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Abstract

The recent developments in the production of miniaturized devices increases the demand on micro-components where the thickness
ranges from tens to hundreds of microns. Various challenges, such as size effect and stress concentrations at the grain boundaries,
arise due to the deformation heterogeneity observed at grain scale. Various metallic alloys, e.g. aluminum, exhibit substantial lo-
calization 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. Crystal plasticity approach captures intrinsically the
heterogeneity developing due to grain orientation mismatch. However, the commonly used local versions do not possess a spe-
cific GB model and leads to jumps at the boundaries. Therefore, a more physical treatment of grain boundaries is needed. For
this purpose, in this work, the Gurtin GB model (Gurtin (2008)) is incorporated into a strain gradient crystal plasticity framework
(Yalcinkaya et al. (2011), Yalcinkaya et al. (2012), Yalcinkaya (2017)), where the intensity of the localization and stress concen-
tration could be modelled considering the effect of grain boundary orientation, the mismatch and the strength of the GB. A zero
thickness 12-node interface element for the integration of the grain boundary contribution and a 10-node coupled finite element
for the bulk response are developed and implemented in Abaqus software as user element subroutines. 3D grain microstructure
is created through Voronoi tessellation and the interface elements are automatically inserted between grains. After obtaining the
localization, the mechanical behavior of the GB is modelled through incorporation of a potential based cohesive zone model (see
Park et al. (2009), Cerrone et al. (2014)). The numerical examples present the performance of the developed tool for the intrinsic
localization, crack initiation and propagation in micron-sized specimens.
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1. Introduction

In the recent years the production of miniaturized products have become a global trend in various industrial clusters
such as, electronics, communication, aerospace, biomedical devices, defense and automotive, which requires advanced
manufacturing technologies at micron level (see e.g. Yalcinkaya et al. (2017a), Yalcinkaya et al. (2017b)). During
plastic deformation of micron-sized metallic products, the material homogeneity assumption does not work anymore.
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Therefore, crack initiation and propagation are rather dominated by local maximal values around grain boundaries
or interfaces (see e.g. Cailletaud et al. (2003), Zhang et al. (2012), Giiler et al. (2018)). Our recent experimental
studies on Al 6061-T6, 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 (Giiler
et al. (2018)). Most commonly used local crystal plasticity finite element simulations of polycrystalline materials
can naturally capture the strain localization evolving due to orientation mismatch. However they lack any kind of
grain boundary-dislocation interaction information. 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. Yalcinkaya et al. (2011), Yal¢inkaya (2013), Klusemann and Yalginkaya (2013)). However
such conditions restrict the physical mechanisms to limiting cases resulting in complete blockage of dislocations or
free transition through grain boundaries. Even though it is a considerable improvement for the plasticity modeling at
grain scale a special treatment of the grain boundaries is required for more physical simulations. In this context the
purpose of the current work is twofold. Firstly, we incorporate a specific grain boundary model (Gurtin (2008)) into a
strain gradient crystal plasticity framework (Yalcinkaya et al. (2011), Yalcinkaya et al. (2012)) to simulate the inter-
granular localizations in 3D within a more physical context, which has been successfully done before in 2D and for
bi-crystal cases (see Ozdemir and Yalginkaya (2014), Ozdemir and Yalginkaya (2017)). Secondly, the inter-granular
crack initiation and propagation is obtained through the insertion of potential based cohesive zone elements between
the grains (see Park et al. (2009), Cerrone et al. (2014)). All computations are conducted in Abaqus software through
UEL files and the developed scripts for the pre- and post-processing procedures. The numerical examples present
the performance of the developed tool for the intrinsic localization, crack initiation and propagation in micron-sized
specimens.

2. Strain Gradient Crystal Plasticity, GB and Cohesive Zone Modeling

For the modelling of the grain boundary behavior two types of user finite element subroutine have been developed
and implemented in Abaqus software. The simulation of the size dependent bulk material behavior is conducted
through a rate dependent, higher order, plastic slip based, strain gradient crystal plasticity model taking into account
plastic slips and displacement as coupled degree of freedom (Yalcinkaya et al. (2011), Yalcinkaya et al. (2012),
Yal¢inkaya (2017)). The model is based on the additive decomposition of the strain into elastic and plastic components
and the plastic slip field evolution is governed by y* = y¢ (I7* + V- §&7|/ s")i sign(7¥ + V - &%) where 7% = 0 : P% is
the resolved Schmid stress on the slip systems with P¢ = %(s” ®n” + n? ®s?), 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 micro-
stress vector &% = Oy, /0Vy® = AVy® 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 — v?))
where R is a typical length scale for dislocation interactions.

The simulation of the grain boundary behavior is conducted through the Gurtin GB model (see e.g. Gurtin (2008))
which considers the effect of the grain boundary orientation and the orientation mismatch between neighboring grains.
The slip incompatibility of the neighboring grains is described in terms of the grain boundary Burgers tensor defined
as, G = 3, [ygsg®@ng — v sq ®n 1(NX) where for any vector N, NX is the tensor with components (NX);; = g Ni. In
this relation, the relative mis-orientation of grains is reflected by the difference term and the grain boundary orientation
is accounted for by the tensor Nx. Ciy, and CZ’Z represent interactions between slip systems within grain A and grain

B respectively, whereas CZ’; represent the interaction between slip systems of the two grains and called inter-grain
interaction moduli. Ignoring the dissipative effects, a simple potential energy in the form Y = %K|G|2 is used where
k is a positive constant modulus and it represents the strength of the grain boundary. Principal of virtual power is
followed for both bulk and grain boundary parts, where the rate of free energy expressions are used. Then dissipation
inequalities are obtained for both parts. Obtained balance equations and grain boundary relations are solved through
the finite element method.

For the cohesive zone modeling the element formulation from (Park et al. (2009)) is employed, which gives the

following traction-separation relation,
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where m, n are non-dimensional exponents, 7, is the normal cohesive traction, 7, is the tangential cohesive traction,
a, 3 are shape parameters, A,, A, are initial slope indicators, I',, I'; are energy constants, A, is the normal separation,
A, is the effective sliding displacement, &,,0, are the normal and tangential final crack opening widths, ®,, @, are
fracture energies. For more details about the model see (Park et al. (2009)). Abaqus input files including the geometry,
mesh, loading, solid elements, grain boundary elements and the cohesive elements are prepared through developed
scripts and the interface elements are inserted between the grains automatically. In the following, two different types of
numerical analysis considering the grain boundary model and cohesive zone approach are presented for the illustration
of inter-granular localization, crack initiation and propagation.

3. Numerical Examples

A mixed finite element formulation is used for the solution of the strain gradient crystal plasticity problem inside
each grain. The displacement and plastic slips are taken as primary variables and these fields are determined within
the problem domain by solving simultaneously the linear momentum balance and the microscopic force balance. The
discretization is conducted by 10-node tetrahedra elements with quadratic interpolation for the displacement field
and linear interpolation for the slips. To facilitate the integration of the grain boundary model contributions, 12-node
zero thickness interface elements are developed and inserted along the grain boundaries. By means of these elements,
one has the access to the slip values along the grain boundary as approached from grain A and grain B. Initially
the interface elements do not possess any kind of mechanical cohesive behavior and does not cause discontinuity in
displacement field. In the solution phase, the displacement continuity across the grain boundary is fulfilled by means
of equality constraints (rigid ties) enforcing the same displacement field for the corresponding nodes of on the two
sides of an interface element. Later on, mechanical cohesive behavior is obtained through the insertion of potential
based cohesive zone elements (Cerrone et al. (2014)) between the grains.

First, we consider a cylindrical specimen having length of 100 um and diameter 25 ym and analyze both micro-
scopic and macroscopic responses considering the grain boundary model under 5% uniaxial loading. The specimen
includes 50 randomly oriented grains and the material parameters are presented in Table 1.

Table 1: Material properties of the strain gradient crystal plasticity model.

Young Poisson  Reference Slip Orientations Material
modulus ratio slip rate resistance length scale
E [MPa] v /] o [s™'] s [MPa] [°] R [pum]
70000.0 0.33 0.115 25.0 Random 0.4

Our purpose here is to illustrate the effect of the grain boundary strength on the microstructure evolution and the
macroscopic stress-strain response. with different x values. For this reason the stress distribution in the loading di-
rection is plotted in Figure 1 for x = 0,1, 3,5 values. As the « value is increased from O to high values the grain
boundary behavior moves from soft (micro free) to hard (zero slip) and the stress concentrations at the grain bound-
aries increases as shown in Figure 1. An increase in « also results in more hardening in the macroscopic engineering
stress-strain response (see Figure 2). When there is no mis-orientation between the grains, no matter what value of
k is used there is no affect of grain boundary. x amplifies the effect of mis-orientation. In Figure 2 the macroscopic
response for the case where the random orientation set for the Euler angles is constrained (40° — 45°) which results in
a much stronger response and the effect of « is reduced due to the decreased mis-orientation between the grains.

In the next example the response of the microstructure for the crack initiation and propagation is addressed. The
fracture energies (®,, ®;) and the maximum stress values (0, Tmax) are identified as 60N/m and 0.06MPa respec-
tively. The initial slope indicators (4, A;) and shape parameters («, 3) are taken as 0.005 and 2 respectively. Three
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Fig. 1: Stress distribution for x = O (upper-left), x = 1 (upper-right), x = 3 (lower-left) and x = 5 (lower-right) values
of the grain boundary strength.
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Fig. 2: Stress vs strain response for different « values: (i) for random orientations (left), (i) for grains with limited
mis-orientation (right).

different randomly oriented grain sets are considered in the numerical analysis to illustrate the effect of the microstruc-
tural anisotropy on the crack initiation. By coincidence the crack initiation for the first two sets are the same (see
Figure 3), which is a favorable location due to the grain boundary orientation with respect to loading. However, the
location of the crack initiation alters for the set 3 due to the major change in the Euler angles of the crystal orientation.
In Figure 4 the force-displacement response of the micro-structures are presented. In addition to the three different
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micro-structures the textured case in the previous analysis is also presented in the same figure. A strong anisotropy
effect is observed in both local and macroscopic responses. The orientation set of the example in the grain boundary
model and the orientation set 1 in the cohesive zone example are identical. A closer look would reveal that the spatial
evolution is quite similar in both cases. In GB model « allows to identify the intensity of localization, yet it is not
enough alone for the simulation of the crack initiation/propagation. Even though the models are used separately here,
the combination of both models is required for a physics based localization, crack incitation/propagation simulations
of micron sized polycrystalline materials.
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Fig. 3: Crack initiation location for the orientation set 1 (top), orientation set 2 (middle) and set 3 (bottom).

4. Conclusion and outlook

This paper addresses the evolution of plastic microstructure in micron-sized polycrystalline specimens through a
strain gradient crystal plasticity framework. The mis-orientation and GB-orientation dependent intergranular local-
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Fig. 4: Force-displacement response for different orientation sets.

ization is studied through a grain boundary model representing the coarse grained representation of complex grain
boundary-dislocation slip interaction mechanisms. The initiation and propagation of the inter-granular cracks are sim-
ulated by cohesive zone elements. The current study includes only a virtual polycrystalline created by Voronoi and the
results are not compared with any experimental data yet. But it presents a great potential for the modeling of plasticity,
damage and fracture in small specimens as it is one of the rare studies incorporating GB and CZ models into a strain
gradient polycrystalline plasticity framework.
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