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Abstract

Traditional singularity-based fracture mechanics theories rely on their ability to infer the

crack tip driving force (local field) by surveying macroscopic physical magnitudes far from
the crack tip (far field). This key capability allows engineers to employ nominal forces or

displacements to estimate the potential for stable or unstable crack growth. In the case of het-
erogeneous or anisotropic materials, traditional fracture approaches are not fully theoretically

sound and applications rely on extrapolating methodologies with ad-hoc corrections.
This Express Laboratory Directed Reseach and Development (ELDRD) program employed

mesoscale-sensitive finite element simulations to assess the impact of grain size and texture
on the crack tip behavior. A dislocation-based crystal plasticity model conveys grain size

effects by computing the constraint on dislocation cell structures. We assessed the effects
of microstructural variability on multiple displacement-based measurements of the fracture
driving forces for crack opening (Mode I) and sliding (Mode II). We also consider multiple
microstructural realizations of single phase metals undergoing ductile failure.

The results show that grain size and texture affect the applied fracture driving force and

can induce a significant Mode II deformation under force and displacement control, which
is completely neglected in homogeneous models. A large variability in driving forces upon

identical far field applied conditions is attributed to a buffering effects of the microstructure.
Furthermore, crack mouth opening displacement is almost insensitive to microstructure, which

suggests that experimental measurements using such a magnitude (e.g., plastic hinge model)

may underestimate local crack tip driving force variability.
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1 Introduction

Fracture failure is an intrinsic multiscale problem: on the one hand, loads or displacements are
applied far from the crack on a "macroscopic" scale. On the other hand, crack blunting, growth
and failure depend on the atomic decohesion and defect aggregation (e.g., dislocations, vacancies),
both of which are strongly sensitive to the local atomistic energetic state. Such a sensitivity controls
what sometimes it is referred to as "crack tip mechanics". For instance, the environment may place
a strong role on the energetic state of atoms, facilitating brittle or ductile failure. However, the
environment does not usually affect the bulk of the material at the macroscopic scale.

Traditional fracture mechanics approaches such as Linear-Elastic or Elasto-Plastic Fracture
Mechanics (LEFM or EPFM) are based on singularity models and rely on the assumption that
stress and strain fields are self-similar [1]. The popularity and success in engineering applications
of these theories rely on a key capability: the ability to infer the local crack growth driving force
at the crack tip by surveying macroscopic physical magnitudes away from the crack tip. Thus,
engineers employ nominal macroscopic forces or displacements in structures and components to
estimate the potency for stable or unstable crack growth.

This remarkable ability to predict crack failure from macroscopic loading is based on solid the-
oretical grounds that connect singularity fields, energy release rate and fracture failure. Among the
underlying assumptions is that materials are isotropic and homogeneous. If these requirements are
not satisfied, traditional fracture approaches are not fully theoretically sound. For instance, metal-
lic components manufactured by rolling, welding, or additive technology can introduce strong
heterogeneity or anisotropy that are usually neglected in fracture models or taken into account
with ad-hoc correction coefficients that carry a large uncertainty. Furthermore, these approaches
are not amenable with physic-based and materials genome [2, 3] efforts that aim to predict and
design material properties from first principles.

1.1 Fundamentals of fracture and microstructure relation

Most manufacturing routes introduce some heterogeneity in metallic materials that may affect
crack growth. For example, Figure 1 exemplifies a crack growing towards an interface at which
the material properties change abruptly— e.g., welded material and the heat affect zone. In such
cases, the J-integral becomes path-dependent and shielding or amplification effects arise depend-
ing on the material properties on each size of the interface [4, 5, 6]. Certainly, the J-integral in the
neighborhood of the crack tip (Jap) may still represent crack growth driving force, but its value
differs from the J-integral measured far from the crack (ifar). In consequence, standardized mea-
surements for K and J based on far field magnitudes (e.g., ASTM E 1820 [7]) may not yield accurate
predictions of the driving force that control fracture. Moreover, this inaccuracy applies both dur-
ing the integrity assessment of a component or the measurement of materials fracture toughness
critical values (e.g., Kx and Jx).

Heterogeneity and anisotropy observed in most engineering materials are not properly con-
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tip
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Figure 1: Crack-tip shielding or amplification of plastic zones that are indicated by the shaded
areas. (a) crack-tip shielding Jtip < Japp (b) crack-tip amplification Jtip > Japp .

sidered in traditional fracture mechanics approaches. Progress in understanding the role of mi-
crostructure on fracture requires an unequivocal definition of the driving force that does not de-
pend on material properties. For instance, CTOD, K or J-integral can be estimated by measuring
the crack mouth opening displacement or the work done on a specimen. However, these estima-
tions depend on material properties and models that are ill-defined for heterogeneous material (e.g.,
grain size and composition gradients, crystallographic texture).

One strategy towards the disambiguation from ill-defined material properties is the use of driv-
ing forces that can be measured directly, such as energy, forces and displacements; indeed, these
magnitudes are defined independently of the material. Thus, this research relies on comparing
displacements to assess the fracture driving forces. We prefer displacements over energy and force
because we can distinguish local (at the crack tip) from far field magnitudes, and we can eas-
ily differentiate opening and sliding modes. Furthermore, displacements maintain their physical
meaning up to the atomistic scale and they can be correlated with crack blunting and growth by
quantifying the number of Burger's vectors emitted from the crack tip.

The following sections analyze the local crack growth driving forces for multiple microstruc-
tural arrangements with identical "far field" conditions (i.e. force or displacement controlled
boundaries). The fracture driving forces correspond to the crack mouth displacement (CMD) [7],
the crack tip displacement (CTD) [7], or 65 [8]. These magnitudes provide a simple and clear bases
for comparing microstructural effects. In summary, the objective of this research is to assess the
effects of microstructures such as grain sizes and crystallographic textures on displacement-based
fracture driving forces.

10



2 Modeling approaches

This work assumes that crack tip mechanics are identical in all simulations, but changes are intro-
duced on the mesoscale that mediates between the crack tip and the macroscale. The implications
behind such an assumption is that the environment effect is null and the crack tip shape is ini-
tially identical for all cases. Since we do not aim to identify critical fracture toughness magnitudes
(which we assume identical), we only require a constitutive model that conveys mesoscale variabil-
ity. Furthermore, we assume that local fracture toughness is high enough to prevent crack growth.
In other words, our objective is to understand the crack neighborhood that controls fracture ductile
failure during crack blunting and before crack growth (stable or unstable).

Microstructure can be conveyed into models in myriads of ways, but only physics-based mod-
els can confidently extrapolate the mechanical response outside the experimental set used for val-
idation; these models can then be employed to calibrate reduced order models. One of the main
challenges of multiscale plasticity is the mesoscale heterogeneity and anisotropy. Both aspects
must be accurately modeled to predict the local crack tip behavior. Indeed, the crack tip opening
might span from a few atomic distances to hundreds of microns, and it is precisely in this mesoscale
range in which microstructural effects are most noticeable.

The crystal plasticity formulations [9, 10] are the simplest continuum models that explicitly
quantifiy the plastic anisotropy from the crystal orientation of individual grains (e.g., texture).
These attributes are extremely difficult to describe with higher scale models such as isotropic J2
plasticity theory, which does not track slip system activity or its crystallographic orientation de-
pendence. Hence, we employ two local 3D crystal plasticity finite element models for FCC metals
implemented as an Abaqus user subroutine (UMAT) [11]. Further information about the constitu-
tive models is presented in sections 2.2 and 4.1.

2.1 Meshes and rnicrostructures

This research studies "long cracks" with length over width ratio of a/w=0.5 and a semi-circular
crack tip with about 16 elements as shown in Figure 2. The model has a one-element thickness
without any out-of-plane constraint, which represents a plane stress condition. Such a geometry
is typical of elasto-plastic fracture mechanics models except for the limited crack tip mesh refine-
ment, which is imposed to reduce the computational burden of the crystal plasticity model. To
mitigate the impact of such coarse mesh, we consider driving forces that avoid measuring inter-
nal state variables at the maximum strained elements. Instead, we estimate the fracture driving
force based on the displacements measured at the crack mouth (CMD), tip (CTD) and ahead the
crack (65), see Figure 2. These are fundamental magnitudes that can be measured directly with-
out any assumption; on the contrary, the estimation of driving forces such as K or J are indirect
measurements that can be strongly sensitive to mesh sizes, geometry and material properties.

Loading consisted of the quasi-static force or displacement increments to the right side of the
mesh along the X-axis (Figure 2), while the left side is constrained along the X direction. Upon
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reaching the maximum load, the opening and sliding components of the CTD, CMD, and 65 are
computed. Under displacement control, nominal deformations up to 2% and 5% are applied for
the models in sections 2.2 and 4.1, respectively. Under force control, the maximum load was
estimated to yield approximately similar crack tip openings for the model with larger grain size.
Furthermore, section 2.2 considers a strain rate of 10-2 s-1 while section 4.1 uses 10-5 s-1.

CMD

11111111111111111111111111111111111111111111
1111 11111111111111111111111111111111 
111 1 11111" 111111111111111111111

L
Figure 2: Finite element mesh in which the boundary conditions represented. The nodes considered
for quantifying the crack tip driving forces CTD, CMD, and 35 are highlighted.

Figure 3 presents examples of the microstructures employed thoughout the report. Here, we
used six microstructures: (1) equiaxed fine grains ( 1000 grains), (2) equiaxed coarse grains ( 600
grains), (3) radially decreasing grain sizes, (4) radially increasing grain sizes, (5) decreasing grain
sizes in +X direction and (6) decreasing grain sizes in +Y direction. For each grain we computed a
grain diameter based on the total volume of an equivalent spherical grain. Such a grain size is used
by the constitutive model. In addition, Figure 4 exemplifies the gradients in the crystallographic
texture along X and Y direction (see the axis definition Figure 2). These microstructures consider
a linear gradient from a perfect single crystal on one edge up to random orientation starting at the
crack level.
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(a) Fine grains equiaxed

(d) Small center grain

(b) Coarse grains equiaxed (c) Big center grain

(e) X-axis grain size gradient (f) Y-axis grain size gradient

Figure 3: Multiple microstructures employed in the assessment of the crack tip driving force.

(a) Y-axis texture gradient. (b) X-axis texture gradient.

Figure 4: Texture gradients a long different axis. Colors refer schematically to the linear varitaion
of the three Euler angle orientations.
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2.2 Constitutive Model

Constitutive models have traditionally attempted to match experimental behavior by introducing
ad-hoc mathematical formulations that depend on parameters and material constants. Over the last
decades a new philosophy has arisen trying to enrich constitutive models with physical information
with the hope to increase the predictive capability of models outside the range of macroscopic
experimental data.

The goal is to propose physical models for each dominant deformation mechanisms, and the
range of variability of these parameters are determined from experimental or modeling uncertain-
ties independently from the macroscopic response. The bounds of parameters increase the confi-
dence on the proposed mechanisms and serve as a critical tool to discard models that do not match
the expected macroscopic response. This approach is much more than a mere sensitivity analysis,
it is a modeling philosophy that pursues validation at multiple scales.

This research adapted rate dependent crystal plasticity model for pure Nickel from a prior re-
search program [12]; this material is usually regarded as a proxy for Austenitic stainless steel. The
model conveys the physics of dislocation interactions at multiple length scales. At the atomistic
scale, shear strain depends on thermally activated dislocation glide while stress follows dislocation-
dislocation interactions. At the mesoscale, the localization of dislocations substructures induces
internal stresses that increases hardening.

The behavior of dislocation structures are considered assuming two scenarios: Section 3 con-
siders elastic dislocation walls, which was the focus of prior research. Secondly, Section 4 im-
proves the fidelity of the model by considering plastically deformable dislocation walls. In this
case, we compare the results to single- and polycrystalline experimental results from the literature.
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3 Elastic dislocation walls

Upon plastic deformation, evolution of dislocations tends to control the mechanical responses of
metallic materials. In most metals, and particularly in FCC metals, dislocations tend to localize
and form regions of low and high dislocation densities. The regions, usually referred to as low
energy dislocation structures (LEDS) [13, 14], have been observed by TEM microscopy and are
known to influence the mechanical responses. These structures are significantly stiffer than the
materials in between and impose a constraint to plastic deformation. In the cases of cyclic loading,
these structures are responsible for the development of a back stress.

Prior work has developed a constitutive model that explicitly incorporate the influence of elastic
dislocation walls. This model assumes that screw dislocations develop in between the walls, which
constraint the mean free path of dislocations and the local stresses as described in the following
section.

3.1 Constitutive Formulation

The constitutive model is implemented in Abaqus using a physics-based philosophy that avoids
fitting coefficients without clear physical meaning. Instead, all parameters can be estimated from
lower length scale measurements or modeling, and the only "fitting" flexibility is within the uncer-
tainty of the parameters. Clearly, this approach is perfectly positioned for uncertainty quantifica-
tion.

The shear rate of the a-th slip system follows the Arrhenius thermal activation proposed by
Kocks et at. [15, 16],

Ila = g/structbVGexp

I \ P q

FO ( [( Tfeff — Sgf )1)
— — 1 sgn (Tff̀f) , (1)
kbT so C44

\ 
t 04

in which:
pg: Dislocation density for slip system, a

lstruct: Mean dislocation path,
b: Burgers vector,
vG: Lattice vibration frequency,
Fo: Activation energy for dislocation motion when the effective shear stress is zero,
4: Thermal slip resistance at OK,
p, q: Profile parameters,
T: Temperature,
kb: Boltzmann constant.
C44: Elastic constant temperature T,
C4 • Elastic constant at OK.4 •
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The athermal or threshold stress (S8`) depends on three contributions:

Sa = Sgc + aLE
dstruct 

(2)fib + (AaaPnia)
1/2

The first term corresponds to the lattice thermal friction (St:), which becomes almost negligible in
FCC metals compared to the contributions from dislocation interactions. The second term corre-
sponds to the bow-out stress, and assumes irreversible deformation will not occur before a bow-out
reaches a critical length (dstruct). This term depends on the dislocation line energy factor (aLE).
The third term corresponds to the dislocation-dislocation interaction strength for dislocations on
the same slip system and depends on parameter Aaa, which is usually about VAaa = 0.35.

The mean dislocation path and the typical dislocation size are assumed to be identical and
follow similitude with K N 8 — lOtim [17]:

Kith
dstruct = lstruct — (3)

where, II is Hill's shear modulus. The dislocation density is computed following the balance rate:

Acif =  hi[ i
- -struct

bs . 
+ 

dstruct
Prn Ya

doto

( 
O 

r
p 

vcs rIly a a Ks TivC 
cs,',Tie " 1 — pme (4)

This first term corresponds to dislocation multiplication and annihilation, while the second term
corresponds to the probability of cross slip of mobile dislocations from plane a to C. Here,
ys: Annihilation distance for edge dislocations,
do, to: Cross slip reference distance and time,

(Pcs: Cross slip efficiency,
Ks: Cross slip volume,
-cm: Cross slip stress.
Cross slip volume and stress are computed as follows:

1/cs 0
Vcs — (5)_ Ba

zin =  (6)
4irys

The effective stress ("cc' f ) is defined as the macroscopic shear stress less the internal stress (Ba)ef 
as follows:

'a a 
Ba

eff — 

The internal or back stress is computed from:

fw 2p, (1 — 151212) ,,,otBa =   (8)
1 — fw (1 + 401212fHill

in which fw is the dislocation wall fraction, fHill is the accommodation factor and Siik1 is the
Eshelby tensor for a prolate spheroid. These are computed as:
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Yp
fw = finf + (fo — tint) exp

gp

u
fHill = (1 fw) ( 

)
1

dstr

dgr

ct

 d2a

jrri.truc (retruc 1.75 — 2vprisir + / p) C12
S1212 —

8z (1 — vp)(r~struc — 1)

Cl2 =
cosh 1 (Ilstruc))27Mstruc (rIstruc (Tetruc 1-)

(Ilsiruc 1 ) 3

= + 2 rHill

v+3p,(1+v)fHill
vp = 4

1 + IP (1 + 17) finu
Note that this equation conveys a grain size dependence through the accommodation factor.

3.2 Material parameters and physical constants

(9)

(10)

(12)

(13)

(14)

Constitutive models depend on three types of parameters: Direct, stochastic and initial parameters.
Direct parameters correspond to physical constants that are intrinsic to the material and do not cor-
respond to the mesoscopic response of a statistical ensemble. These parameters are deduced from
experimental measurements or first principle calculations and are linked to fundamental physics.
For instance:

Boltzmann constant, kb,

Temperature, T = 300K,

Atomic jump frequency, v — 1012s-1,

Burger's vector, b = 2.5 x 10-10

The elastic constants are also considered a fundamental quantity that can be computed from
the first principles (even though they are the result of a quantum statistical ensemble). Here we

employ: C11 = 249GPa, C12 = 155GPa, C44 = 114GPa, C44(0K) = 128GPa and shear modulus
= 80.6GPa,
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Stochastic parameters are associated with mechanisms or theoretical models that describe the
behavior of a statistical ensemble. Among these quantities are energy barrier parameters, disloca-
tion interaction strengths, the cross slip activation energy and volume, etc. These quantities can
be estimated by indirect experimental measurements or by simulations such as dislocation dynam-
ics, and they are characterized by a much larger intrinsic uncertainty than direct parameters. The
stochastic parameters employed here are,

Activation energy, Fo = 0.93 eV,

Thermal slip resistance at OK, sii) = 90MPa,
Profile parameters, p = 1, q = 1.5.

Annihilation distance for edge dislocations (not induced by cross slip) ys = 2nm,

Intrinsic lattice friction, St; = 4MPa,

Dislocation-dislocation self interaction, Aii = 0.122,

Line tension coefficient, aLE = 0.5,

Cross slip activation volume constant, 11,S =20000b3,

Cross slip efficiency, Ocs = 0.5.

And the initial parameters are the initial density of mobile dislocations, pms 0 = 1010712-2, and
the initial structural distance — 10µm.

3.3 Smooth specimen results

The macroscopic responses of polycrystal spencimens for different mean grain sizes are repro-
duced in Figure 5. These responses were computed by modeling the smooth bar shown in Figure
5a under quasi-static displacement-control deformation along the X-axis.

These figures present two major characteristics: a reduction in grain size increases the stress
and grain size effects saturate for dimensions about 500µm. This constitutive response will be
employed in what follows to assess the fracture toughness driving forces. Section 4 will revisit
constitutive behavior with models that match single- and poly-crystal experiments.
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Figure 5: Constitutive responses of smooth specimens assuming elastic dislocation structures.

3.4 Results for equiaxed fine microstructures

Here we present the results of multiple microstructural realizations using equiaxed fine grains
(Figure 3a) under displacement and force control. All simulations are equivalent except for the
location and orientation of grains, i.e. multiple microstructural realizations were created with the
similar number of grains and random crystal orientations were assigned. The results from multiple
simulations are presented as the evolution over time of changes of CMD, CTD and 35 (i.e., ACMD,
ACTD, and A35).

Results for displacement control

Figure 6 presents the evolution of the opening (left) and sliding (right) components of the ACMD,
ACTD, and A35 for five microstructural realizations under displacement control. For each mi-
crostructural realization we modeled either 5,um or 100µm mean grain sizes. In addition, we
consider an homogeneous J2 plasticity model constructed with the piece-wise stress-strain curve
in Figure 5b.

These results suggests that under displacement control, the change in CMOD is almost in-
sensitive to grain size effects. On the contrary, the microstructure induces non-negligible sliding
components, and they may be positive or negative, which means that shear could occur in both
directions. Interestingly, the homogeneous case has no shear component, which suggest that mi-
crostructure induce some Mode II deformation which is not predicted unless the microstructure is
considered.
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Figure 6: ACMD, ACTD, and A35 for multiple equiaxed microstructural realizations under dis-
placement control. Colors represent different microstructural realizations. Black correspond to
homogeneous J2 model.

Force control

Figure 7 presents the evolution of the opening (left) and sliding (right) components of the ACMD,
ACTD under force control. We consider ten microstructural realizations with 5,um or 100,um mean
grain sizes and a homogeneous J2 model as previously described. The total force was selected such
that the CTD of the largest grain size is approximately the same as in the case of displacement
control.

Contrary to the findings under displacement control, the grain size has a great impact on the
opening and sliding displacements. Even within the same grain size, the variability increases
significantly and the homogenized J2 model may not be representative of the mean behavior. The
sliding components can again be positive or negative, but they are not negligible as in the case of
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the homogeneous model.

The increase in variability and the impact of grain size effect suggest that force-control may
induce higher uncertainty for distance-based fracture driving forces. Thus, though-out of the rest
of the report puts more emphasis on the force-control scenario.

5

4

3

o

3 2

0

1.4

1.2

1

E
0.8

a
o
8 0.6

<1

0.4

0.2

o
o

0.3

0.25

0.2

E

0.15

<1
0.1

0.05

0.5

0.5

1

Time [s]

lTime [s]

1.5

1 5

2

2

-6- Homogeneous Grain Size
5 gm
0 100 gin

0 5
Time [s]

1 5

0.08

-0- Homogeneous

0.06

Grain Size
o gim
0 100 gm

0.04 -

-E-
0.02

co

-0.02

-0.04 -

0.06

0.08

0.06

0.04

E
0.02

cg

-0.02

E

-0.04

0.5 1

Time [s]

1.5 2

-8- Homogeneous Grain Size
o 5 gm
100 gm

-0.06  
0

0.03

0.025

0.02

0.015

-0.005

-0.01

-0.015
0

0.5

0.5

1

Time [s]

1

Time [s]

1.5

1.5

2

2

Figure 7: ACMD, ACTD, and A55 for multiple equiaxed microstructural realizations under force
control. Colors represent different microstructural realizations. Black correspond to homogeneous
J2 model.

Figure 8 summarizes in three box plots the normalized distributions of maximum ACMD,
ACTD, and A55 values for multiple equiaxed microstructural realizations under force control; two
grain sizes are also shown. The normalization factor correspond to the mean opening magnitude.
The results show some clear trends:

• The variability of A#55 is higher than that for ACTD, which is still higher than that for ACMD.
Thus, the closer we measure the displacement from the crack tip, the larger variability.
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• The dispersion of ACMSD is much smaller than that from ACMOD. On the contrary, the
spread of sliding and opening components of A35 are about the same. Such a difference
suggests that far field measurements of the fracture driving force smears out Mode II com-
ponent compared to Mode I.
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Figure 8: Boxplots summarizing normalized distributions of maximum ACMD, ACTD, and AS5
values for multiple equiaxed microstructural realizations under force control.

3.5 Effects on stress and strain fields

In order to further compare the loading conditions we present the stress and strain fields for one
realization with 5i.im and 100,tim mean grain sizes. The morphology of grains is the same in all
cases.

Displacement control

Figures 9 and 10 depict the total strain and von Mises stress fields at maximum displacement,
respectively under displacement control. Strain fields are almost identical in shape and peak mag-
nitude, which correlates with the lack of sensitivity of driving forces to grain size effects. On the
other hand, distributions of von Mises stress fields are similar for both grain sizes, but they scales
differ significantly by a factor of two.
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Force control

Figures 11 and 12 depict the total strain and von Mises stress fields at maximum force, respectively
in force controlled simulations. In this case, as expected, von Mises stress field are almost identical
in shape and peak magnitude in both cases. On the contrary, total strain fields are different and
peak magnitudes differ by a factor of 3. Comparing with the last section, strain fields under force
control seem more sensible to grain size than von Mises stress field under displacement control.
Further research may clarify further these characteristics in order to minimize uncertainty.
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3.6 Results for microstructural gradients

As shown by simulations with equiaxed grains, microstructural variability propagates to fracture
driving forces in various manners. This section explores the effect of different microstructural
arrangements on a fracture driving force using various microstructures as shown in Figure 3. First,
we review one realization per microstrustructure and later we assess five realizations for Y-axis
and X-axis gradients.

Comparison among different microstructural gradients

Figure 13 presents the evolution of the opening and sliding displacements for microstructures with
gradients under displacement control. Compared to the results for isotropic microstructures in
Figure 6, microstructural gradients seem to increases the variability of all fracture driving forces.
For instance, the ACTOD varies about 30% regardless of the grain size. Furthermore, the driving
forces with identical microstructures but different mean grain size are correlated; this is particularly
evident for the shear components, which tend to have the same sign for both grain sizes.

Figure 14 presents the evolution of the opening and sliding displacements for microstructures
with gradients under force control. Similar to prior case, microstructural gradients seem to increase
the variability of all fracture driving forces. Each grain size shows different mean values and both
cases spread between 30% to 50%, but a rigorous quantification requires statistically meaningful
number of realizations. In addition, the driving forces with identical microstructures and different
mean grain size are strongly correlated. For instance, the same microstructure has the highest
ACMD or A35 for both mean grain sizes.
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Figure 13: ACMD, ACTD, and A35 for multiple microstructural gradients under displacement
control. Colors represent different microstructural realizations.
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Figure 14: ACMD, ACTD, and 085 for multiple microstructural gradients under force control.
Colors represent different microstructural realizations.
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Y-gradients rnicrostructural realizations

The previous section showed that microstructural gradients have a significant impact on driving
forces, but more microstructural realizations are required to make strong conclusions. Thus, Fig-
ure 15 presents the evolution of the opening and sliding displacements for microstructures with
gradients along the Y-axis under displacement control. These results are comparable to equiaxed
isotropic microstructures from Figure 6 in terms of mean values and dispersion.
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Figure 15: ACMD, ACTD, and A35 for multiple microstructural Y-axis gradients under displace-
ment control. Colors represent different microstructural realizations.

Figure 16 presents the evolution of the opening and sliding displacements for microstruc-
tures with gradients along the Y-axis and force control. These results are comparable to equiaxed
isotropic microstructures from Figure 7 in terms of dispersion, but the mean values seem slightly
different. Although further statistics are required, opening displacements seem slightly higher than
in the case of equiaxed microstructures while shear displacements seem to be asymmetric respect
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Figure 16: ACMD, ACTD, and A55 for multiple microstructural Y-axis gradients under force
control. Colors represent different microstructural realizations.

X-gradients rnicrostructural realizations

Figure 17 presents the evolution of the opening and sliding displacements for microstructures with
gradients. Compared to Figure 6 and Figure 15, microstructural gradients along the X-axis has
a greater effect on the ACMD variability. On the contrary, the A55 has a lower mean value and
variability.

Figure 18 presents the evolution of the opening and sliding displacements for microstructures
with X-axis gradients under force control. Compared to Figure 7 and Figure 16, microstructural
gradients along the X-axis seem to induce larger Mode II towards one direction.
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3.7 Results for texture gradients

This section presents the results using models with crystallographic texture presented in Figure 4
under force control. We consider crystallographic gradients along Y- and X-axis that goes from
random orientation (no texture) to three single crystals orientations: [001], [011] and [111]. These
orientations were chosen due to the high elastic anisotropy of Nickel (also stainless steel), which
results in a strong difference in the elastic stiffness of single crystals. Indeed, the Young's modulus
varies from 130GPa for crystals oriented along [001] to about 220GPa for crystals deformed along
[011] and 290GPa for [111] orientation.

Figure 19 presents the evolution of the opening and sliding displacements for the same mi-
crostructure with different texture gradients under force control. These results show that in ad-
dition to the grain size and morphology, crystal orientations also have a significant effect on the
fracture driving force variability. Interestingly, the sliding components may change their sign by
only modifying the grain orientations.

To further investigate this finding we performed 10 realizations for texture gradients along the
X-axis Y-axis and the results are presented in Figures 20 and 21, respectively. Clearly, the com-
bination of texture and grain morphology increase the variability of the driving forces. Moreover,
some cases seem to depend on the crystal orientations. Thus, we computed the distributions of
normalized displacement at maximum load in box plots in Figures 22 and 23. The normalization
factor is the corresponding opening displacement for [001] texture.

Although more statistics would provide more certainty, it seems that the mean ACMSD and
ACTSD are biased towards positive values for texture gradients along the X-axis. Similarly, the
ACMOD and ACTOD depend on the texture along Y-axis. The [111] orientation shows the lowest
mean values while the [001] texture has the highest. These values correlate inversely with the
elastic stiffness of the single crystals, which suggests that the mesoscale reduction of stiffness
introduced by the texture can affect the fracture driving force; these effects justify a change about
5%. In the case of the A35 for texture along Y-axis we do not observe a clear trend, which would
suggest that the local grain orientation dominates this displacement.

32



4.5

4

3.5

- 3
E

- 2.5
o
O 
2 2
C.)
"1 1.5

1

0.5

0

o 001 Y grad
-0- 011 Y-grad
-o- 111 Y-grad
-0- 001 X-grad
- 011 X-grad
-0- 111 X-grad

Grain Size
o 5 Am
0. 100 pm

1.4

1.2

1

E
0 8

0

° 0.6
0.4

0.2

0.5

Time [s]

1 5

-o- 001 Y-grad
-0- 011 Y-grad
-0- 111 Y-grad
-e- 001 X-grad
- 011 X-grad

111 X-grad

Grain Size
o 5 ktm

_ 0100 inn

0

0.25

0.2

E 0.15

0

<I▪ 0.1

0.05

0.5
Tilme [s]

1.5 2

0.06

0.04

_ 0.02
E

ci 0

2
0
<1 -0.02

-0.04

-0.06  
0

0.1  

0.05 -

E

0

0
<1

•
-0- 001 Y-grad
-0- 011 Y-grad
0 111 Y grad

-0- 001 X-grad
-0- 011 X-grad

111 X-grad

Grain Size
o prn
•C. 1 0 0 rn

0 
o 0.5 1

Time [s]

1.5 2

-0.05

0.1
0

0.03

0.02

E 0.01

-0- 001 Y-grad
-0- 011 Y-grad
-0- 111 Y-grad
-0- 001 X-grad
-0- 011 X-grad
-0- 111 X-grad

Grain Size
o ten
g. 100 prn

0.5 1

Time [s]

1.5 2

-0- 001 Y-grad
-0- 011 Y-grad
-o- 111 Y-grad
-0- 001 X-grad
-0- 011 X-grad
-0- 111 X-grad

0.5

-0- 001 Y-grad
-0- 011 Y-grad
-o-- 111 Y-grad
-0- 001 X-grad
-0- 011 X-grad
-0- 111 X-grad

Grain Size
-0.01 - o Sprn

100 prn

-0.02  
0

1

Time [s]

1.5 2

0.5 1

Time [s]

1.5 2

Figure 19: ACMD, ACTD, and 085 for two texture gradients under force control. Colors represent
different microstructural realizations.
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Figure 20: ACMD, ACTD, and A35 for X-axis gradients and mean grain size of 54um under force
control. Colors represent different microstructural realizations.

34



E

4.5

4

3.5

3

- 2.5

O 
❑

0
<1 1.5

0.5

0

1 A

1.2

E
0.8

0
0
I- 0.6

0.4

0.2

001 Y-grad
o 011 Y grad
o  111 Y grad

Grain Size
5 tan
0 100 Aro

0.5 1
Time [s]

5

-e- 001 Y-grad
o 011 Y-grad
o  111 Y-grad

Grain Size
o 5 gin

- 0 100 iern

0 0--
0

0.3

0.25

0.2

O 0.15

o

0.1

0.05

0.06

0.04

0.02

E

❑
rn
M -0.02

-0.04

-0.06

-0.08
0

-e- 001 Y-grad
-e- 011 Y-grad
o  111 Y grad

Grain Size
o 5 Am
0 100 Am

0.15

0.1

0.05
E-
❑
Cn

-

0.5
Tilme [s]

1.5

-e- 001 Y-grad
-e- 011 Y-grad
o 111 Y grad

Grain Size
o 5 Am
0 100 µin

0.5 1
Time [s]

1.5

-o

-0.05

-0.1

0.5 1

Time [s]

1.5

-0.15  
0

0.03

0.02

0.01

-e- 001 Y-grad
-e- 011 Y-grad
o  111 Y grad

Grain Size

o5(7m.0. 10 Arn

0

-0 cm

0 '-0 02

0.5

-e- 001 Y-grad
o 011 Y grad
o 111 Y-grad

-0.03 -

n
-0.04 - 

Grain 
Si0 5 wn

-0.05 - 
0 100 µm

-0.06  
0

1

Time [s]

1.5

0.5 1

Time [s]
1.5

Figure 21: ACMD, ACTD, and 085 for Y-axis gradients under force control and two mean grain
sizes. Colors represent different microstructural realizations.
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Figure 22: Boxplots summarizing normalized distributions of maximum ACMD, ACTD, and A65
values for multiple texture gradients along X-axis and mean grain size of 5µm under force control.
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4 Plastic dislocation walls

Previous sections explored the effects of microstructure on fracture using a generic version of
the constitutive model that can reproduce the macroscopic behavior of polycrystals. Indeed, we
observed multiple effects, but it is difficult to point out a particular microstructural feature that
controls the fracture toughness. For instance, Mode II is significant, but it is not clear what controls
the direction of such shear (i.e., positive or negative ACTSD). Most likely, this is controlled by the
mesoscale neighborhood of the crack rather than the macroscopic (entire model) or local (each
element) scales.

Such a dependence on the mesoscale has implications on the constitutive modeling require-
ments. Instead of just matching the macroscopic behavior, crystal plasticity models need to match
the behavior of individual grains in order to make conclusion about mesoscale effects. Such a
validation is rarely found in the literature and most the time it is incomplete. Furthermore, it is not
entirely clear how to validate crystal plasticity approaches at a mesoscale, which is an engineering
grand challenge.

In this research, we attempt a first order mesoscale validation by designing and implementing a
constitutive model that matches single and poly-crystals. Indeed, this is the minimum requirement
to predict local stresses and strains and very few models, if any, have been shown to reproduce
flow behaviors of polycrystals and single crystals in multiple orientations. Next we present a
modification of the constitutive model to consider the plastic deformation of dislocation structures.
After that we perform various simulations to assess fracture toughness with this model.

4.1 Constitutive Formulation

The constitutive model presented in the previous section assumes that dislocation densities lo-
calize in elastic walls and soft channels; plastic deformation only occurs in channels, which are
constrained by walls. This model is accurate at low stresses, but with increasing stress, walls may
deform plastically. Thus, we implemented a model that allows for plastic deformation of the walls.

The shear rate has two terms, each for the channel and walls,

= 1,151structbVGexp
khT

Fo  (
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aPwlstructbyGexp F°
k bT 

(1

a W
zeff

so C44
t CO

—SaM  p) 
q

sgn (Teffa m

— Sr)1P)q)
sgn (te,V)
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(15)

in which the subscripts M and W refer to mobile or wall, respectively. The athermal or threshold
stress (Sg,) is similar to Equation 2 with the corresponding mobile or wall dislocation densities.
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Similarly, the dislocation density in the walls is computed following the balance rate in Equation 4,
but without the cross slip term since we assume that walls are made of mostly of edge dislocations.

The effective stress of mobile dislocations (2a f
M) follows Equation 7 and the back stress isef 

a 
f
W) \ computed similarly to Equation 8. In the case of the walls, the effect stress ("C is defined by,ef 

W
'eff '+Ba (16)

in which the sign of the back stress is opposite to the case of mobile dislocations. The remaining
magnitudes are identical except for Hill's accommodation factor that does not include a grain size
dependence.

dya
= (1— iw)

dZa 
(17)

Instead, the grain size dependence is introduce by the initial dislocation density, which affects the

athermal stress and assuming that the initial structure size is dC1uruct r-s"' 1/ 04

The material properties are almost identical to those in the previous section except for the initial
dislocation densities. Single crystals are usually manufactured by melting and solidifying metals
without any work hardening. This means that crystals are in an annealed state with very low dislo-
cations densities. In contrast, upon rolling or other work hardening manufacturing processes, grain
size are typically reduced and dislocation density can increase dramatically. Thus, we summarize
prior history by specifying the initial grain size and dislocation density, which will also define
the initial mean free path. We make the point that well annealed single and poly-crystals are less
dependent on the initial conditions.

The macroscopic response from smooth specimens is presented in Figure 24 deformed at a
strain rate of 0.001%s-1. Here, we present four cases from experiments (full symbols) and exper-
iments (continuous lines). These cases correspond to:

• Nickel single crystal with the loading oriented along the [111] direction from [18]. This
configuration has the lowest possible maximum Schmid factor (0.27).

• Nickel single crystal with the loading oriented along the [001] direction from [19]. This
configuration has the a maximum Schmid factor of 0.41 for eight slip systems.

• Polycrystalline rolled Nickel with the mean grain size of 2µm . In m from [18]odels the
initial dislocation densities are = 1.5 x 1012m-2 and pio,v = 1.5 x 1013m-2.

• Polycrystalline annealed Nickel with the mean grain size of 34µm from [20]. In models the
initial dislocation densities are pz = 2 x 1011m-2 and y°y= 2 x 1012M-2.

By validating single crystal macroscopic responses of models with experimental measure-
ments, we increase the confidence at the mesoscale. Given that the development of a new con-
stitutive model is not the main objective of this research, we argue that the agreement between
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models and experiments in Figure 24 is reasonable to proceed to compute fracture driving forces
with more confidence. Nevertheless, future efforts should investigate constitutive models that re-
produce single and polycrystals more accurately. Next, we present the results of notched specimens
using this constitutive model. Note that the deformation rate in these simulations has been modified
to match the experimental data used for validating the constitutive model.
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Figure 24: Stress-strain curves for two Nickel single crystals and two polycrystals from different
manufacturers. Solid lines correspond to simulations while symbols correspond to experiments
from the literature.

4.2 Results for equiaxed fine microstructures - Force control

Following the same path as in section 3.4 we adopt multiple realizations of the equiaxed fine
microstructures using the constitutive model described in the previous section. Figure 25 presents
the evolution of the opening and sliding displacements for such microstructures. Compared to the
elastic walls results in Figure 7, the new constitutive model presents somewhat similar opening
results in terms of mean values and spreads. Interestingly, even when both constitutive models
show almost identical ACTOD, it seems that there is a difference in the variability of the ACTSD.
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Figure 25: ACMD, ACTD, and A35 for multiple equiaxed microstuctural realizations under force
control. Colors represent different microstructural realizations.

4.3 Results for X-axis texture gradients - Force control

Figure 26 presents the evolution of the opening and sliding displacements for microstructures with
texture gradients along the X-axis direction. The results are somewhat similar to those obtained
with the elastic walls models in Figure 20. Furthermore, we computed the distributions of nor-
malized displacement at maximum load in box plots in Figure 27. The normalization factor is the
corresponding opening displacement for [001] texture.

Although the distributions overlap, it seems that [111] orientation induces a positive shear
component while [001] induces a negative shear components; this is specially noticeable for
ACMSD and ACTSD. The opening components Similarly, the ACMOD and ACTOD depend on
the texture along Y-axis. The [111] orientation show the lowest mean values while the [001] texture
has the highest. These values correlates inversely with the elastic stiffness of the single crystals,
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which suggests that the mesoscale reduction of stiffness introduced by the texture can affect the
fracture driving force; these effects justify a change about 5%. In the case of the A55 for texture
along Y-axis we do not observe a clear trend, which would suggest that the local grain orientation
dominates this displacement.

2.5

2

E; 1.5

O
❑

O • 1

0.5

0.6

0.5

_ 0.4
E

0 0.3
0

<I 0.2

0.15

0.1
E

• 0.05

1000 2000 3000 4000
Time [s]

1000 2000 3000 4000
Time [s]

1000 2000 3000
Time [s]

4000

5000

5000

5000

6000

6000

6000

0.04

0.03

0.02

0.01

0

-0.01

-0.02

-0.03

-0.04
0

0.03

0.02

0.01

E
0

❑

1— -0.01

-0.02

-0.03

-0.04
0

1000 2000 3000 4000

Time [s]

5000 6000

0.01

0.005

0

-0.005

l0
-0.01

-0.015

-0.02

-0.025
0

1000 2000 3000 4000
Time [s]

5000 6000

—e— 001 X-grad
—e— 111 X-grad

1000 2000 3000 4000
Time [s]

5000 6000

Figure 26: ACMD, ACTD, and A55 for X-axis gradients and mean grain size of 2µm under force
control. Colors represent different microstructural realizations.
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5 Discussion and Conclusions

The introduction of microstructural variability propagates intro fracture driving force in multiple
ways. Furthermore, microstructural morphology, gradients and texture contribute independently
and significantly to the fracture driving forces, which makes it difficult to identify one specific
feature that dominates the response. Instead, we identified various general characteristics:

• The microstructural variability has different effects on the multiple driving forces considered.
Thus, propagation of uncertainty is specific to each fracture driving force measure.

• Equiaxed microstructures show almost no impact on ACMOD variability, for which homo-
geneous J2 and microstructure-sensitive simulations are almost identical; on the contrary,
ACTOD and 350 are affected by the microstructure. Hence, standardized CTOD measure-
ments based on CMOD plastic hinge may smear out the driving force variability.

• The sensitivity of the fracture driving force to the microstructure increases as the measure-
ment of the driving force approaches the crack tip. Thus ACMOD is less sensitive than
ACTOD and 350. Furthemore, the normalized ACMSD is negligible compared to ACTSD
and 35s and suggests that Mode II is intrinsically introduced by microstructure. Hence,
experimental fracture toughness measurements based on plastic hinge model [1] should be
regarded as less sensitive to intrinsic fracture variability.

• The incorporation of the microstructure induces a significant Mode II compared to homog-
enized models. For random grain morphology and orientation, shear occurs in both direc-
tions, which effectively compensates shear growth on a macroscopic scale and allows cracks
to grow, in average, in Mode I. Microstructural gradients can induce Mode II displacement
along a preferential direction, which has the potential to turn the crack path as observed in
experiments (e.g., [21]).

• The microstructural attributes in the neighborhood of the crack tip seem to control a signif-
icant fraction of the variability. More statistics are necessary to understand and quantify the
size of the neighborhood in relation to the mean grain size and the CTOD. Since the CTOD
changes as a function of the loading level, it is plausible that such a neighborhood is also a
function of the applied load.

• The variability of the driving forces is increased by the introduction of microstructural gra-
dients. Both local and long range gradients may affect, but the former would not affect
CMOD.

• Mesoscale texture gradients may also affect the driving force. Long range gradients seem to
have a secondary effect while local texture may have a larger impact.
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5.1 What is next?

Future efforts should focus on linking the mesocale to the macro and micro scales. For instance,
further research could estimate quantitatively the effect of microstructure on the methodology stip-
ulated by ASTM E1820 standard for measuring fracture toughness. This research would require
modeling the exact fracture specimens and loading conditions imposed by the standard. Following
the guidance from this report, further investigation may identify unsafe or unreliable predictions
for certain materials, best manufacturing practices to improve fracture toughness certification and
better practices for the standard.

A more robust link between the mesoscale with the macroscopic scale is key to bring un-
derstanding from atomistic models into engineering applications. We envision that CTD is an
ideal mesoscale magnitude to facilitate the handshake between atomistic and engineering fracture
toughness. Indeed, atomistic simulations could investigate the role of the environment and crystal-
lographic orientation on CTD, which may be inferred from the macroscopic applied state though
mesoscale correlations.
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