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A B S T R A C T

Even though intergranular fracture is generally regarded as a macroscopically brittle mechanism, there are
various cases where the fracture occurs at the grain boundaries with considerable plastic deformation at the
macroscopic scale. There exists several microstructural reasons for grain boundaries to host crack initiation.
They can interact with impurities and defects, can provide preferential location for precipitation, can behave as a
source of dislocations and can impede the movement of dislocations as well. The understanding of the crack
initiation and propagation at the grain boundaries requires the analysis of the grain boundary orientation and
the orientation mismatch between the neighboring grains and the related the stress concentration, which is only
possible through the combination of micro-mechanical plasticity and fracture mechanics. For this reason the
current work studies the evolution of plasticity in three dimensional Voronoi based microstructures through a
strain gradient crystal plasticity framework (see e.g. Yalcinkaya et al., 2011; Yalçinkaya et al., 2012; Yalçinkaya,
2016) and incorporates a potential based cohesive zone model (see Park et al., 2009; Cerrone et al., 2014) at the
grain boundaries for the crack initiation and propagation. The numerical examples considers the effect of the
orientation distribution, the grain boundary conditions, the specimen size and the fracture energy parameter on
the intergranular fracture behavior of micron-sized specimens. The study presents important conclusions for the
modeling of fracture at this length scale.

1. Introduction

In recent years the production of miniaturized products has become
a global trend in various industrial clusters such as, electronics, com-
munication, aerospace, biomedical devices, defense and automotive,
which requires advanced manufacturing technologies at micron level
(see e.g. [1,2]). Various challenges, such as size effect and stress con-
centrations at the grain boundaries, arise at the grain scale. In other
words, during plastic deformation of micron-sized metallic products,
the material homogeneity assumption does not work anymore. There-
fore, crack initiation and propagation are rather dominated by local
maximal values around grain boundaries or interfaces (see e.g. [3–5]).
Various metallic alloys, e.g. aluminum, exhibit substantial localization
and stress concentration at the grain boundaries. In this regard, inter-
granular damage evolution, crack initiation and propagation becomes
an important failure mechanism at this length scale. Our recent ex-
perimental studies in micron sized Al 6061-T6 specimens, using micro
DIC technique, illustrated that localization mainly occurs at the grain
boundaries under uniaxial tension and at both grain boundaries and

grain interiors under equibiaxial tension conditions [5]. Moreover it
was observed that it is quite difficult to validate crystal plasticity si-
mulations with micro DIC observations in specimens having 50–100
grains without an interface model handling the localization and
cracking at the grain boundaries. Occurrence of intergranular micro-
cracks at this length scale, influences the performance of many alloys at
macro scale as well.

One class of material that is commonly referred to for the ductile
grain boundary failure is the high strength aerospace aluminium alloys
(Al-Zn-Mg-Cu-Cr), having intra- and intergranular precipitation due to
heat treatment. Such materials have low fracture toughness due to in-
tergranular fracture (see e.g. [6,7]). The grain boundary microstructure
classically exhibits a Precipitate Free Zone (PFZ) and grain boundary
precipitates. The typical behavior of the PFZ/grain boundary after heat
treatment will be a low yield stress and a high work hardening rate. The
PFZ is considered to be the soft location deforming first and it is con-
strained by the elastic grains imposing high stress triaxiality. This ac-
tivity leads to large void growth rate and rapid coalescence leading to
intergranular cracking. In certain cases the stress inside the grains
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might reach to yield stress before the onset of coalescence in the PFZ,
dropping the triaxiality in the PFZ due to its higher hardening capacity.
Then the voids tend to grow inside the grain. Due to the low hardening
capacity of the grain, a state of damage induced softening is rapidly
attained until voids finally coalesce within the grain. This point of view
explains the intergranular and trans-granular ductile fracture mechan-
isms in the continuum length scale. There have been a number of
models developed at continuum scale to address the micromechanical
features of failure (see e.g. [8–11]). Even though there are several
important conclusions through such phenomenological models, a fur-
ther improvement on the occurrence of failure modes in ductile mate-
rials as a function of the relevant microstructural parameters is required
[9], which is basically the scope of the current work.

As a good candidate material for aerospace applications, the Ti
alloy, experiences the same problem as well with the fracture tough-
ness. This class of materials is attractive because of their density-nor-
malized strength. However, their current use is limited because they are
prone to room temperature grain boundary ductile fracture that reduces
their ductility and/or fracture toughness, thus limiting their usefulness
in fracture-critical structures (see [12]). Therefore, these lightweight
alloys are often excluded as an option, yet their failure mechanisms
should be studied to quantify the factors that cause grain boundary
ductile fracture. Then their usage at the critical components such as
landing gear could be discussed further. Due to their high strength at
room temperature, high-temperature forming has become an effective
approach for manufacturing complex structured components of tita-
nium alloys. Yet, microcracks may initiate and propagate in the mate-
rial, which will result in GB fracture or interior fracture that weakens
the fatigue life of the component. Grain boundaries contribute sig-
nificantly to the microcracks because that GBs become the weakest
region during the high temperature deformation, and so the deforma-
tion, damage and fracture of GBs may directly cause plasticity en-
hancement, microcrack initiation and propagation, respectively (see
[13]).

The general microstructural understanding elucidates that inter-
granular fracture occurs predominantly along the high angle grain
boundaries. In other words, the chance of intergranular fracture in-
creases with the misorientation. The nucleation of intergranular cracks
is attributable to dislocation pileup at high angle grain boundaries (see
[14–17]). The large grain size of the recrystallized grains (25–100 μm)
facilitates the dislocation pileup and, consequently, the stress con-
centration at these boundaries. The slip transfer across these boundaries
is difficult because of the presence of coarse incoherent precipitates
and the high angle nature of the boundaries. These factors facilitate
nucleation of intergranular cracks. Therefore, the length scale of the
intergranular fracture phenomenon requires the usage of micro-
mechanically motivated models that intrinsically take into account the
crystallographic information affecting naturally the crack initiation and
propagation as well as the decrease in the fracture toughness. A number
of studies addressed the phenomenon through constitutive models at
molecular and grain scale (see e.g. [18–23]) mostly coupled to certain
interface models. However the studies in the literature are quite re-
stricted. The models are mostly local and the description of the grain
boundary conditions is not possible, which is crucial. Moreover the size
effect, grain boundary localization and the effect of the grain orienta-
tion and the mismatch could not be predicted.

Most commonly used local crystal plasticity finite element simula-
tions of polycrystalline materials can capture the strain localization due
to orientation mismatch. However, they lack any kind of grain
boundary-dislocation interaction information, and give jumps at the
grain boundaries. On the other hand the non-local (strain gradient)
crystal plasticity approaches offer the possibility of defining grain
boundary conditions and they can handle the localizations in a much
smoother way (see e.g. [24–26]). The grain boundary conditions in-
fluence the localization substantially. These conditions might define the
physical mechanisms resulting in complete blockage of dislocations or

free transition through grain boundaries. For the crack initiation
modelling a special treatment of the grain boundaries is required,
which is done here through the insertion of potential based cohesive
zone elements between the grains (see [27,28]). In this context, the
purpose of the current work is to conduct a physical analysis of inter-
granular fracture by combining the strain gradient crystal plasticity and
the cohesive zone modelling techniques in order to simulate the grain
size, orientation mismatch and grain boundary condition dependent
crack initiation and propagation, which makes it a unique study com-
pared the existing ones in the literature. Virtual microstructures are
prepared in 3D through Voronoi tessellation and the computations are
conducted in Abaqus through UEL subroutines. The pre- and pot-pro-
cessing of the simulations are automated through developed scripts and
important conclusions are obtained from the study. The developed
study offers a great potential to be used in realistic simulations of
plasticity and inter-granular cracking in micron sized specimens. Since
the developed models, routines and scripts are incorporated in a com-
mercial software, it is quite easy to use as well.

The paper is organized as follows. First, in Section 2, the rate de-
pendent strain gradient crystal plasticity and its finite element solution
is briefly discussed. Then, in Section 3, the incorporation of the po-
tential based cohesive zone elements is presented. In Section 4, nu-
merical examples are presented in order to demonstrate the capability
of the proposed model. First, the orientation distribution dependent
intergranular fracture phenomena is discussed. Then the effect of the
grain size, grain boundary condition and the fracture energy parameter
on the crack initiation is addressed. Finally, some concluding remarks
are given in Section 5.

2. Rate dependent strain gradient crystal plasticity

Two computational models for plasticity and fracture are used to-
gether in this study in order to simulate the intergranular fracture
phenomenon at grain scale. The first model is the rate dependent strain
gradient crystal plasticity framework (see e.g. [24,29,30]), which runs
for the simulation of bulk grain behavior. The model is extended to 3D
here and implemented as UEL subroutine in Abaqus software. The
constitutive model has actually been developed originally as a non-
convex model for deformation patterning modelling in single crystals.
In here, the convex counter-part of the model is employed to predict the
size dependent nonlocal behavior of metallic materials. Even though
the gradient nature of the crystal plasticity model makes it complicated
to implement, the formulation is kept as simple as possible for clarity
and for focussing more on the fracture behavior. Therefore, additive
decomposition of the strain into elastic and plastic components is
chosen. The plastic slip field evolution is governed by the slip law,

= + +s( · / ) sign( · )m0
1

(1)

where = P: is the resolved Schmid stress on the slip systems with
= +P s n n s( )1

2 , the symmetrized Schmid tensor, where
s and n are the unit slip direction vector and unit normal vector on
slip system , respectively and is the microstress vector

= = A/ bringing the plastic slip gradients into the
plasticity formulation. A is a scalar quantity, which includes an internal
length scale parameter, and in this work it is defined as

=A ER /(16(1 ))2 2 where R is a typical length scale for dislocation
interactions. In these types of models the internal length scale could be
related to different microstructural features and the value would vary,
e.g. [31] relates it to dislocation spacing, and [32] to grain size. In this
work we link the length scale parameters R to the average grain size. As
derived in [33], the microscopic traction (associated with ) on the
outer boundaries of the specimen is defined in terms of scalar micro-
scopic traction that satisfies,

= n· ¯ (2)
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whereas the interfacial tractions A and B are defined along the grain
boundaries and fulfill,

= N·A
A (3)

= N·B
B (4)

Please see Fig. 1 for the definition of n N¯, A and NB.
For the solution of initial boundary value problems a fully coupled

finite element solution algorithm is employed where both the dis-
placement u and the plastic slips are considered as primary vari-
ables. In the classical (local) crystal plasticity models the linear mo-
mentum balance equation is be converted to a weak form and
discretized into linear set of equations and solved incrementally where
the displacement is the only degree of freedom. However in the current
model the gradients of the plastic slips are required. Therefore the
plastic slip field on each slip system are taken as global state variables.
This results in a fully coupled model in terms of u and . These fields
are determined in the solution domain by solving simultaneously
(monolithically) the linear momentum balance ( =· 0) and the slip
evolution Eq. (1) for =m 1 and constant slip resistance, which con-
stitute the local strong form of the balance equations:

=
=

0·
· 0s s

0 0
(5)

Note that the current choice of =m 1 introduces a high viscosity
effect resulting in stabilization of any localization process. Yet, this
preference is not based only on the regularization aspects but also gives
a duality with models using a linear drag law for the dislocation motion
to determine the slip. Other values of m or introducing a lower viscosity
would affect the obtained results in the upcoming sections. For any
quantitative analysis of metals, the parameters of the model and the
value of the m should be identified accordingly. Since we conduct a
qualitative analysis in the numerical examples section to illustrate the
performance of the proposed models, we use the simplest choice for m
value.

The variational expressions representing the weak forms of the
governing equations given above are obtained through a multiplication
by weighting functions u and and integration over the domain ,
which is subdivided into finite elements, where the unknown fields of
the displacement and plastic slips and the associated weighting func-
tions within each element are approximated by their nodal values
multiplied with the interpolation shape functions. Then the weak forms
of the balance equations are linearized with respect to the variations of
the primary variables u and and solved by means of a Newton-
Raphson solution scheme for the increments of the displacement field

u and the plastic slips . The gradient nature of the model and the
choice for a highly viscous case with =m 1, makes the model quite
efficient and convergent. The procedure results in a system of linear
equations which can be written in the following matrix format,

=
+
+

uK K
K K

R R
R R

uu u

u

u
u
ext

ext
(6)

where K K K, ,uu u u and K represent the global tangent matrices
while Ru and R are the global residual columns. The contributions Ru

ext

and R ext originate from the boundary terms. A detailed finite element
implementation of the model as a user element in 2D is presented in
[30]. Note that, the global degrees of freedom in this framework are the
displacement and the plastic slips, in terms of which the boundary
conditions are defined. There are two types of conditions that could be
used at grain boundaries for plasticity during polycrystal simulations.
Setting interfacial tractions A and B to zero leads to soft boundary
conditions where the slips reaching to the grain boundary does not ‘feel’
the existence of the neighboring grain and/or resistance of the grain
boundary. Obviously, this is one extreme end of the spectrum and on
the other extreme end, by enforcing slips to be zero, hard boundary
conditions can be imposed. This leads to the development of a boundary
layer in terms of plastic slip and the related stress concentrations at the
grain boundaries. The real behavior is expected to be in between these
two extreme cases and in fact modeling of dislocation (slip) - grain
boundary interaction is an active research problem on its own, (see e.g.
[34,33]). In addition to these boundary conditions, the special case of
continuous plastic slip across grain boundaries is also enforced and
compared with the responses obtained by soft and hard boundary
conditions. The realization of these conditions in the computational
setting is briefly discussed at the end of the next section.

3. Cohesive zone modeling

The generalized potential-based constitutive model for mixed-mode
cohesive fracture is employed here [27,28] in conjunction with physical
parameters such as fracture energy, cohesive strength and shape of
cohesive interactions. The mixed-mode nature of the model is im-
portant for the current study as the traction developing between the
grains highly depend on the orientation of the grain boundary with
respect to the loading and the misorientation of the grains. The model
can characterize different fracture energies in each fracture mode, and
it gives the freedom to use different traction-separation relations based
on the used parameters. The potential has been named PPR (Park-
Paulino-Roesler), after the first initials of the authors’ last names.

As described in detail in [28], Fig. 2 presents the overview of the
cohesive interactions of the PPR model. The normal cohesive interac-
tion region is rectangular and bounded by n and t̄. Complete cohesive
normal failure occurs when the normal separation, n, reaches the
normal final crack opening width, n, or the effective sliding displace-
ment, t, reaches the tangential conjugate final crack opening width, t̄.
The tangential cohesive interaction is also rectangular and bounded by

t and ¯n. Complete cohesive tangential failure occurs when the effec-
tive sliding displacement reaches the tangential final crack opening
width, t, or normal separation reaches the normal conjugate final crack
opening width, ¯n.

The shape parameters and govern the normal and tangential
softening curve shapes. A shape parameter less than 2 causes plateau-
type behavior, whereas a shape parameter greater than 2 yields beha-
vior indicative of quasi-brittle materials. When n reaches the critical
opening displacement, nc, the normal cohesive traction is at its max-
imum, max (the normal cohesive strength). When the sliding displace-
ment reaches the critical sliding displacement, tc, the effective tan-
gential traction is at its maximum, max (the tangential cohesive
strength). The area under the normal cohesive interaction for = 0t
corresponds to the normal fracture energy, n, while the area under the
tangential cohesive interaction for n =0 corresponds to the tangential
fracture energy, t .

The model is described through a potential in the following way,

Fig. 1. A representative bi-crystal specimen with a grain boundary.
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The gradients of the PPR potential lead directly to the traction
vector,
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Here, m n, are non-dimensional exponents, Tn is the normal cohesive
traction, Tt is the tangential cohesive traction, , are shape para-
meters, ,n t are initial slope indicators, ,n t are energy constants, n
is the normal separation, t is the effective sliding displacement, ,t n
are the normal and tangential final crack opening widths, ,n t are
fracture energies. For more details about the model see [27]. The in-
terface element is equipped with 12 nodes which is compatible with 10-
noded tetrahedra elements used for the discretization of grains. Corner
nodes of both bulk and interface elements have 8 degrees of freedom (3
displacement components and 5 slip) and the mid-edge nodes have only
displacement degrees of freedom, please see [33] for bulk element
details. The formulation can be easily extended to host 12 slip systems
(verified with low cost models) but currently 5 slip systems (all of them
are octahedral slip systems) of a face centered cubic crystal given in
Table 1 are used due to overwhelming computational cost.Although the
interface element has slip degrees of freedom (dofs), the corresponding
elements of the internal force column and the associated elements of the
tangent stiffness matrix are set to zero. In other words, the interface
elements do not contribute to the slip conservation equations (Eq. 2b)
in any case. In case of hard boundary conditions along the grain
boundaries, the slip dofs of the ‘upper’ and ‘lower’ faces of the interface
elements are set to zero explicitly. In case of soft boundaries, the grain
boundaries are traction free and the two faces of the interface elements
are ‘disconnected’ in terms of slip dofs. In other words, slip dofs of the
corresponding nodes of the ‘upper’ and ‘lower’ faces of interface ele-
ments attain different values. In case of continuous slips across grain
boundaries (designated as continuous in the next section), equality
constraint equations (tyings) are used to make the slip dofs of the
corresponding nodes of the ‘upper’ and ‘lower’ faces equal.

Abaqus input files including the geometry, mesh, loading, solid
elements, boundary conditions, grain boundary conditions, and the
cohesive elements are prepared through developed scripts. The micro-
structure with grains are prepared with Neper open source software
[35,38]. The interface elements are inserted between the grains auto-
matically though developed scripts. The user element subroutines for
plasticity and cohesive zone model are run together using the input
files. The obtained results are converted to Abaqus odb files using the
developed scripts. Various numerical examples are presented and dis-
cussed in the following section in order to illustrate the performance of
the PPR cohesive zone approach for the inter-granular crack initiation
and propagation in realistic microstructures.

Fig. 2. Traction-separation relation of the PPR model [28].

Table 1
Slip systems used in the implementation.

Slip system n s

1
1̄ 1 01

2 1 1 11
3

2
1 0 1̄1

2 1 1 11
3

3
0 1̄ 11

2 1 1 11
3

4
1 1̄ 01

2 1̄ 1̄ 11
3

5
0 1 11

2 1̄ 1̄ 11
3
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4. Numerical observations

For the bulk behavior of each grain the mixed finite element for-
mulation is employed to obtain the plasticity evolution. The plastic slips
evolve on each slip system in a rate dependent matter through the
projected stress and the higher order nonlocal stress term, which de-
pends on the gradient of the plastic slip itself, i.e. the geometrically
necessary dislocation densities. Since the plastic slip values are taken as
the primary variables of the finite element solution scheme, it is quite
straightforward to obtain their gradients or the GND densities through
shape functions. The discretization is conducted by 10-node tetrahedra
elements with quadratic interpolation for the displacement field and
linear interpolation for the slips. The microstructure with random grain
orientations are obtained through Voronoi tesselation method with the
help of the Neper software.

Due to the orientation difference among grains, the incompatibility
of the deformation at the grain boundaries results in stress concentra-
tions, which increases in each increment and gives rise to the traction
on these boundaries. The incorporated PPR cohesive zone elements
work between the grains and take into account the degradation due to
the increase in the traction values. All the information regarding the
coupled grain interior finite elements working with strain gradient
crystal plasticity, the inter-granular cohesive zone elements, the geo-
metry and meshing of the microstructure is included in the input files
for Abaqus simulations which prepared automatically through devel-
oped scripts. Throughout the solution procedure user element sub-
routine for the strain gradient crystal plasticity for the bulk material
behavior and the user element subroutine file for the PPR cohesive zone
model [28] are run together. Due to the gradient and viscous nature of
the plasticity model the localizations and stress concentrations are
handled easily and there has been no numerical convergence issues in
the simulations.

The numerical examples address the effect of orientation distribu-
tion, specimen size, grain boundary conditions and the fracture energy
on the inter-granular crack initiation, propagation and the toughness of
the material. In this regard this would be a unique study where micro
nonlocal plasticity is combined with cohesive zone modeling approach
to illustrate inter-granular cracking in micron sized specimens. In all
examples a cylindrical specimen is considered under uniaxial loading
with the material parameters presented in Table 2 for plasticity and
Table 3 for cohesive zone model. An example microstructure with the
boundary conditions, mesh and the loading is presented in Fig. 3. In all
cases 5 slip systems are considered to be active within each grain. For
all analysis presented in the following sub-sections, at the two circular
ends of the specimen, hard boundary conditions are imposed whereas
the slips can freely reach the lateral surface which corresponds to soft
boundary conditions.

In the following subsections detailed numerical results will be pre-
sented in order to illustrate the performance of the developed model.

4.1. Orientation distribution dependence

The specimen has a length of 100 μm and diameter 25 μm and has
32 randomly oriented grains. The first example studies both micro and
macro responses of the orientation distribution on the fracture behavior
of the material with soft boundary conditions along the grain

boundaries. In all cases the material have the same pole figure since the
set of orientation assigned to the grains is exactly same. However in
each example the distribution is randomly altered. In this way we will
illustrate that the crack initiation location and the toughness of the
material can actually be different for the same microstructure having
same pole figure (texture) but different orientation distribution.

Figs. 4 and 5 show the stress and strain distribution respectively, in
the loading direction just before the softening starts. It is clearly illu-
strated that the spatial evolution of the stress and strain depend on the
orientation of the grains, which is captured intrinsically through the
used strain gradient crystal plasticity framework. The evolution of
different plastic strains in each grain results in stress concentrations at
the grain boundaries, which is one of the most important fracture da-
mage and fracture mechanisms at this length scale. The traction at the
grain boundaries depends on the orientation mismatch as well as the
shape and the orientation of the grain boundaries. Even though certain
grains are prone to high traction and crack initiation due to their or-
ientation with respect to loading, the random distribution of the or-
ientation set results in a completely different fracture behavior as il-
lustrated in Fig. 6 for the moment where the macroscopic stress drops to
zero. In each of the figures the crack is initiated at a different location.
The macroscopic behavior is affected by this phenomenon as well as
shown in Fig. 7. The stress strain response and the toughness in each
case are completely different even though the material parameters,
loading and the texture are exactly same. This is a statistical effect
specific to the current length scale and it could only be simulated
through a micromechanically motivated plasticity framework com-
bined with a proper crack initiation and propagation model. Random
orientation distribution with different pole figures would naturally lead
to random crack initiation. However in this example the orientations
are picked from the same set with a different distribution. The obtained
results are quite natural considering the physics of the problem and the
capability of the models. However it is a unique study showing this
phenomenon and it offers the possibility of conducting physical simu-
lations for microforming processes in a commercial software, which is
quite user friendly.

Table 2
Material properties of the strain gradient crystal plasticity model.

Young Poisson Reference Slip Orientations Material
modulus ratio slip rate resistance length scale
E [MPa] [/] 0 [s

−1] s [MPa] [°] R [µm]

70000.0 0.33 0.115 25.0 Random 0.4

Table 3
Material properties of the cohesive zone element.

Normal and tangential Normal and tangential Shape Initial
fracture energy cohesive traction parameters slop indicators

,n t [N/m] T T,n t [MPa] , [/] ,n t

60 60.0 2.0 0.005

Fig. 3. Boundary conditions and loading on the microstructure.
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4.2. Boundary condition dependence

In the next example, the effect of the boundary conditions on the
plasticity and fracture behavior of micron sized specimens is addressed
in detail. The finite element framework of the plasticity model used in
this study allows us to describe boundary conditions at the grain
boundaries in terms of plastic slip, which is unique to such higher order
non-local crystal plasticity models. The classical crystal plasticity the-
ories do not handle the boundaries properly and they would lead to
jumps in terms of plastic slips. The classical approach is not physical
enough concerning the grain boundaryies, yet it is commonly used to
capture the anisotropic behavior at grain scale. For a more micro-
mechanically motivated simulation, the dislocation-grain boundary
interaction should be addressed in a more physical way. Therefore
various studies have started to concentrate on such interaction (see e.g.
[37,34,33,38–40]) mechanisms. The incorporation of such models into
higher order non-local crystal plasticity frameworks is quite demanding
and in many cases the studies are restricted to simple bi-crystal studies
or simple microstructures. Moreover, the attention has been basically
focused on the localization at the grain boundaries rather than crack
initiation and propagation. In current work, fracture phenomenon is
addressed in a more complicated microstructure and the dislocation-
grain boundary interactions are handled through solely limiting cases
such as free slip (micro-free), hard boundary (zero slip) and continuous
slip conditions, which means the free transfer of dislocations through
the grain boundaries, complete blockage of dislocations and continues
transfer of dislocations at the GBs respectively. Even though the de-
scription is not complicated and it does not involve orientation mis-
match function with a GB strength parameter, it is still able to describe

more physics of the problem.
In Fig. 8 the spatial stress ( zz) distribution is presented for soft,

continuous and hard grain boundary conditions at certain loading his-
tories just before the softening starts. At the hardening phase of the
loading the stress concentrations at the grain boundaries are highest for
the hard boundary condition case, followed by the continuous and soft
cases. which can be observed from the macroscopic response presented
in Fig. 9 as well. Therefore the cracks are initiated first at multiple
locations in the hard boundary case and the material starts to soften
while the other two cases are still hardening. In short time the other two
cases starts to soften as well in a similar way. Even though the initial
crack locations might depend on the boundary condition the complete
failure occurs at the same location which was illustrated in the 1st
orientation distribution case presented in Fig. 6. Hard boundary con-
ditions make the specimen more prone to failure and lead to minimum
toughness. The complete fracture occurs with substantially low ducti-
lity for hard grain boundary condition case followed by the continuous
grain boundary condition. For the case of soft boundary condition much
higher plastic strain levels are obtained before the failure. In Fig. 10 the
first two slip systems out of 5 are plotted on a plane passing though the
center. It can be seen that the hard boundary condition clearly enforces
the slip values to be zero at the grain boundaries. This is a quite strong
condition and keeps the plastic strain value quite low in the grains. In
the continuous case the continuity is enforced at the grain boundaries
which relaxes the evolution of the plastic strain. In the case of the soft
boundary conditions serious jumps in the plastic slip values are ob-
tained. The plasticity evolves easily and the stress concentrations are
considerably less than the other cases. The toughness of the material is

Fig. 4. Stress distribution before cracking for different orientation distributions. Fig. 5. Strain distribution before cracking for different orientation distribu-
tions.
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maximum for the case with soft grain boundary conditions allowing
free evolution of the slip at the boundary.

4.3. Size effect

In this example the effect of the specimen size on the plasticity and
the fracture behavior of micron sized specimens is addressed shortly.
The smaller specimen considered here has 48 μm length and 12 μm
diameter and has soft grain boundary conditions, while the bigger one
has 100 μm length and 25 μm diameter. In Fig. 11 the spatial dis-
tribution of the stress is illustrated before and after failure, which shows
similar trend with the large specimen. As it can be seen in the

macroscopic response curves in Fig. 12 as well, for the hardening
plasticity range the stress values are higher for the small specimen,
which is an expected result for strain gradient crystal plasticity fra-
mework. Yet, the softening starts earlier in the small specimen and
failure occurs for much smaller macroscopic strain values. Moreover,
the toughness is higher for the large specimen. Note that in these ob-
servations only the specimen size has been changed while all the other
plasticity and fracture parameters are kept same. It is concluded that
while the yield strength is higher for the smaller specimen the tough-
ness of the material is smaller.

Fig. 6. Stress distribution after cracking for different orientation distributions.

Fig. 7. Stress vs. strain plot for different orientation distributions.

Fig. 8. Stress distribution for soft (top), continuous (middle) and hard (bottom)
boundary condition cases before the crack occurs.

Fig. 9. Stress vs. strain plot for different boundary conditions.
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4.4. Fracture energy dependence

In the previous examples the normal and tangential fracture energy
parameters are kept fixed as = 60 J/mn

2 and = 60 J/mt
2 in order to

analyze orientation distribution, grain boundary condition and size
dependent behavior. In here, the effect of the fracture energy para-
meters n and t are addressed on both macro and micro responses
considering soft boundary conditions on the first orientation distribu-
tion case where the specimen dimensions are taken as 100 μm length
and 25 μm diameter. In this context different fracture energy para-
meters are considered, i.e. =n t =75, 150 and 250 J/m2. Increasing
the fracture energy parameter in the cohesive zone relation would re-
sult in a more ductile failure mechanism at the grain boundary inter-
faces, which would lead to an increase in the macroscopic ductility of
the material as well. Fig. 14 illustrates the strain distribution at the
states where stress drops to zero for 75 J/m2 and 150 J/m2. For 250 J/m2

case the same deformation state is considered with 150 J/m2 to have a
comparison in the macroscopic behavior. At the low fracture energy
parameter levels the elongation of the specimen is quite low before the
fracture initiation. For the high values of the parameter considerable
energy is dissipated plastically all over the specimen and high values of
elongation is obtained before the initiation of the crack. Therefore this
parameter affects substantially the global ductile failure of the material.
The macroscopic stress versus strain behavior is illustrated in Fig. 13,
where the effect of the parameter is clearly shown.

5. Conclusion and discussion

This paper addresses the modeling of inter-granular fracture of
micron sized specimens through strain gradient crystal plasticity and
cohesive zone modeling approaches. It is one of the unique studies il-
lustrating clearly the effect of microstructural features on the fracture
performance of the materials at this length scale. Even though the inter-

Fig. 10. Slip-1 and Slip-2 values along the center of the specimen.

Fig. 11. Size effect illustration for small (a–b) and large (c–d) specimen before
and after crack occurs.

Fig. 12. Stress vs. strain relations for small and large specimens.
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granular fracture is regarded dominantly as a brittle fracture me-
chanism certain high strength aerospace alloys exhibit this type of
ductile cracking. However, the link between the microstructure evolu-
tion and the fracture is missing in the literature. The previous studies
focused more on the phenomenological modelling of this type of de-
gradation due to the difficulty of combining different complicated user
finite element models. The study shows explicitly the orientation dis-
tribution, size and grain boundary condition dependent plasticity,
fracture and toughness behavior of these materials. The current work
stays at the qualitative analysis level and it does not refer to a specific

material at the moment. However the developed model offers a great
potential to be used in the modeling of micromechanical ductile frac-
ture and the modeling of specific materials would be a matter of ma-
terial parameter identification. It is important to note that even though
the plasticity model used in the grains is physics based, the cohesive
zone relations are purely phenomenological as used in many other
studies for crack initiation and propagation at the interfaces. As a next
step the study will be extended by implementing physics based traction-
separation relations that can properly describe the ductile failure me-
chanisms at the grain boundaries (see e.g. [41,42]). Such description
will be based on the growth of pores leading to ductile fracture at the
interfaces.
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