MATEC Web of Conferences 300, 11004 (2019)
ICMFF12

https://doi.org/10.1051/matecconf/201930011004

Mixed-mode crack tip fields in a polycrystalline
aluminum alloy
Marcel Wicke1,1, Angelika Brueckner-Foit1
1Institute

for Materials Engineering, University of Kassel, D-34125 Kassel, Germany

Abstract. Carefully performed experiments with long cracks in the nearthreshold regime have shown that the crack tip field of these cracks
significantly deviate from the expected mode-I butterfly-shaped ones and
resemble strongly to mixed-mode crack tip fields. A simulation study using
a crystal plasticity (CP) approach has been utilized in order to understand
this phenomenon. To this end, a digital twin of an aluminum sample fatigued
in the near-threshold regime was generated with the help of electron
backscatter diffraction (EBSD) and X-ray tomography. Once set-up, the
digital twin was loaded in uniaxial tension using the fast spectral solver
implemented in the Düsseldorf Advanced Material Simulation Kit
(DAMASK). The versatility of this experimental-computational approach for
studying the strain partitioning at the crack tip is demonstrated in this work.

1 Introduction
Interest in the very high cycle fatigue (VHCF) regime is typically focused on the crack
initiation phase, which is regarded as the life-determining phase. The importance of the crack
propagation phase, however, may increase if cracks initiate from pre-existing defects. In that
case, a notable amount of lifetime is spent in the crack propagation phase with long lifetimes
being achieved in the case of near-threshold fatigue. However, very low stress amplitudes
required for keeping the crack in the near-threshold regime are supposed to cause unexpected
crack growth phenomenons. Similar effects as reported for small cracks, which are known to
extend in an intermittent, shear-dominated pattern below the long-crack threshold (e.g. [13]), may occur under such circumstances making it worthwhile to include the effect of very
small cyclic loads on crack extension in the VHCF research. Moreover, the shear-dominated
parts of the crack path induce a mixed-mode situation at the crack tip under nominally normal
external loading.
A test program was therefore set up in an authors’ previous study [4] to analyze the nearthreshold crack extension mechanisms of long cracks in a commercial aluminum alloy used
in peak-aged and overaged condition. Fatigue crack growth experiments were performed at
nominally constant ΔK-values close to the threshold in a conventional resonant testing
machine according to the procedure described in [4]. It was found that the crack tip field of
these cracks strongly deviate from the typical fracture mechanics mode-I case. As it can be
seen in Fig. 1 showing the crack tip field of a specimen taken from peak-aged material in
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transverse direction as an example, the major part of the plastic deformation ahead of the
crack tip coincided with the crack path direction. This type of crack tip field corresponds very
much to a mixed-mode situation or, alternatively, a stage-I crack in which all dislocations are
aligned on a slip system with high Schmid factor.

Fig. 1. Crack tip field of a peak-aged aluminum sample taken in transverse direction, which was
tested at a load of ΔK = 1.4 MPa√m.

Crystal plasticity (CP) simulations were performed in this work to understand the mixedmode type crack tip fields observed in the experiment. The basic hypothesis is that local
mixed-mode loading can occur in the vicinity of the crack tip due to the anisotropy of the
grain structure. This required to generate a digital twin of the fatigue tested samples, i.e. a
three-dimensional digitized model of the experimentally characterized microstructure. While
most studies concerned with the creation and evaluation of digital twins focus on capturing
the grain structure (see e.g. [5, 6]), electron backscatter diffraction (EBSD) and highresolution X-ray micro-computed tomography (µ-CT) were used here for getting a realistic
three-dimensional representation of both the grain structure and microstructural features
including the crack. Since the amount of analytical effort rises significantly with each
additional detail required for defining the digital microstructural twin, special emphasis was
put on including the important microstructural features around the crack tip but also on
keeping the model as simple as possible at the same time.
The paper is structured as follows: The description of the modeling approach, namely the
crystal plasticity model and the numerical solution strategy as implemented into DAMASK,
in section 2 is followed by an overview of the simulation setup including details of the
microstructure model. After presenting and discussing preliminary results in section 4, we
give an outlook on further improvements of the employed approach.

2 Modeling strategy
The simulations presented in this work were performed using the multiphysics simulation
package DAMASK [7]. A spectral solver, which allows a direct use and mapping of the
experimentally obtained microstructure data, is employed to solve the mechanical boundary
value problem for static mechanical equilibrium. The basic principles of the crystal plasticity
formulation and the numerical solver are presented in the following. For further details, we
refer to the recent work by Roters et al. [7].
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2.1 Crystal plasticity
A conventional phenomenological crystal plasticity constitutive law [8, 9] for face-centered
cubic (fcc) crystals was used to capture the behavior of the aluminum matrix. It is based on
the assumption that plastic slip 𝛾 occurs on a slip system 𝛼 once the resolved shear stress 𝜏 𝛼
exceeds a critical value 𝜉 𝛼 . The critical shear stress on each of the 12 fcc slip systems is
assumed to evolve from an initial value 𝜉0 to a saturation value 𝜉∞ as a result of slip on all
〈011〉{111} systems 𝛽 = 1, … ,12 according to the relationship
𝜉̇ 𝛼 = ℎ0 |𝛾̇ 𝛽 | |1 −
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𝛽
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with the initial hardening ℎ0 , interaction coefficients ℎ𝛼𝛽 and a numerical parameter 𝑎. The
shear rate on system 𝛼 is then computed as
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with 𝑛 and 𝛾̇0 being the inverse shear rate sensitivity and reference shear rate, respectively.
The sum of the shear rates on all systems determines the plastic velocity gradient for the finite
strain formulation used in DAMASK.
2.2 Numerical Solver
The simulations were conducted using the spectral formulation coupled to DAMASK, which
was presented by Eisenlohr et al. [10] and recently extended by Shanthraj et al. [11].
Pioneered by Moulinec and Suquet [12], the spectral method approach based on the fast
FOURIER transform has gained significant attention in computational material mechanics
[13, 14]. Good computational performance, in particular when simulating periodic
microstructures, combined with the straightforward use of experimental data sets consisting
of regularly arranged measurement points are the notable advantages of this method. One
drawback of the early spectral method variants, namely the poor convergence rate for
materials with a high stiffness or strength difference, has furthermore been overcome by
replacing the original fix-point scheme by sophisticated root-finding algorithms [11, 15, 16].

3 Simulation setup
The material examined in this study is the aluminum alloy EN AW-6082, which was peakaged and overaged at the TU Dresden. A rolled sheet with a thickness of 20 mm served as
base material, its microstructure being defined by elongated grains with a maximum
extension of up to 2000 – 3000 µm in longitudinal (L) direction and maximum lengths of
400 – 500 µm and 100 – 200 µm in transverse (T) and short transverse (S) direction,
respectively. Two types of primary precipitates with sizes up to 20 – 25 µm can be detected:
Mg-based ones (Mg2Si) and Fe-based ones (Al(Fe,Mn)Si), which are arranged in a line-like
fashion in rolling direction (RD). This effect is less pronounced in the case of the Mg2Si
precipitates.
Flat dog-bone specimens with a total length of 40 mm were machined out of the sheet
material and were fatigued in the near-threshold regime according to the procedure described
in [4]. In the following it is outlined how a microstructural model was created from the
fatigued specimen shown in Fig. 1. Moreover, the parameters for the constitutive model and
the loading boundary conditions are given.
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3.1 Microstructural characterization
EBSD and laboratory-based µ-CT were employed for obtaining a three-dimensional
microstructure data set of the fatigued sample. To allow three-dimensional imaging at a
spatial resolution appropriate for visualizing the fatigue crack, a cylindrical sample with a
diameter of about 0.65 µm containing the fatigue crack was prepared out of the flat dog-bone
specimen using wire electro-discharge machining.
Following sample preparation, the specimen was analyzed in a scanning electron
microscope (SEM, ZEISS Ultra 55) equipped with a Bruker e-FlashHR EBSD detector to
capture to grain structure (Fig. 2a). EBSD data were acquired using an aperture of 120 µm at
an accelerating voltage of 20 kV and a working distance of about 16 mm. Esprit 2.1 (Bruker
Nano) was used for data acquisition and indexing, while post-processing of the EBSD data
set was done using DREAM.3D [17] software.

Fig. 2. Data sets obtained by a) EBSD and b) µ-CT characterization of the fatigued sample. Colors of
the orientation map shown in a) according to inverse pole figure parallel to longitudinal direction.

The three-dimensional measurement was carried out at 4X optical magnification with a
ZEISS Xradia 520 Versa X-ray microscope at a voltage of 40 kV and a power of 3 W. The
cylindrical sample was placed between the X-ray source and the 2k × 2k detector with a
source-to-sample and source-to-detector distance of 10.4 mm and 100 mm, respectively.
With the detector set to a 2 × 2 pixel binning, this provided an effective pixel size of 0.7 µm
similar to previous studies focusing on the successful imaging of fatigue cracks using
synchrotron radiation (e.g. [18-20]). 3201 radiographs were collected per 360° sample
rotation with an exposure time of 45 s per radiograph to obtain a high signal-to-noise ratio.
Reconstruction of the raw transmission images was done using the ZEISS
XMReconstructor software package employing a filtered back-projection algorithm. Avizo
9.2 (VSG) was used to perform image analysis including filtering and segmentation. The
procedure is schematically illustrated in Fig. 2b. A region of interest (ROI) was first extracted
from the reconstructed data set by cropping a volume element (VE) of 2563 voxels,
corresponding to about 180 × 180 × 180 µm3 (dark cube in Fig. 2b, top left). To reduce the
noise level, a non-local means filter was applied to the reconstructed slices of the VE
afterwards (Fig. 2b, top right). The filtered images were then processed using simple
thresholding to segment the crack, primary precipitates and pores (Fig. 2b, bottom right).
Inaccuracies, occurring particularly very close to the crack front cause of resolution limits,
were subsequently corrected manually to obtain the final label field (Fig. 2b, bottom left).

4

MATEC Web of Conferences 300, 11004 (2019)
ICMFF12

https://doi.org/10.1051/matecconf/201930011004

3.2 Model creation
The model required for conducting the CP simulations can be directly created from the
experimentally characterized microstructure. To this end, the label field obtained by the
segmentation (Fig. 2b, bottom left) was exported in ASCII format. Python code was used to
convert the data set into the geometric description readable by DAMASK, which was
discretized by a regular voxel grid with 64 × 64 × 64 grid points. As illustrated in Fig. 3, the
measured grain structure was subsequently mapped onto the surface of the spectral solver
description and the grains were expanded in-depth, i.e. the grains were simplified as columns.
This kind of simplification was justified for a first principle study since the size of the VE
was small compared to the grain extension in rolling direction. All grid points belonging to
a grain were assigned the same crystal orientation obtained by grain segmentation in
DREAM.3D [17]. A layer of soft dilatational material, akin to air, of 6 voxel thickness was
attached on top of the polycrystalline structure resulting in boundary conditions that are
reminiscent of a free surface.

Fig. 3. Creation of microstructural model readable by DAMASK.

The parameters used to model the constitutive response of the aluminum fcc crystal and
microstructural features are given in Table 1.
Table 1. Material properties for aluminum matrix, primary precipitates, and dilatational air. Note that
ℎ𝛼𝛽 is used only in the CP model and Taylor factor 𝑀 only in the isotropic dilatational model.

Property
𝐶11
𝐶12
𝐶44

Value
Aluminum matrix
106.8 × 109
060.4 × 109
028.3 × 109

𝛾̇0
𝜏0
𝜏∞
ℎ0
𝑎
𝑛
Coplanar ℎ𝛼𝛽
Non-coplanar ℎ𝛼𝛽

001.0 × 10-3
031.0 × 106
063.0 × 106
075.0 × 106
002.25
020.0
001.0
001.4

Unit
Primary Precipitates
237.53 × 109
070.83 × 109

Dilatational air
10.0 × 109
00.0 × 109
1.0 × 10-3
0.3 × 106
0.6 × 106
1.0 × 106
2.0
5.0

3.0

𝑀

5

Pa
Pa
Pa
s-1
Pa
Pa
Pa
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Since obtaining suitable parameters for the employed phenomenological crystal plasticity
model [21, 22] is a challenging task by itself, an existing data set reproducing the behavior
of a soft aluminum alloy [10] was used to describe the matrix material. Similar to the layer
on top of the polycrystalline structure, the void volumes, i.e. the crack and pores that cannot
be taken out of the computation domain as in e.g. finite element simulations, were modeled
as soft dilatational and low strength materials (“dilatational air” in Table 1) using the
constitutive description proposed by Maiti and Eisenlohr [23]. Isotropic elastic behavior was
assumed inside the primary precipitates for the sake of simplicity. The elastic stiffness values
were chosen based on a recent study by Ma [24] without distinguishing between Fe- and Mgbased precipitates.
Uniaxial tension loading along the transverse direction was realized by enforcing the
average deformation gradient rate tensor and the complementary average first PIOLAKIRCHHOFF tensor to be
∗ ∗ ∗
10−3 0 0
̇𝐅 = [ 0
̅
̅ = [∗ 0 ∗ ] Pa
(3)
∗ 0] s −1 and 𝐏
∗ ∗ 0
0
0 ∗
with “*” indicating components for which complementary boundary conditions are specified.
These conditions were applied for 40 s in 400 uniform time increments, thus reaching a final
strain of 0.04. It should be noted that the values in Eq. (3) are prescribed as volume average
since the microstructure model was periodically repeated as it is characteristic for the spectral
solution method.

4 Results
Fig. 4 shows the spatial distribution of the equivalent (VON MISES) strain εvM at ε = 0.010,
0.025, and 0.040 with ε being the logarithmic (true) strain along loading direction. A strong
strain partitioning is observed ahead of the crack tip. Instead of developing the classical
mode-I butterfly-shaped crack tip field, the strain is localized in a band oriented at about 45°
with respect to the loading direction very similar to the findings in the experiment. This
implies that the observed anomaly in the crack tip field can be traced back to the mixed-mode
loading caused by grain anisotropy

Fig. 4. Equivalent strain εvM at increasing strain level ε mapped onto the undeformed microstructure.

The digital twin is suitable to describe the overall strain distribution trends observed in
the experiment correctly. However, there are some differences regarding the exact location
of the highly strained zone ahead of the crack tip. These deviations may most likely be
attributed to limitations of the experimental approach used for creating the digital twin. Since
SEM is a surface analysis technique, it cannot be used to reveal three-dimensional data sets
of the investigated microstructure. A columnar grain structure has hence inevitably to be
introduced in the simulation model. Differences in the local deformation behavior are thus
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expected particularly when taking into account the additional simplifications in the
underlying simulation methodology, i.e. the usage of an existing parameter set to model the
constitutive response of the aluminum fcc crystal. A higher resolved microstructure
discretization is furthermore required to describe the crack morphology more accurately in
the digital twin, which however would cause a dramatic increase in computational cost.
It can be concluded that the experimental-numerical methodology presented here is able
to capture the plastic zone ahead of the crack tip in a realistic way. Further authenticity can
be implemented, and an improved agreement between simulation and experiments can most
likely be achieved when a higher resolved microstructure discretization is used and if the
three-dimensional grain structure could be successfully taken into account.

5 Conclusion and outlook
A digital twin of a fatigued aluminum sample based directly on data sets obtained by EBSD
and µ-CT characterization has been utilized for a crystal plasticity simulation study using a
fast spectral solver implemented in DAMASK. The three-dimensional model, by including
details such as crystallographic orientation, crack morphology and distribution of the
microstructural features, allows to analyze the strain partitioning at the crack tip. In
agreement with the experimental observations, the simulated crack tip field deviates from the
typical fracture mechanics mode-I case and resembles to a mixed-mode crack tip field. The
simulation shows that this effect can be traced back to the multiaxial stress field induced by
grain anisotropy and is thus fundamentally different from the single slip line associated with
stage-I mircocracks.
The modeling method combined with the approach for obtaining a digital twin by EBSD
and µ-CT is hence a promising route for efficiently studying the strain partitioning at the
crack tip. Additional microstructural authenticity, however, is required to get a more in-depth
understanding of the crack tip field deviations. A realistic three-dimensional representation
of the grain structure will therefore be included in an upcoming study using a grain boundary
wetting with liquid gallium. Moreover, further authenticity will be introduced in the
microstructure model by extracting the phase properties of the aluminum matrix from the
microstructure itself using “virtual single crystal” experiments based on nano-indentation
according to the procedure developed by Zambaldi and Raabe [25] and Zambaldi et al. [21].
The authors would like to thank Martin Diehl, Max-Planck-Institut für Eisenforschung GmbH,
Germany, for his helpful suggestions. Financial support from the German Research Foundation (DFG)
is gratefully acknowledged.
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