In addition to the plastic deformation, there is an elastic deformation gradient, F'*, wherein the lattice may be
stretched, shortened or distorted, but that involves no relative movement between the material and the lattice.

Crystal plasticity formulations are being used to represent grain-scale material response in metallic microstructures
under monotonic and cyclic loading. One recent combined experimental and computational study employed crystal
plasticity within a finite element-based micromechanics model to study the effect of microstructure on fatigue crack
nucleation in 7075-T651, an aluminum alloy that is known to initiate dominant fatigue cracks with the cracking of
iron-bearing (Al,CuyFe) particles (Bozek, 2008; Hochhalter, 2010; Hochhalter, 2011). The experimental phase of
the study showed that, under cyclic loading representative of flight conditions, a small percentage (1-10%) of the
particles in the alloy crack and only a few percent of those particles nucleate fatigue cracks into the surrounding
microstructure.

In the computational phase of the study, both idealized and replicated (experimentally determined) microstructures
were modeled. The idealized microstructures were used to develop finite element models that considered a semi-
ellipsoidal surface particle surrounded by a single grain. Those models were used to determine the percentage of
particles, as a function of parameterized shape and grain orientation, that were likely to crack. The replicated
microstructures were used to develop finite element models (Figure 12a) that, together with crystal plasticity,
explained the reasons why only a small percentage of the cracks in the particles extended into the surrounding
grains. The study showed that cracks in the particles grow into the surrounding microstructure only when a critical
combination of accumulated slip and local stress was reached. The field of accumulated slip is shown in Figure 12b.
Based on the computed results, a model for predicting the number of cycles required to extend a crack beyond the
particle-grain interface was developed.

Slip on
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(a) Material morphology. Colors represent grains (b) Accumulated slip on the dominant system at 1%

of different orientations. strain applied in the x-direction

Figure 12: Finite element model of an AA 7075-T651 polycrystal containing a cracked surface particle
(Hochhalter, 2010; Hochhalter, 2011)
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There are several shortcomings of such microstructural studies, including the necessity of nonlocal analysis for
computing crack driving forces, the incomplete representation of grain boundary mechanisms, and the lack of a
rigorous model for crack propagation. Nonlocal analysis is required because a strain singularity of unknown order is
present at a microstructurally-small crack. Grain boundary mechanisms, e.g., the passing of dislocations between
grains, are not accounted for in conventional crystal plasticity formulations; instead, only a sudden change in the
Schmid tensor across the grain boundary is represented. Recent work is aimed at developing and incorporating
more rigorous local and nonlocal approaches for use in finite element models of crystal plastic behavior (Ma, 2006).
Similarly, current grain-scale crack propagation models are ad hoc and rely on macroscale crack growth
characterization for input; however, more rigorous grain-scale models are being developed based on multiscale
modeling and in-situ experiments.

Microstructure Modeling

The generation of polycrystalline microstructures requires sophisticated modeling methods that are actively being
developed (Raabe, 2001; Rollett, 2006; Brahme, 2006; Rollett, 2007). Among the most promising and realistic of
the treatments of three-dimensional microstructure reconstruction is the work of Rollett and coworkers. In this
approach, adopted in Hochhalter, 2010 and Hochhalter, 2011, a microstructural reconstruction is based on electron
backscatter diffraction (EBSD) maps taken in two orthogonal cross sections of a sample of material: one
perpendicular to the normal direction (ND) and the other perpendicular to the rolling direction (RD). The maps are
in the form of x,y coordinates of points throughout the cross sections and their corresponding crystallographic
orientations. Grain boundaries are inferred at locations where a threshold value of misorientation is determined
(Brahme, 2006). Once the microstructure and orientations are defined, discretization of the polycrystal into finite
elements may proceed in the manner discussed in Veilleux (Veilleux, 2011).

D. In-Situ Experiments

High-resolution measurement techniques used in conjunction with mechanical testing can greatly increase the
understanding of the complexities of damage under realistic conditions, help to validate some of the nano/micro-
scale analysis results and provide input for microscale analyses. An experimental methodology based on a scanning
electron microscope (SEM) equipped with an in-situ loading frame, video image correlation (VIC) system and
EBSD system has been developed to characterize damage processes in metallic single crystals, bicrystals and
polycrystals.

VIC is a non-contact method for obtaining full deformation and strain fields by tracking displacements on a speckled
surface wherein the displacement and strain resolutions are largely determined by the size of the speckles and the
available magnification. The method can measure large strains and accommodate significant rigid body movement
provided that the object does not leave the field of view of the camera.
€ Figure 13 is a result from such an experiment where a fatigue-cracked,
0.002 single-crystal of an aluminum alloy was loaded uniaxially in the y-direction
and strains were measured using high-resolution VIC. E-beam lithography
was used to deposit random speckle patterns (with speckle sizes of about 50
nm) to obtain displacement measurements with a resolution of about 10 nm.
The VIC system used within the ESEM is based on VIC systems that have
been used to interrogate displacement and strain fields at larger length

scales (Sutton, 2009; Avril, 2008).

EBSD has been adapted to enable determination of the extent of plastic
deformation near a fatigue crack tip and crack tip wake. Plasticity near the
crack tip is related to plastic strain gradients and thus the GND density.
Recent studies of single crystals and bicrystals (Sun, 2000; Kysar, 2002)
have shown that it is possible to extract some of the components of the Nye
dislocation density tensor (Nye, 1953) using orientation data obtained by
‘ EBSD mapping, provided that the crystal orientation and deformation
field near a crack tip conditions are carefully controlled to constrain the number of independent
components.

0.0

Figure 13: VIC image of strain
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The approaches in Sun (Sun, 2000) and Kysar (Kysar, 2002) were adapted by Gupta (Gupta, 2009) to interrogate the
EBSD orientation data obtained near a fatigue crack in a precipitation-hardened aluminum alloy, Al-Cu-Mg 2024-
T351. The intra-grain misorientation map (Figure 14a) displays changes in the local orientation, along with large
amounts of intra-granular misorientation associated with the large plastic deformation in the vicinity of a crack tip
wake. White regions in Figure 14a correspond to pixels that were not indexed. The misorientation map reveals
distinctions in the morphology of plastic damage, e.g. the presence of slip-bands near the crack tip wake.

l50E15

2.0E15

Degrees [0 2 4 & & 1012 14 16 18 2
& [ .

(a) EBSD misorientation map (b) Enhanced GND density map

Figure 14: Maps of misorientation and geometrically necessary dislocation density (Gupta, 2009)

Figure 14b shows the estimated distribution of GND density within the scanned area. The regions of lower
dislocation density (i.e., base material, ~0.5-1x10"* /m?) are separated by regions of higher dislocation density (i.e.,
plastically-deformed crack-wake, =10'"° /m* and higher), and can be identified by marked orientation change (Figure
14a) or by the enhanced dislocation density (Figure 14b). The boundaries of these banded structures depicting
dislocation patterning contain a high GND density while regions within the bands are relatively free of dislocations
that contribute to lattice curvature. An inhomogeneous distribution of the dislocation density becomes obvious for
such cases.

The measurements of strain fields, local orientation changes and estimates of GND content near crack tips and
wakes of fatigue cracks can be compared with those predicted by nanoscale and microscale computational models;
however, the complexity of structural alloys encumbers the comparison. Rather, simple microstructures having
prescribed crystallographic orientations may enable direct comparisons to be made. Single-crystals or bi-crystals of
pure aluminum or simple two-component alloys may be developed using the Czochralski or Bridgman crystal
growth methods and used in place of engineering alloys depending on the goals of the particular experimental study.
The materials can be readily characterized for crystallographic orientation and grain structure, and mechanical test
specimens can be machined to study various damage processes in specific crystallographic orientations. These
relatively simple materials may be substantially closer in composition and structure to the idealizations considered
by many of the analyses (e.g., MD, DD) and thus eliminate variables that complicate quantitative (and qualitative)
comparison.

III. Concluding Remarks

Methods that are contributing to the analysis and characterization of fundamental deformation and fracture processes
in metallic materials, including atomistic simulation, multiscale modeling, mesoscale and microscale modeling, and
in-situ experiment, have been discussed. Each of the methods discussed herein has unique strengths, weaknesses
and applicability; however, the most significant outcome of these techniques is not seen when the methods are
implemented individually, but rather, when the methods are combined. For example, molecular dynamics
simulations may be used to determine input parameters for discrete dislocation plasticity models of deformation and
as the foundation for near-crack tip cohesive zone relationships. Similarly, discrete dislocation plasticity
simulations may be used to determine values of the parameters needed for strain gradient plasticity simulations. As
part of an integrated approach, emerging experimental methods may aid in an overall understanding of the
complexities of damage under realistic conditions, help to validate some of the nano/micro-scale analysis results and
provide input for microscale analyses.
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These and similar computational and experimental efforts are the basis for a bold paradigm shift in material science
and mechanics of materials that will, for the first time, enable rigorous design and analysis of material
microstructures and structural components having small characteristic dimensions. As the work described in this
paper matures, it will reduce the dependence of material development on heuristic trial-and-error that results in
production and evaluation of numerous prototypes of a material before a suitable one is found. Similarly, the work
will reduce reliance on empiricism in engineering design and development, particularly for structures that are too
small to be analyzed using current approaches. Many early steps have been taken to develop useful techniques for
such analysis and characterization over a range of length scales. Several of them have been summarized in this

paper.
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