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ARTICLE INFO ABSTRACT

Keywords: The capability of high-resolution modeling of crystals subjected to large plastic strain is essential
Crystal plasticity in predicting many important phenomena occurring in polycrystalline materials, such as micro-

Large deformation
Microstructure evolution
Adaptive meshing
Spectral method

Finite element method

structure, deformation localization and in-grain texture evolution. However, due to the hetero-
geneity of the plastic deformation in polycrystals, the simulation mesh gets distorted during the
deformation. This mesh distortion deteriorates the accuracy of the results, and after reaching high
local strain levels, it is no longer possible to continue the simulation. In this work, two different

adaptive remeshing approaches are introduced for simulating large deformation of 3D poly-
crystals with high resolution under periodic boundary conditions. In the first approach, a new
geometry with a new mesh is created, and then the simulation is restarted as a new simulation in
which the initial state is set based on the last deformation state that had been reached. In the
second approach, the mesh is smoothened by removing the distortion part of the deformation, and
then the simulation is continued after finding a new equilibrium state for the smoothed mesh and
geometry. The first method is highly efficient for conducting high-resolution large-deformation
simulations. On the other hand, the second method’s primary advantage is that it can overcome
periodicity issues related to shear loading, and it can be used in conjunction with complex loading
conditions. The merits of the methodologies are demonstrated using full-field simulations per-
formed using a dislocation-density-based crystal plasticity model for Interstitial free (IF-) steel.
Particular emphasis is put on studying the effect of resolution and adaptive meshing. The algo-
rithms presented have been implemented into the free and open-source software package,

DAMASK (Diisseldorf Advanced Material Simulation Kit).

1. Introduction

Metallic materials for structural applications are produced as polycrystals, i.e. they consist of many grains, each with a specific
crystallographic orientation. As a result, the level of plastic deformation in a strained polycrystal varies from crystal to crystal,
depending on its orientation, geometry, neighboring crystals, and loading conditions Choi (2003). In addition to such intergranular
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deformation heterogeneity, significant intragranular heterogeniety, i.e. localized continuous or discontinuous orientation spread
within a grain forms during plastic deformation (Beaudoin et al., 1996; Cappola et al., 2021; Oddershede et al., 2015; Raabe et al.,
2004; Sachtleber et al., 2002; Wang et al., 2018; Zhang et al., 2015).

The characterization of such localized deformations and microstructures formed during the deformation of polycrystalline ma-
terials is vital in developing a thorough physical understanding of the underlying mechanisms behind localization phenomena (Dao
and Lit, 2001; Tasan et al., 2014b) such as fracture (Diehl et al., 2017c; Proudhon et al., 2016a), shear banding (Bate, 1999; Forest,
1998; Jia et al., 2012; Kanjarla et al., 2010; Kasemer and Dawson, 2020; Sarma and Dawson, 1996), and nucleation during recrys-
tallization (Alaneme and Okotete, 2019; Chen et al., 2015; Diehl and Kiihbach, 2020; Kim et al., 2017; Traka et al., 2021; Zhao et al.,
2016). Crystal plasticity simulations (Roters et al., 2010) have been proven to be powerful tools for modeling and predicting the
evolution of such deformation heterogeneities and the associated complex mechanical fields (Chen et al., 2019; Connolly et al., 2020;
Dequiedt and Denoual, 2021; Diehl et al., 2017a; 2017b; 2019; Gierden et al., 2021; Jalili and Soltani, 2020; Khadyko et al., 2016;
Liang et al., 2020; van Nuland et al., 2021; Reuber et al., 2014; Tasan et al., 2014a; Vidyasagar et al., 2018; Zhang et al., 2018). These
models are developed based on physical mechanisms such as glide of dislocations on preferred slip systems and the interaction of
dislocations with various defects (Roters et al., 2010).

The amount of detail that can be observed using a crystal plasticity simulation strongly depends on the simulation resolution (Diard
et al., 2005; Lim et al., 2019; Ritz and Dawson, 2009; Zhao et al., 2007). A low-resolution simulation with only one or a few elements
per crystal is sufficient to predict macro-scale (global) data such as global crystallographic texture Sarma and Dawson, (1996) or
stress-strain response Diard et al. (2005). However, to achieve a more detailed description of meso-scale deformation localization
effects, the simulation resolution needs to be increased significantly, even to hundreds of thousands of elements per crystal (Diard
et al. 2005; Lim et al. 2019; Ritz and Dawson 2009; Zhao et al. 2007).

At the same time, many of these localization phenomena emerge at medium to large strains (Kweon and Raja, 2017; Savage et al.,
2020). For example, microstructures in pure nickel evolve from typical dense dislocation walls and microbands to lamellar boundaries
in a strain range of 0.8 to 2.7 Hughes and Hansen, (2000). Therefore, the capability to perform high-resolution large-deformation
simulations provides an indispensable means for predicting strain localization and analyzing microstructure evolution.

Typically, continuum mechanical problems involving the deformation of solid materials are formulated in a Lagrangian context, i.e.
the mesh is attached to the deformable body and deforms with a change in the shape of the material. However, the relative position of
the material points and the mesh (nodes) remains fixed. This means that the mesh gets distorted due to the strain localization. The
mesh distortion initially introduces errors in the solution and delays convergence. Ultimately, the distortion becomes too large, and the
simulation fails to converge. The maximum possible applied strain depends on many factors, such as the constitutive law, loading
conditions, polycrystal morphology, and the simulation resolution (Lim et al., 2019). A higher simulation resolution allows capturing
more detailed localized deformation features, which results in earlier mesh convergence issues.

In order to overcome the mesh distortion problem and reach larger strains, it is required to remove the mesh distortion and
reconstruct a new undistorted mesh-a process that is called remeshing (Frydrych et al., 2019; Kim et al., 2015; Prakash et al., 2015;
Proudhon et al., 2016; Quey et al., 2011; Resk et al., 2009). After building the new mesh, the simulation can be restarted on the
reconstructed mesh. The most challenging step in any remeshing algorithm is transferring the state variables from the distorted mesh
to the newly reconstructed mesh. The hurdle is that reaching an exact identity between the deformed and the remeshed stage is
impossible, and some information is always lost. However, the two stages must be sufficiently similar so that the two configurations
reproduce almost identical responses.

In general, two different approaches are used for mapping the state variables between the two stages. According to the first
mapping approach, the value of the state variables at each point in the newly generated undistorted mesh is determined directly from
the closest corresponding point of the deformed mesh (Kim et al., 2015; Resk et al., 2009). The second mapping approach uses the
interpolation of the state variables at adjacent elements to determine the values of the state variables at the new undistorted elements
(Frydrych et al., 2019).

The interpolation of state variables is problematic in large strain crystal plasticity formulations. This is because some state vari-
ables, such as the crystallographic orientations, are not spatially continuous. In addition, there is no monotonic relation between
mechanical behavior and orientation, i.e. interpolating between two crystals with the same behavior, but different orientations might
result in an orientation with different behavior. This also holds if crystal symmetries are taken into account. Furthermore, the
interpolation of some tensorial quantities is not straightforward. For example, interpolation of the deformation gradient tensor F might
result in a non-compatible displacement field.

Prakash et al. (2015) used a spherical linear interpolation developed by Shoemake (1985) to interpolate the crystallographic
orientations and the rotation tensor. They applied this approach to a mean-field visco-plastic self-consistent model. Kim et al. (2015)
compared the nearest neighbor mapping-based approach with an interpolation-based approach for full-field crystal plasticity simu-
lations. They found that the nearest neighbor mapping-based method performs better than the interpolation-based approach. Frydrych
et al. (2019) developed two different interpolation-based methods that consider the spherical space of orientations. They performed a
comprehensive comparison between these two methods and an approach based on the nearest neighbor mapping. Although they
observed that all three methods provide almost identical macroscopic mechanical responses, they concluded that the nearest neighbor
mapping-based approach predicts less reliable results for some state variables than the two interpolation-based methods. This is
contrary to what Kim et al. (2015) observed. It should be noted that Frydrych et al. (2019) studied only low-resolution polycrystal
examples with idealized grain geometry, which might be the reason for the interpolation-based methods’ better performance.

Although the interpolation approach may reduce the jumps and provide a more continuous map of the state variables, this comes at
the cost of smoothing away physically meaningful sharp localized deformation features. Therefore, the interpolation approach is less
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suited when aiming at the simulation of strain localization and in-grain orientation spread. This may not be a problem for low-
resolution simulations, in which the main outputs are macroscopic crystallographic texture or stress-strain curve. However, this im-
pacts the output of high-resolution simulations, where capturing deformation localization and microstructure evolution is the primary
objective.

This paper introduces two remeshing techniques to overcome the mesh distortion problem in high-resolution crystal plasticity
simulations. Both approaches use a nearest-neighbor mapping algorithm to transfer the state variables from the distorted mesh to a
new undistorted mesh. This study focuses specifically on designing remeshing methodologies that are efficient and applicable for high-
resolution 3D crystal plasticity simulations of representative volume elements (RVEs) under periodic boundary conditions. With this in
mind, a global adaptive scheme is implemented in both approaches, allowing the free adjustment of the number of elements in the
three coordinate directions at each remeshing step. The adaptivity scheme provides a tool to increase the resolution based on the
problem and the deformation heterogeneity to efficiently and adequately model the microstructure evolution. In this work, a Fast
Fourier Transform (FFT) based spectral method is used to solve the partial differential equations for static equilibrium. Accordingly,
the elements (voxels) used in the simulations are rectangular cuboids, i.e. right-angled hexahedrons. These elements are conceptually
similar to reduced-integration, linear brick elements used in finite element analysis, i.e. cuboid elements with just a single integration
point located at the element’s centroid.

This paper thoroughly examines and elaborates on the remeshing methodologies’ capability in predicting the deformation het-
erogeneity and microstructure evolution at large strains. For this purpose, the crystal plasticity framework and the basic formulations
is first explained in Section 2. Then, in Section 3, the two remeshing approaches are explained in detail. In Section 4, various high-
resolution examples are used to examine and validate the methodologies by answering the following questions: How accurate are
the two introduced methodologies (Section 4.1)? What is the effect of adaptivity on the accuracy and simulation outputs (Section 4.2)?
What are the advantages and disadvantages of the two remeshing approaches (Section 4.3)? How to overcome challenges related to
remeshing for problems involving shear loading (Section 4.4)? How does simplifying a 3D simulation to a quasi-3D simulation affect
the results (Section 4.5)? Finally, the methodologies are used to predict the deformation behavior and microstructure evolution during
the large deformation of a 3D polycrystal with high resolution (Section 4.6).

2. Crystal plasticity framework

We use DAMASK (Roters et al., 2019) to conduct the crystal plasticity simulationstogether with a spectral solver This solver uses
Fast Fourier Transforms to find an approximate solution for the system of governing Partial Differential Equations (PDEs) and
boundary conditions (Eisenlohr et al., 2013; Shanthraj et al., 2015). The following section provides a brief summary of the basic
formulations, for more detail on the spectral solver implemented in DAMASK see (Eisenlohr et al., 2013; Roters et al., 2019; Shanthraj
et al., 2015).

2.1. Multiplicative decomposition
The kinematics in DAMASK for elasto-plastic behavior is defined within the finite deformation framework. According to this
framework, the deformation gradient tensor is written as the product of two tensors:

F =F.F,, 1)
where F, is the plastic deformation gradient, and F. is the elastic deformation gradient. The main reasoning for such decomposition is
to distinguish between elastic deformation, a reversible deformation resulting from stretching of atomic bonds, and plastic defor-
mation, an irreversible lattice-preserving deformation resulting from, for instance, dislocation slip.

The decomposition order in Eq. 1 allows considering the anisotropy and dependency of a constitutive law on crystallographic
orientation. For a polycrystal analysis, stiffness tensors, slip plane normals, and slip directions of each crystal must be specified in a

global coordinate system. Such tensorial quantities are typically defined in the lattice coordinate system to avoid unnecessary rotations
of tensorial quantities. For this purpose, following Ma et al. (2006), the initial value of F,, is set as the initial crystal orientation Op:

F,(t=0) = Oy. (2)

Therefore, the initial reference configuration for all crystals is the cube orientation. Then, Fg = F.(t=0) is set as 03 to achieve the
desired identity tensor, I, for the initial deformation gradient tensor:

F = FF = 1. ®

The current crystal orientation O can then be calculated by polar decomposition of the current elastic deformation:

F. = VeOT> 4

where V. is the elastic left stretch tensor.
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2.2. Flow kinematics
The evolution of the plastic deformation gradients is calculated as:
F, = L,F,, %)

where L, is the velocity gradient. L, is calculated from stress, here the second Piola-Kirchhoff stress S, and it depends on the un-
derlying microstructure through the plasticity constitutive law:

L, =f(S,...). (6)

Assuming a Hookean elastic constitutive law, the second Piola-Kirchhoff stress is given as

S=C:E, )

where E is the Green-Lagrange strain tensor:

—

— _(F'F. —
E = (FF.-1I). ®)

2.3. Inelastic flow relations

The plastic deformation in crystalline materials occurs on well-defined slip systems specific to a crystallographic lattice. The plastic
velocity gradient L;, is thus composed of the superposition of all the individual resolved plastic shear rates on these systems a:

Ly = i (s @), )
a
where s¢ and n¢ are respectively the unit vectors along the shear direction and shear plane normal.

2.4. Constitutive model

In DAMASK (Roters et al., 2019), a variety of constitutive laws are available, and they can be used for different crystal structures
and definitions of slip system families such as face-centered cubic (fcc), body-centered cubic (bcc), hexagonal (hex), and body-centered
tetragonal (bct) lattice types. These constitutive laws rely on state variables that constitute and track the deformation history, e.g. the
critical resolved shear stress for the case of the phenomenological constitutive law or the dislocation density for the case of the
dislocation-density-based constitutive law. For the case studies presented in this paper, the simulations are conducted using the
dislocation-density-based constitutive law as outlined in (Ma and Roters, 2004; Sedighiani et al., 2021). However, the remeshing
approaches, introduced in Section 3, are independent of the constitutive law and they can be used with any crystal plasticity model.
The material parameters are chosen to be according to those identified for Interstitial Free (IF) steel by (Sedighiani et al., 2020, 2021).

3. Methodology
3.1. Remeshing techniques

This section explains two remeshing techniques developed in this work to overcome the mesh distortion problem. Besides, the
differences between the approaches are elaborated.

3.1.1. Mesh replacement method

The mesh replacement method is based on replacing the distorted mesh with a newly created undistorted mesh. According to this
remeshing technique, a new (cuboid) geometry is first created, which matches the average outer dimensions of the deformed geometry
considering the periodicity of the configuration. Then, the original mesh is replaced by a new mesh assigned to this new geometry.
Finally, the simulation is restarted using the new configuration as a new simulation without any mesh distortion. This is physically
equivalent to replacing the deformation gradient tensor with the identity tensor and the full relaxation of the elastic deformation; see
Section 3.2.1 for more information. The selection of the resolution for the new mesh is following an adaptive scheme, which allows
updating the resolution during the deformation at each remeshing step. The adaptivity is described and studied in more detail in
Section 3.3.

Once the new geometry and the new mesh are available, the state variables from the deformed stage are mapped onto the newly
created mesh. The mapping is performed using a nearest-neighbor mapping algorithm to transfer the state variables from the deformed
state to the points in the new mesh. The transferred state variables and the mapping procedure are discussed in more detail in Section
3.2

The similitude between the deformed configuration and the remeshed configuration for the mesh replacement method is tested
using the two examples shown in Fig. 1(a-b). Fig. 1(a) illustrates a high-resolution quasi-3D, i.e. one element in the transverse
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direction, bicrystal RVE with a mesh of 60 x 60 elements. This example is selected because its deformation is heterogeneous, and, at
the same time, its deformation results in a non-random distribution of the state variables, e.g. a bimodal distribution of the Euler
angles. As a result, it is straightforward to trace any changes and evaluate the accuracy of the remeshing approach. The deformed
configuration before and after remeshing is shown in Fig. 2 for this example. It is clear that most of the main features are captured and
transferred to the remeshed RVE. The Kolmogorov-Smirnov test (Massey, 1951) is used to assess the accuracy of the remeshing and the
similitude between the two stages. The Kolmogorov-Smirnov test quantifies the maximum difference between the cumulative dis-
tribution function of two distributions. The Kolmogorov-Smirnov values for both the total dislocation density and the rotation angle
are 0.007. It is clear that such difference between the two cumulative distributions is negligible.

The rotation angle, |Ad|, is the absolute amount of rotation (re-orientation) a simulation point undergoes during the entire
deformation history. It is calculated as:

|ag| = arccos{([tr(Oog) —-1] /2}, (10)

where O and Oy are the current and the initial orientation matrixes. The symbol tr() stands for the trace of a matrix.

The second example to study the accuracy of the mesh replacement method is a 3D polycrystal RVE, as shown in Fig. 1(b). The
deformed configuration before remeshing and the remeshed configuration are shown in Fig. 2. Unlike the first example, the state
variables’ distribution for this example is close to a normal distribution. The Kolmogorov-Smirnov values for the total dislocation
density and the rotation angle are 0.003 and 0.002, respectively. Again, the difference between the two cumulative distributions is
negligible.

3.1.2. Mesh distortion control method

In the case of FFT-based spectral solvers, which always operate on a cubic domain that is infinitely repeated, the mesh replacement
method can be used only with loading conditions that preserve the periodicity of the configuration, e.g. tensile, compression, or biaxial
loading conditions. For this reason, this approach cannot be employed to simulate cases where the RVE is under loading conditions that
involve a shear deformation. However, shear deformation is present in many industrial applications, and it is essential to be able to
include such type of loading condition during large deformation of polycrystals. Therefore, a second approach, the mesh distortion
control method, is developed to enable remeshing under shear loading. In Section 4.4, information about shear loading and the related
challenges is given.

The mesh distortion control method is working based on smoothing the distorted mesh to continue the simulation in its current
state. The new undistorted mesh is achieved by modifying the deformation map and removing the locally fluctuating part of the
deformation, see Section 3.2.1. Since the average deformation is maintained, this remeshing technique can be used along with periodic
configurations subjected to an arbitrary loading condition, such as those loading conditions involving a shear deformation, see Section
4.4 for more detail. This remeshing procedure also allows using the adaptivity scheme introduced in Section 3.3 for updating the
simulation resolution at each remeshing step. Once the new undistorted mesh is available, the state variables from deformed stage are
mapped onto the undistorted mesh. The mapping is performed using a nearest-neighbor mapping algorithm to transfer the state
variables from the deformed state to the points in the smoothed mesh, i.e. the deformed state but without fluctuations. The transferred
state variables and the mapping procedure are discussed in more detail in Section 3.2.

The similitude between the deformed and the remeshed configurations for the mesh distortion control method is tested using two
examples, as shown in Fig. 1(c-d). Fig. 1(c) represents a quasi-3D bicrystal RVE similar to the one used in the previous section.
However, here the orientations of the two grains are exchanged. The deformed bicrystal RVE before remeshing and after remeshing for
this RVE is shown in Fig. 3. Obviously, the main features are captured and transferred to the remeshed configuration. The Kolmogorov-
Smirnov values for the total dislocation density and the rotation angle distributions are 0.005 and 0.003, respectively. It is evident that
the difference between the two distributions is negligible.

The second example to study the accuracy of the mesh distortion control method is a 3D polycrystal RVE, as presented in Fig. 1(d).
The deformed and the remeshed configurations are shown in Fig. 3. The Kolmogorov-Smirnov values for the total dislocation density
and the rotation angle are 0.001 and 0.003, respectively. Again, the difference between the two distributions is negligible.

3.2. Mapping variables

Mapping the microstructural and mechanical variables from the deformed state onto the new mesh is performed using a nearest-
neighbor mapping algorithm that identifies the nearest point’ in the original deformed mesh for each point in the newly created mesh
(Maneewongvatana and Mount, 2001). The nearest neighbor is determined using the Euclidean distances measured between points in
the deformed and the remeshed configurations. It should be noted that more than one point in the remeshed state might acquire their
state variables from the same point during mapping. This is especially the case when the number of elements is increased using the
adaptive meshing scheme introduced in Section 3.3. After assigning a corresponding point in the old configuration to each point in the
new configuration, the microstructural and mechanical variables are transferred to the new configuration. Different processes are used
here for different variables. In general, the variables are handled in three different ways, as explained in the following.

1 Fourier points in the case of a spectral solver and integration points in the case of a finite element solver.
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(111)[121]

(112)[110]

(111)[121]

(a) Example 1 (b) Example 2 (c) Example 3 (d) Example 4

Fig. 1. Voxel representation of the RVEs used in the crystal plasticity simulations to show the capabilities of the remeshing approaches. The coloring
follows the IPF color map parallel to the vertical direction. (a) Example 1: a quasi-3D RVE made of 2 grains with an initial mesh of 60 x60 elements.
(b) Example 2: a 3D polycrystal RVE made of 216 grains with an initial mesh of 36 x 36 x 36 elements. (c) Example 3: a quasi-3D RVE made of 2
grains with an initial mesh of 60 x 60 elements. (d) Example 4: a 3D polycrystal RVE made of 32 grains with an initial mesh of 80 x40 x
80 elements.
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Fig. 2. The data mapping step for the mesh replacement method is examined by comparing the outputs before and after remeshing for Examples 1
and 2 presented in Fig. 1. (a-d) IPF color maps parallel to the loading (vertical) direction; (e-h) mobile dislocation density maps.
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Fig. 3. The data mapping step for the mesh distortion control method is examined by comparing the outputs before and after remeshing for Ex-
amples 3 nd 4 presented in Fig. 1. (a-d) IPF color maps parallel to the vertical direction; (e-h) mobile dislocation density maps.

3.2.1. Deformation gradient tensor

Mesh replacement method. The deformation gradient tensor is handled differently for the two remeshing methods. For the mesh
replacement method, the deformation gradient tensor is replaced by the identity tensor, and the elastic deformation during the
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remeshing procedure is fully relaxed. Since the elastic strains during large deformation are usually significantly smaller than the plastic
strains, approximately two orders of magnitude, the relaxation of the elastic deformation has a negligible effect on the resulting
mechanical fields at large plastic strains (Quey et al., 2011). Because of the full relaxation of the elastic deformation, the new
configuration is in mechanical equilibrium.

Mesh distortion control method. In the mesh distortion method, the locally fluctuating part of the deformation map is calculated for each
element, and then it is removed from the deformation. In other words, only the spatially homogeneous part of the deformation is
maintained, i.e. the average deformation gradient tensor, which is also equal to the deformation gradient applied as a boundary
condition. For this purpose, the deformation gradient tensor, F, is split into the sum of a spatially homogeneous part, F, and a locally
fluctuating part F:

F=F+F. an
Now the new undistorted mesh is generated using the modified deformation map, x*(x), as:
x'(x) = x(x) — Fx = Fx. 12)

Here, a new mechanical equilibrium state for the undistorted mesh needs to be calculated, i.e. a state where zero net forces are acting
on the material volume. Mathematically, for static equilibrium, this is expressed as (Roters et al., 2019):

DivP =0 in %,. (13)

3.2.2. Crystal orientations
As mentioned in Section 2.1, the initial crystal orientation of each simulation point is introduced via F%, and the initial F? is set as

the inverse of Fg to achieve the desired identity deformation gradient tensor at the beginning of the simulation. During the defor-
mation, the orientation of the simulation points evolves according to the loading, orientation, and neighboring points. The current
orientation of each simulation point can be calculated using the rotational part of the elastic deformation gradient tensor; see Eq. 4.
With this in mind, during the remeshing step, the deformation gradient tensor is modified and updated to achieve an undistorted mesh.
This adjustment in the deformation gradient tensor must be reflected in the plastic deformation tensor to achieve a correct initial state
for the simulation points’ current orientation. Since the mesh distortion is handled differently for the two remeshing methods, the
plastic deformation gradient tensor must also be adjusted accordingly.

3.2.3. Mesh replacement method

In the mesh replacement method, the restart of the remeshing analysis is handled similar to a new simulation in which the initial
state variables are modified according to the latest state of the deformation before remeshing. Moreover, according to this approach,
the deformation gradient tensor is fully relaxed to the identity tensor. Therefore, to accommodate the current orientation of the crystal
points, the plastic deformation tensor is replaced with current orientation of the simulation points, i.e. F, = O. At the same time, the
elastic deformation gradient tensor is set to the inverse of F},. The superscript “r” stands for the initial condition of the remeshed
configuration before restarting the simulation.

3.2.4. Mesh distortion control method

According to the mesh distortion control method, the fluctuating part of the deformation is removed to overcome the distortion
problem, and the deformation gradient tensor is adjusted to the average gradient deformation tensor. The deformation gradient tensor
before restarting the simulation, i.e. after the remeshing step, can be written as:

F' =F =F.F, =F.F,. a4

Since the plastic deformation is much larger than the elastic deformation, it is assumed here that the fluctuating part belongs fully to
the plastic deformation, and therefore F; = F.. The adjusted remeshed plastic deformation tensor, F{,, can now be calculated as:

F =F.'F = (F,F"')F (15)

This newly calculated plastic deformation tensor includes the current orientation and the average plastic strain.

3.2.5. All other state variables

All other state variables, such as dislocation density or accumulated shear strain on each slip system, are directly mapped from the
old simulation to the new simulation. This procedure follows an adaptable framework, and it allows mapping different state variables
based on the constitutive law in use. As a result, the remeshing methodologies are flexible to be used with any crystal plasticity model.
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3.3. An adaptive scheme for updating resolution

During large deformation, the elements’ aspect ratio, i.e. the ratio of the element size in the stretching direction to the element size
in the compression direction, can become very large. Extensively elongated elements introduce errors in the simulation and, more
importantly, can prevent strain localization. To overcome this problem, we have implemented a global adaptive scheme for both
remeshing approaches. This adaptive scheme is flexible and allows selecting any desired number of elements in the three coordinate
directions independently at any remeshing step. Such ability to adapt the resolution according to the problem is crucial for large
deformation simulations.

Fig. 4 (a) shows the IPF color map parallel to the loading direction for the deformed configuration. The remeshed configurations
achieved using three different resolutions are shown in Fig. 4(b-d). Here, the remeshing is performed using the mesh replacement
method, and the initial microstructure is according to the bicrystal example shown in Fig. 1(a). Fig. 5 shows the total dislocation
density and the rotation angle distributions for these cases. It is clear from both figures that all the remeshing resolution cases selected
here properly represent the deformed state. Although some improvement in the remeshing state can be observed for higher mesh
resolutions, this improvement is subtle according to the Kolmogorov-Smirnov values presented in Table 1. The effect of remeshing
resolution and adaptivity on the microstructure evolution is discussed in 4.2.

4. Results and discussion
4.1. Remeshing accuracy

In this study, two different remeshing approaches were introduced to solve the mesh distortion problem. It was shown that the
deformed and the remeshed configurations are almost equivalent, and the mapping procedure can transfer the state variables accu-
rately. Now the question arises, how does the remeshing procedure affect the microstructure and the mechanical fields developed
during the simulation? To answer this question, we deform the RVEs to the largest achievable strain without remeshing. This simulated
state is used as the reference state, and it is compared to the results obtained using different remeshing strategies. This comparison is
used to analyze and discuss the accuracy of the remeshing approaches.

4.1.1. Mesh replacement method
For the mesh replacement method, the bicrystal example presented in Fig. 1(a) is used for evaluating the remeshing approach. This
RVE is subjected to a plane-strain compression up to 25% thickness reduction using different remeshing strategies:

1 step of 25% without remeshing (strategy A)
5 steps of 5% (strategy B)

3 steps of 10% + 10% + 5% (strategy C)

2 steps of 15% + 10% (strategy D)

Strategy A, the case without remeshing, is used as a reference case to evaluate the accuracy of the remeshing method. The stress-
strain curves obtained using different remeshing strategies are compared to the reference case in Fig. 6. After a very small recovery
strain, the remeshed configuration reaches the same stress level as the case without remeshing, and the effect of the remeshing process
on the stress-strain curves becomes negligible. Generally, for the minimal impact of the remeshing on the results, the remeshing strain
should be selected large enough relative to this recovery strain.

The IPF color map parallel to the loading (vertical) direction, the mobile dislocation density maps, and orientation distribution
functions (ODFs) for the different remeshing strategies are shown in Fig. 7. Fig. 8 illustrates the distributions of the total dislocation
density and the rotation angle for the different remeshing strategies. There is a very good agreement between results obtained using
remeshing strategies C and D with reference case A. However, a comparison between results obtained using remeshing strategy B and
reference case A reveals some small differences in the predicted shape of the central grain. The stress-strain curve for strategy B also
shows a little deviation from the reference case. The fluctuation part of deformation, which is directly related to the deformation
localization, is not fully developed at small strains. Therefore, when small remeshing strains are used, the localized deformation may

(a)

Fig. 4. Effect of remeshing resolution on the similitude of the configurations before and after remeshing. The figures show the IPF color map parallel
to the loading (vertical) direction for the example presented in Fig. 1(a) subjected to 25% thickness reduction: (a) before remeshing with initial mesh
of 60 x 60 elements, (b) remeshed to a new mesh of 107 x 60 elements, (c) remeshed to a new mesh of 214 x 120 elements, (d) remeshed to a new
mesh of 428 x 240 elements.
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Fig. 5. Influence of the remeshing resolution on the distribution of (a) total dislocation density, (b) rotation angle. The initial number of elements
for the reference configuration is 60 x 60. The results are shown for the cases presented in Fig. 4.

Table 1
The Kolmogorov-Smirnov values obtained for cases remeshed with different resolutions.
Resolution 60 x 60 107 x 60 214 x 120 428 x 240
Kolmogorov-Smirnov value Pe 0.007 0.005 0.004 0.002
|A6| 0.007 0.005 0.003 0.001

Thickness reduction (%) Thickness reduction (%) Thickness reduction (%)
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Fig. 6. Influence of the remeshing strategy on the stress-strain curves. The y-axis and x-axis show respectively the stress and the logarithmic strain
in the compression direction. The blue curve shows the stress-strain curve for reference case A.

not be fully captured during the remeshing process. As a result, frequent remeshing after a small strain attenuates strain localization.
However, when the remeshing procedure is applied in larger strain steps, i.e. remeshing strategies C and D, the deviation between the
remeshed simulations and the reference simulation becomes small and negligible. The Kolmogorov-Smirnov values for all cases are
listed in Table 2.

Although early remeshing can smoothen the localized deformation and affect the outputs’ accuracy, remeshing after a large strain,
late remeshing, can also deteriorate the accuracy and the computational efficiency. Large distortion in the mesh introduces numerical
errors in the simulation. Therefore, as the first drawback, when the remeshing procedure is applied late after the distortions become
too large, the state variables will include errors. These numerical errors would be transferred during the remeshing process. The mesh
distortion and numerical errors also can affect the simulations’ convergence and computational cost. We observed that the number of
iterations needed for reaching convergence is directly related to the level of mesh distortion.

4.1.2. Mesh distortion control method
For the mesh distortion control method, the bicrystal example presented in Fig. 1(c) is used for evaluating the remeshing approach.
The RVE is subjected to a simple shear of 0.5 using different remeshing strategies:

¢ 1 step of 0.5 without remeshing (strategy E)
3 steps of 0.2 + 0.2 + 0.1 (strategy F)

e 2 steps of 0.25 + 0.25 (strategy G)

e 2 steps of 0.4 + 0.1 (strategy H)

Strategy E, the case without remeshing, is used as a reference case to evaluate the accuracy of the remeshing method. The stress-
strain curves obtained using different remeshing strategies are compared to the reference case in Fig. 9. The recovery strain for the
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Fig. 8. Influence of the remeshing strategy on the distribution of (a) total dislocation density, (b) rotation angle. strategy A show the outputs for the
case without remeshing.

Table 2
The Kolmogorov-Smirnov values obtained from different remeshing strategies.
mesh replacement method mesh distortion control method
strategy 5x 5% 10% + 10% + 5% 15% + 10% 02402401 0.25+ 0.25 04+0.1
p* 0.072 0.046 0.017 0.025 0.022 0.019
|A6) 0.038 0.029 0.025 0.028 0.036 0.028

mesh distortion control method is much smaller than for the mesh replacement method, and the remeshed configuration immediately
reaches the same stress level as the case without remeshing.

The IPF color map parallel to the vertical direction, the mobile dislocation density maps, and orientation distribution functions
(ODFs) for the different remeshing strategies are shown in Fig. 10. Fig. 11 illustrates the distributions of the total dislocation density
and the rotation angle for different remeshing strategies. There is a very good agreement between results obtained using different
remeshing strategies and the reference case E. The Kolmogorov-Smirnov values for all the remeshing strategies are listed in Table 2.

4.2. Adaptivity and mesh refinement effects
The global adaptive scheme implemented in both remeshing approaches allows adjusting the number of elements in the three
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the case without remeshing.

coordinate directions at any remeshing step. This ability to adjust the resolution is essential for accurate and efficient simulation of
large deformations. This section explains the importance and the primary capabilities of the adaptivity scheme and discusses its in-
fluence on the level of detail captured in a large deformation crystal plasticity simulation.

Fig. 12 (a) shows the RVE presented in Fig. 1(a) after 75% thickness reduction. For this case, the mesh replacement method is used
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without the adaptive scheme, i.e. the mesh density is kept constant as 60 x 60. The element size in the loading direction decreases with
increasing the deformation, while the element is elongated in the stretching direction. Therefore, the element becomes rectangular,
and the element aspect ratio, the ratio of the element size in the stretching direction to the element size in the compression direction,
considerably increases. Although a small aspect ratio at small strain is not an issue, this can introduce inaccuracies at large de-
formations when the aspect ratio becomes too large. For example, for the RVE subjected to 75% thickness reduction, the elements
aspect ratio is around 16. Similarly, the aspect ratio increases to 45 for an RVE subjected to 85% thickness reduction. Such extensively
elongated elements introduce errors in the simulation. In addition, an element represents the average response of a section in the
discretized space. Therefore, if the element size is larger than the localized features, such as shear bands, it will capture only the
homogenized behavior and not the morphology of the localized deformation. As a result, highly elongated elements can prevent strain
localization from occurring. Hence, the ability to adjust the resolution according to the problem is crucial for large deformation
simulations. In the following, we present two different strategies for adjusting the resolution during deformation.

4.2.1. Constant element size approach

The first approach, which we call the constant element size approach, is based on keeping the element size in all directions constant
by adaptively changing the number of elements in different directions during the simulation. This implies decreasing the number of
elements in the compression direction and increasing the number of elements in the stretching direction. Using this adaptive meshing
method, the number of elements remains approximately constant throughout the simulation. This approach’s success requires an
initial high mesh density since it results in a significant decrease in the number of elements in the compression direction. However,
once the starting mesh density is adequately selected, one can reach the desired mesh density at the end of the simulation.

Fig. 12 (b) and Fig. 12(e) show the results obtained using the constant element size approach. The initial number of elements are
240 x 240, which are adjusted adaptively to 873 x 66 after 75% thickness reduction. It can be seen that the adaptivity helps to adjust
the resolution and to prevent the elements from becoming extensively elongated. More importantly, comparing Fig. 12(a) and Fig. 12
(b) or Fig. 12(d) and Fig. 12(e) reveals that the amount of detail and deformation heterogeneity captured using the adaptive simulation
is considerably higher than for the non-adaptive simulation. The elongated elements in the non-adaptive simulation prevent the
formation of sharply localized features during the deformation.

Fig. 13 shows the distribution of the total dislocation density, rotation angle, Euler angle ®, and Kernel average misorientation
(KAM). For calculating the KAM of a simulation point, first, the disorientations, i.e. the misorientation considering the cubic symmetry
of the material, between the point and all neighboring points are calculated. Then, the average value is calculated. Despite the apparent
differences between the amount of localized detail captured using the adaptive and non-adaptive simulations, there are some large-
scale similarities between the distributions of outputs. This similarity is pronounced for variables such as dislocation density, rota-
tion angle, and Euler angle ® with the Kolmogorov-Smirnov values of 0.072, 0.046, and 0.061, respectively. However, the similarity
lessens for the KAM, with a Kolmogorov-Smirnov value of 0.131. The KAM is a measure of local misorientation, and its value depends
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Fig. 12. Effect of adaptive remeshing and mesh refinement on the simulation outputs; (a-c) IPF color maps parallel to the loading (vertical) di-
rection, (d-f) mobile dislocation density maps. For the non-adaptive simulation, the initial mesh density of 60 x 60 is kept constant during the
deformation, which results in highly elongated elements at large deformations. For the multi-step mesh refinement the number of elements is
gradually increased during the deformation to 777 x 60, while for the case of the constant element size approach, the initial number of elements is
240 x 240, which is adjusted gradually to 873 x 66. The results are shown for the example presented in Fig. 1(a) subjected to 75% thick-
ness reduction.
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Fig. 13. Effect of adaptive remeshing and mesh refinement on the distribution of (a) total dislocation density, (b) rotation angle, (c) Euler angle ®,
(d) Kernel average misorientation. The results are shown for the cases presented in Fig. 12.

on the local variation of the orientation of a point and its neighboring points. Therefore, as is expected, its distribution is affected more
strongly by the resolution of the simulation.

4.2.2. Multi-step mesh refinement method

The constant element size approach results in a significant decrease in the number of elements in the compression direction, and its
success requires an initially high mesh resolution. As a result, it is not computationally efficient for high-resolution crystal plasticity
problems. Here, we introduce a second adaptivity approach, which is named the multi-step mesh refinement method. The idea behind
this approach is to keep the number of elements in the compression direction constant, i.e. 60 elements for the current example. The
number of elements in the stretching direction is then adjusted accordingly to keep the elements close to cube-shaped. Accordingly, the
multi-step mesh refinement approach leads to a gradual rise in the number of points and the simulation resolution during the
deformation. Fig. 12(c) and Fig. 12(f) show the results when this adaptive scheme is used, and the number of elements in different
directions are gradually increased to 777 x 60. We recommend keeping the element number in the most compressed direction constant
to ensure a minimum information loss during mapping with a minimal increase in the simulation points. It should be noted that using
extra elements in the most compressed direction may improve the mapping, but it also inefficiently increases the computational cost.

The results from the two adaptive strategies are very similar. However, the computational cost of the multi-step refinement
approach is around 18 times less than the constant element size approach. Using the multi-step refinement approach, one can start the
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Fig. 14. Effect of remeshing approach on the simulation outputs. The results are shown for the bicrystal example presented in Fig. 1(a) subjected to
50% thickness reduction. (a-b) IPF color maps parallel to the loading (vertical) direction, (c-d) mobile dislocation density maps.
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simulation with a low but reasonable resolution and gradually increase the resolution to the desired one at the end of the simulation. As
aresult, a significant portion of the simulation will be done with a lower resolution, which substantially reduces the computational cost
and boosts the simulation speed. This is essentially important for high-resolution crystal plasticity simulations, which are, in general,
time-consuming.

4.3. Comparing mesh replacement method and mesh distortion control method

The two remeshing algorithms proposed in this study are compared in Fig. 14. The results are for the RVE in Fig. 1(a) subjected to
50% thickness reduction. The results obtained from the two approaches are in good agreement. The Kolmogorov-Smirnov values for
the distribution of the total dislocation density, rotation angle, Euler angle ®, and Kernel average misorientation are 0.052, 0.064,
0.059, and 0.038, respectively. The distributions of the total dislocation density and the rotation angle are shown in Fig. 15. It can be
seen that the differences belong mainly to the lower tail of the distributions. Besides, there is a good agreement between the distri-
butions for the Kernel average misorientation.

We observed that the mesh distortion control method’s computational cost, especially at higher strains, is significantly higher than
the mesh replacement method. For example, the total number of iterations required to reach 50% thickness reduction for the mesh
distortion control method is around twice that of the mesh replacement method. This ratio is four times higher to reach 70% thickness
reduction. Since the difference between outputs is subtle, for cases where both approaches are applicable, e.g. compression and tension
loading, one can save a substantial amount of computational cost using the mesh replacement method. The mesh distortion control
method’s main advantage is for cases where the mesh replacement method is not applicable, as explained in the next section.

4.4. Shear deformation

Shear deformation takes place in many industrial processes, e.g. during the rolling near the surface (Segurado et al., 2012),
asymmetric rolling (Ren et al., 2021), or extrusion and reversible rolling (Pérocheau and Driver, 2000). However, performing
remeshing when the configuration is subjected to a loading condition that involves shearing is challenging. This is because it is difficult
for such loading conditions to preserve the periodicity requirements, see Fig. 16(a). Frydrych et al. (2019) performed the remeshing for
an RVE under simple shear according to an approach based on the structure periodicity, as shown in Fig. 16(b). This approach requires
the remeshing to be performed at a particular strain point at which the corners of the generated cube-shape configurations coincide
precisely with the corners of the deformed configuration.

Although this approach can be used for simulating large shear deformation under periodic boundary conditions, it has two main
drawbacks: Firstly, the application of this approach is limited to structures under simple shear. In other words, this approach cannot be
used to simulate mixed loading conditions, where the shear load is applied simultaneously with another type of load, such as
compression or tension. Secondly, the remeshing approach needs to be performed at a particular strain point. Therefore, if the mesh
distortion becomes too large and the simulation fails before this specific strain point, the remeshing cannot be applied.

The mesh distortion control method, see Section 3.1.2 for detail, can overcome the challenges related to loading conditions
involving shearing. According to this approach, the undistorted mesh is achieved by maintaining the spatially homogeneous part of the
deformation and only removing the fluctuating part of the deformation. This means that the applied boundary conditions for the restart
analysis are defined according to the initial geometry and similar to when there is no remeshing. As a result, independent of the
remeshing strain and the loading type, the periodicity is always preserved, and this approach can be used for any desired loading
conditions. Fig. 17 shows an RVE subjected to a mixed loading condition, i.e. compression and shear deformation. Here, the RVE
presented in Fig. 1(a) is subjected to 75% thickness reduction and 20% shearing.

4.5. High-resolution 3D simulations: grain shape effect

While the influence of crystallographic orientation/texture is extensively discussed in the literature, less attention has been paid to
the effect of the grain shape and its neighboring conditions on the plastic deformation heterogeneity. One reason for this might be the
computational/experimental efforts that are required for systematic investigations in this enlarged parameter space. From the
computational point of view, studying the grain shape requires a high-resolution crystal plasticity simulation. The first hurdle of high-
resolution crystal plasticity simulations is the significant increase in the computational cost with an increase in the simulation reso-
lution. This is a limiting factor in the number of elements per grain and the number of grains used in a polycrystal simulation. The
second problem is that since a higher resolution simulation allows capturing more detailed localized deformation features, as discussed
earlier, it is prone to earlier convergence issues.

The remeshing approaches introduced in this study allow us to overcome the convergence issues. Furthermore, the multi-step mesh
refinement approach suggested in Section 4.2 provides a computationally efficient strategy to simulate large-deformation high-res-
olution problems. In this section, the merits of this combined modeling strategy in investigating the grain shape effect are shown using
a high-resolution bicrystal example. For this purpose, we use an RVE similar to the one presented in Fig. 1(a). However, for the current
investigation, the diameter of the central grain is reduced to 60% of the configuration’s thickness. Fig. 18(a) and Fig. 18(d) show
respectively the IPF color map parallel to the loading direction and the mobile dislocation density map for this RVE. Here, only one
element is used in the transverse direction.

In the next step, the RVE is converted to a full 3D model by extruding the quasi-3D RVE in the transverse direction to generate a
cubic RVE. In this case, the central grain has a cylindrical shape. Fig. 18(b) shows the results for the mid-surface obtained using this 3D
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Fig. 15. Effect of remeshing approach on the distribution of (a) total dislocation density, (b) rotation angle. The results are shown for the cases
presented in Fig. 14.

(a) (b)

Fig. 16. A schematic plot showing the challenges of preserving the periodicity requirements of the configuration during the remeshing for a
configuration subjected to simple shear. The deformed RVE and a copy of it are shown in light blue. The red square shows the newly generated RVE
after remeshing. (a) The periodicity requirements are violated during remeshing when the RVE is subjected to a shear strain of 0.8. (b) To preserve
the periodicity requirements, the remeshing needs to be performed at a particular strain point, i.e. a shear strain of 1 for the depicted example. As a
result, this approach is limited to structures under simple shear. The mesh distortion control method, see Section 3.1.2, can overcome the challenges
related to loading conditions involving shearing.
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(b) 75% thickness reduction and 20% shearing

Fig. 17. The mesh distortion control method is employed to simulate a structure subjected to mixed compression and shear loading. The figures
show IPF color maps parallel to the vertical direction for the example presented in Fig. 1(a).

simulation after 75% thickness reduction. The initial number of elements for this simulation is 60 x 30 x 60, and is increased gradually
to 777 x 109 x 60 during the 75% thickness reduction. In general, both simulations give the same response. The main difference
between the two simulations is the slightly sharper localized deformation in the 2D simulation. Moreover, we observed that the
difference between the results at the surface of the 3D simulation and the quasi-3D simulation is more pronounced.

In the final step, the effect of substituting the cylindrical grain with a spherical grain with the same diameter is investigated. Fig. 18
(c) and Fig. 18(e) show respectively the IPF color map parallel to the loading direction and the mobile dislocation density map after
75% thickness reduction. The results are shown at the mid-surface in the transverse direction. The texture and microstructures
developed during the deformation are visibly altered by the change in the grain shape. Therefore, though the quasi-3D simulation is
able to reproduce the 3D results for the exactly equivalent microstructure, it is unable to incorporate the actual effect of grain
morphology. The distributions of the total dislocation density and rotation angle for the three discussed cases are shown in Fig. 19.

4.6. High-resolution 3D simulations: application to polycrystals

In this section, the remeshing methodology is applied to perform a high-resolution large-deformation crystal plasticity simulation
on a 3D polycrystal example. For this purpose, the simulation is carried out on a polycrystal configuration made of 38 randomly

15



K. Sedighiani et al. International Journal of Plasticity 146 (2021) 103078

]

foo1] [101]

5.5e+15

2e+15
le+15

p(m?)

- Se+l4

— 2e+14
1.1le+14

(f) 3D simulation with a spherical center grain

Fig. 18. Effect of grain shape on the microstructure evolution. The results are shown for a bicrystal example similar to the one presented in Fig. 1(a),
but with a slightly smaller center grain. The RVE is subjected to 75% thickness reduction. (a-c) IPF color maps parallel to the loading (vertical)
direction, (d-f) mobile dislocation density maps.

e quasi-3D: circular grain e quasi-3D: circular grain

o
=
o

< &
1S W 3D: cylindrical grain ‘m 0.06 1 B 3D: cylindrical grain
= 0.144 3D: spherical grain sl_) 3D: spherical grain
o b5y
S 0.12 S
2 0.10 2
2 2
o 0.08 o
© ©
2 0061 2
S 0.04 3
© ©
8 0.02] S
o0 <
a a
0.004 004 ,
25 5.0 7.5 10.0 125 15.0 17.5 20.0 0 10 20 30 40 50 60 70
0 (10 m=2) A8 (degree)

(a) total dislocation density (b) rotation angle

Fig. 19. Effect of grain shape on the distribution of (a) total dislocation density, (b) rotation angle. The results are shown for the cases presented
in Fig. 18.

oriented grains, as illustrated in Fig. 20. The properties used in the crystal plasticity simulations are similar to those proposed for IF-
steel in (Sedighiani et al., 2021). The RVE is subjected to plane-strain compression up to a thickness reduction of 80%. The initial
number of elements at the beginning of the deformation is 80 x 48 x 320. The mesh density is gradually increased to 1314 x48 x320
during the deformation, i.e. the number of elements is increased by a factor of 16.

Fig. 20 shows the IPF color maps parallel to the loading (vertical) and stretching (horizontal) directions after 20, 40, 60, and 80%
thickness reduction. It can be seen how the plastic deformation leads to changes in the grains’ orientation and, consequently, to the
development of deformation textures. As the load increases, a strong a-fiber texture (RD||<110>) and a comparably weaker y-fiber
(ND||<111>) texture are developed, typical for IF-steel (Hutchinson 1999; Kestens and Pirgazi 2016).

The IPF color maps parallel to the loading (vertical) direction for three different sections in the transverse direction are shown in
Fig. 21. The results are for 75% thickness reduction. It can be seen from this figure and Fig. 20 how the originally uniformly orientated
crystals are subdivided and rotated into portions with different orientations. In other words, the heterogeneous deformations within
individual grains result in the grain fragmentation and the development of smaller grains separated by high-angle misorientation
boundaries. The plastic heterogeneity of the deformation depends on many factors, such as the orientation distribution, grain shape, or
grain size. However, in general, the heterogeneity of the deformation is more pronounced in the y-fiber grains. The qualitative
resemblance of these results with experimentally observed electron backscattered diffraction (EBSD) maps is striking. As an example,
an EBSD measurement for a cold-rolled IF-steel sample after 75% thickness reduction is shown in Fig. 22. It should be noted that the
experimental data provided here does not represent the same sample as the simulated one. A detailed comparison between the
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Fig. 21. IPF color maps parallel to the loading (vertical) direction at different transverse positions for the same RVE presented in Fig. 20 subjected
to 75% thickness reduction.
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Fig. 22. Electron backscattered diffraction (EBSD) measurements of a cold rolled IF steel sample after 75% thickness reduction. The figure shows
the IPF color map parallel to the normal (loading) direction for a section of 60 x 230 ym?.
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Fig. 23. Deformation heterogeneity in a 3D high-resolution polycrystal made of 38 randomly oriented grains at different thickness reductions, (a)
evolution of the dislocation density, (b) the corresponding distributions. (c) evolution of the rotation angle, see Eq. 10, (d) the corresponding
distributions.

simulation results and the EBSD data will be provided in a subsequent paper focused on microstructure evolution in IF-steel.

Fig. 23 shows the development of the dislocation density and the rotation angle at different thickness reduction levels. The results
reveal that the development of dislocation density and rotation angle is different based on the crystals’ orientation, and their distri-
butions are inhomogeneous at all strain levels.

5. Conclusions

Problems involving the deformation of solid materials are usually formulated in a way that the mesh is attached to the deformable
body and deforms with a change in the shape of the material. This means that the mesh gets distorted due to the heterogeneity of the
deformation. In this study, two different approaches to overcome the mesh distortion problem at large strains were proposed, i.e. the
mesh replacement method and the mesh distortion control method. The accuracy of the two methods was examined using different test
cases designed to evaluate the various steps involved. It was shown that both approaches enable conducting high-resolution large-
deformation crystal plasticity simulations and overcoming the associated mesh distortion problem due to the strain localization.

In the mesh replacement method, the deformed configuration with the distorted mesh is replaced by a new configuration with an
undistorted mesh. Therefore, it can be stated that the mesh replacement method is like starting a new analysis in which the initial state
of the model is obtained from a different analysis. In the mesh distortion control method, the undistorted mesh is achieved by removing
the fluctuating part of the deformation and keeping the homogeneous part of the deformation. Hence, contrary to the mesh
replacement method, this approach requires finding a new equilibrium state for the smoothed mesh. This leads to a higher compu-
tational cost for the mesh distortion control method, especially at large strains. Since no significant difference between the results from
the two remeshing approaches was observed, a substantial amount of computational cost can be saved using the mesh replacement
method. However, in the case of using periodic boundary conditions, it is challenging to preserve the periodicity requirements for some
loading conditions, e.g. loadings involving shear. For such complex loading conditions, the mesh distortion method was proposed.
Since the homogeneous part of the deformation is retained during the undistorted mesh generation for the mesh distortion control
method, the periodicity requirements are always conserved regardless of the loading condition. Therefore, the mesh distortion control
method’s main advantage is that it enables remeshing in situations where the periodicity of the geometry would be broken by the mesh
replacement method.

A global adaptive scheme was implemented for both remeshing approaches, allowing to update the number of elements in the three
coordinate directions at any remeshing steps. This adaptive scheme is important to prevent the elements’ aspect ratio from becoming
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too large. Besides, a multi-step mesh refinement approach was suggested for efficient simulation of large-deformation high-resolution
crystal plasticity problems. It was shown that this adaptive meshing strategy can be used, for example, to capture the effect of grain
shape on the plastic deformation heterogeneity.

Finally, the mesh replacement method was employed to carry out a 3D high-resolution large-deformation crystal plasticity
simulation. It was observed that the remeshing approaches allow capturing the development of deformation heterogeneity and strain
localization in polycrystals, e.g. in-grain orientation spread. Such detailed high-resolution large-deformation simulations can be used
to thoroughly analyze how, for example, deformation heterogeneity or in-grain orientation spread depends on the crystal orientation,
neighbor grains, or any other relevant factors. Moreover, capturing such localized details enables modeling subsequent processes, such
as recrystallization, which are dependent on the formation of these localized deformation features.

Data availability

The remeshing approaches have been implemented into DAMASK (damask.mpie.de) and are available for free at git.damask.mpie.
de.
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