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A B S T R A C T   

A crystal plasticity model accounting for damage evolution and ductile failure in a single crystal 
due to the presence of voids or micro-cracks is presented. An accurate, robust and computa
tionally efficient single crystal implementation is extended and applied to model the behaviour of 
different aluminium alloys in the cast and homogenized condition and the extruded condition. A 
total of four different materials are investigated, in which the yield strength, work hardening, 
grain structure, crystallographic texture and tensile ductility are unique for each alloy. The 
coupled damage and single crystal plasticity model is used in three-dimensional polycrystalline 
finite element analyses of one smooth and two notched axisymmetric tensile specimens for each 
material. The tensile tests are analysed in Abaqus/Explicit, where each grain is explicitly 
modelled. An efficient procedure for calibrating the work-hardening parameters for single crystal 
plasticity models is proposed and used to determine the material parameters from the tension 
tests of the smooth tensile specimen with high accuracy. The capability of the proposed crystal 
plasticity model is demonstrated through comparison of finite element simulations and experi
mental tests. A good agreement is found between the experimental and numerical results, and the 
various shapes of the failed specimens are well predicted by the crystal plasticity finite element 
analyses. For one of the extruded aluminium alloys, a diamond-shaped fracture surface is 
observed in the experiments of the notched tensile specimens and also this unusual shape is 
captured by the crystal plasticity analyses.   

1. Introduction 

The process of ductile fracture includes nucleation, growth and coalescence of microscopic voids at second-phase particles or 
inclusions, and depends markedly on the local stress state and microstructural material characteristics in a complex way (Pineau et al., 
2016). Typically, a higher stress level increases the void nucleation rate and a higher stress triaxiality ratio accelerates the void growth. 
Further, the deviatoric stress state, often characterized by the Lode parameter, influences the propensity for strain localization, in 
addition to affecting void growth and coalescence (Tekoğlu et al., 2015). 

The first studies of ductile failure, employing micromechanical modelling strategies, were those of McClintock (1968) and Rice and 
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Tracey (1969), who investigated void growth in an infinite elastic-plastic material containing a single void. McClintock (1968) 
considered a cylindrical void, whereas Rice and Tracey (1969) investigated the response of a spherical void. Needleman (1972) was the 
first to use unit cell analyses to study void growth in an elastic-plastic material containing a periodic array of voids. Later, Gurson 
(1977) used limit analysis considering a spherical void in a von Mises material to derive the yield function for a porous material. 

Ductile fracture occurs after significant plastic deformation of the material, and earlier studies have shown that plastic flow and 
ductile fracture are coupled phenomena. Plastic flow leads to damage evolution by growth and coalescence of voids, i.e., voids will 
grow in the material due to plastic straining, and coalesce as the inter-void ligaments are subjected to plastic flow localization (Pineau 
et al., 2016). In addition, strain softening and localization can occur due to damage evolution which again promotes ductile fracture 
(Tekoğlu et al., 2015). Thus, the plastic properties of a material, such as yield strength, work hardening and plastic anisotropy, can 
strongly influence its ductility (Frodal et al., 2020a). A higher yield strength tends to increase the void nucleation rate, whereas a 
higher work-hardening rate can lead to a more dispersed distribution of the plastic flow that could increase the ductility by postponing 
strain localization. Plastic anisotropy can induce fracture anisotropy, particularly by affecting plastic flow and strain localization 
(Fourmeau et al., 2011; Frodal et al., 2020a). 

The thermo-mechanical processing of metals and alloys influences microstructural characteristics such as the precipitate structure, 
grain structure and crystallographic texture, and determines the plastic behaviour of these materials (Frodal et al., 2020b). Crystal
lographic texture is the primary source of plastic anisotropy (Engler and Randle, 2009). Traditionally, plastic anisotropy has been 
modelled using phenomenological anisotropic plasticity models (e.g., Hill, 1948; Bron and Besson, 2004; Barlat et al., 2005). These 
models often contain several parameters, which are usually determined from experiments (Fourmeau et al., 2011). In contrast, crystal 
plasticity theory can be used to determine the plastic flow properties of a material based on information about its crystallographic 
texture. The grain morphology, the local interactions and inhomogeneities of the mechanical fields of polycrystalline materials can all 
be explicitly included. In addition, crystal plasticity models are capable of predicting changes in a material’s plastic properties by 
evolving the texture. 

Several works have developed porous plasticity models with plastic anisotropy in the matrix material, using phenomenological 
anisotropic plasticity models (e.g, Benzerga and Besson, 2001; Steglich et al., 2010; Dæhli et al., 2017). A more fundamental way of 
including plastic anisotropy into the modelling of ductile materials is by using crystal plasticity instead. Single crystal porous plasticity 
models can be derived using limit analysis or other types of homogenization methods (Han et al., 2013; Paux et al., 2015, 2018; 
Mbiakop et al., 2015a,b; Ling et al., 2016; Song and Ponte Castañeda, 2017; Joëssel et al., 2018; Siddiq, 2019). The ductile fracture 
process occurs inside of grains or at the grain boundaries, and the grains could for some materials be one or two orders of magnitude 
larger than the void-nucleating particles. Consequently, void growth around a particle takes place in a single grain/crystal or possibly 
within some few grains when the void grows on or in the neighbourhood of the grain boundary. Therefore, it is advantageous to model 
the matrix behaviour using crystal plasticity instead of phenomenological plasticity models, as the latter only account for the averaged 
plastic behaviour of a polycrystal. Recently, Savage et al. (2018) compared a novel analytical dilatational model for porous poly
crystals and crystal plasticity finite element-based unit cell analyses and found that these simulations showed a more pronounced effect 
of the third deviatoric stress invariant on yielding than those performed with a phenomenological plasticity model. 

The majority of existing studies have developed crystal porous plasticity models and validated them using the unit cell modelling 
framework. In addition to unit cell simulations, Ling et al. (2016) modelled a notched tensile specimen of single crystals under plane 
strain tension to assess their crystal porous plasticity model. Khadyko et al. (2021) used their regularized porous crystal plasticity 
model in two- and three-dimensional finite element simulations of ductile fracture in polycrystalline materials. In contrast, regular 
crystal plasticity models without ductile failure have been used more frequently in simulations of material samples and small structural 
components to study other microstructural phenomena (e.g., Wu et al., 2007; Zhang et al., 2007; 2009; Khadyko et al., 2015). One 
example is the work by Khadyko et al. (2015) who performed crystal plasticity simulations of cylindrical smooth and notched tension 
specimens for an aluminium alloy. Using crystal plasticity finite element simulations, the unusual rectangular cross-sectional shape 
observed in the notched experimental tests for the textured aluminium alloy was reproduced. 

Single crystal plasticity models can also be combined with different homogenization techniques to describe the behaviour of 
polycrystalline solids. Such homogenization techniques include: the full-constraint and reduced-constraint Taylor models, different 
types of self-consistent models, and full-field micromechanical approaches. In this context, Rousselier and Leclercq (2006) included the 
presence of porous damage in the homogenization procedure by considering an additional self-consistent inclusion representing a 
void, i.e., an inclusion described by an isotropic porous plasticity model under pure volumetric straining. Further, Rousselier and Luo 
(2014) proposed a combined void damage and Mohr–Coulomb ductile fracture model in the reduced texture methodology using a 
self-consistent homogenization technique. They combined the method of Rousselier and Leclercq (2006) with an additional slip rate 
for each slip system in the reduced texture methodology, which was activated according to the Mohr–Coulomb model at large strains. 
More recently, Rousselier (2021) proposed a porous plasticity multiscale modelling framework. In this framework, a conventional 
porous plasticity model is used where the work-hardening response of the matrix flow stress is determined by crystal plasticity 
combined with the self-consistent homogenization technique and the reduced texture methodology. 

Numerical simulations of materials using crystal plasticity models are computationally expensive and such models are rarely used 
in finite element analyses of structural components. Introducing porous plasticity or damage evolution and ductile failure into the 
crystal plasticity framework adds another layer of complexity. Due to this additional computational cost, few studies exist where the 
crystal porous plasticity models available today have been used to study ductile fracture phenomena in polycrystalline solids. Albeit 
recent developments of spectral crystal plasticity methods using Fast Fourier transforms (denoted CP-FFT) running on high- 
performance platforms (Eghtesad et al., 2020) allow for full-field micromechanical modelling of high-resolution microstructures, 
crystal plasticity analyses are still computationally demanding. CP-FFT is rather computational efficient in solving the mechanical 
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problem, but is limited to periodic boundary conditions. In contrast, the finite element method requires more computational resources, 
but can be used to solve the mechanical response of a polycrystalline material with any geometry and boundary conditions (Frodal 
et al., 2019). 

In this paper, an accurate, robust and computationally efficient single crystal plasticity model with damage evolution and failure is 
proposed. This coupled damage and single crystal plasticity model is used in polycrystalline finite element simulations of smooth and 
notched tensile specimens where each grain is explicitly modelled. To the authors best knowledge, this is the first time engineering 
material test specimens of polycrystalline materials are analysed using crystal plasticity simulations including damage evolution and 
ductile fracture. A total of four different materials are considered, where each alloy display different yield strength, work hardening, 
grain structure, crystallographic texture and tensile ductility, and represent a majority of wrought aluminium alloys. The results from 
these crystal plasticity finite element analyses are compared to the experimental tests of the different aluminium alloys presented in 
Thomesen (2019) and Thomesen et al. (2020, 2021), and a good agreement is found between the numerical and experimental results. 
For all of the aluminium alloys, the various shapes of the failed specimens are well predicted by the crystal plasticity finite element 
analyses, including the textured alloy that develops anomalous rectangular and diamond-shaped fracture surfaces. The proposed 
model’s ability to describe the behaviour of the distinctly different materials demonstrates its potential in finite element analyses of 
ductile polycrystalline materials. 

2. Materials 

In this work, the two aluminium alloys AA6063 and AA6110 are considered. Each alloy is studied in the cast and homogenized 
state, and in the extruded state. The four materials were all solution heat-treated and artificially aged to peak strength (temper T6) 
before mechanical testing. 

The cast and homogenized materials have equi-axed grain structures with an averaged grain size of 63 μm and 67 μm for the 
AA6063 and AA6110 alloys, respectively. For the extruded materials, the AA6063 alloy has a recrystallized grain structure comprising 
almost equi-axed grains measuring 39 μm along the extrusion direction (ED), 36 μm along the transverse direction (TD) and 30 μm 
along the thickness direction (ND) of the extruded profile. A typical fibrous, non-recrystallized grain structure is found for the extruded 
AA6110 alloy, where the grains are severely elongated along ED and has a thickness of approximately 4 μm along ND. In addition, the 
fibrous grain structure comprises smaller sub-grains. The measured area fraction of constituent particles for the materials is 
approximately 0.006 and 0.008 for the AA6063 and AA6110 alloys, respectively. 

Due to the extrusion process, the extruded materials exhibit crystallographic texture, see Fig. 1. The extruded AA6063 alloy has a 
typical recrystallization texture containing a strong cube texture with a minor Goss component. In contrast, the fibrous AA6110 alloy 
has a classical deformation texture consisting of a cube texture and orientations along the β-fiber. 

For further information about the materials, material characterization and the mechanical testing, the reader is referred to Tho
mesen (2019) and Thomesen et al. (2020, 2021). 

3. Constitutive model 

3.1. Crystal plasticity 

In this work, a rate-dependent single crystal plasticity formulation is adopted where the plastic deformation is assumed to occur by 

Fig. 1. Pole figures (111) of the initial texture of: (a) the extruded AA6063 alloy, and (b) the extruded AA6110 alloy.  
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plastic slip on certain crystallographic slip systems, determined by the crystal structure. It is further assumed that the elastic de
formations are infinitesimal, while the plastic deformations and rotations may be finite. Here, the single crystal plasticity model 
presented by Frodal et al. (2019) is extended to include damage evolution and ductile failure. 

The velocity gradient L is additively decomposed into a symmetric and a skew-symmetric part 

Lij = Dij + Wij (1)  

where D is the symmetric rate of deformation tensor and W is the skew-symmetric spin tensor. These tensors are additively decom
posed into elastic and plastic parts 

Dij = De
ij + Dp

ij, Wij = We
ij + Wp

ij (2)  

where De and Dp are the elastic and plastic rate-of-deformation tensors, respectively. The elastic spin tensor We consists of an infin
itesimal elastic contribution and rigid spin of the crystal lattice, whereas Wp is the plastic spin tensor caused by plastic slip. Plastic slip 
occurs on certain crystallographic slip systems, thus the plastic parts of the rate of deformation and spin tensors are given by 

Dp
ij =

1
2
∑N

α=1
γ̇(α)

(
S(α)

ij + S(α)
ji

)
(3)  

Wp
ij =

1
2
∑N

α=1
γ̇(α)

(
S(α)

ij − S(α)
ji

)
(4)  

where N is the number of slip systems and γ̇(α) is the plastic slip rate on slip system α. For a face-centred cubic (FCC) crystal, N = 12. 
Further, S(α) = m(α) ⊗n(α) is the Schmid tensor, where m(α) and n(α) are unit vectors defining the slip direction and slip plane normal, 
respectively. 

Let ei, i = 1, 2, 3, denote the basis for the global coordinate system, and êi the basis for a co-rotated coordinate system that rotates 
with the crystal lattice. The rotation of the lattice is given by the orthogonal rotation tensor R that evolves according to the differential 
equations 

Ṙij = We
ikRkj (5)  

which implies that êi = R · ei. The unit vectors m(α) and n(α) are not affected by the crystallographic slip and are given by 

m(α)
i = Rij m̂(α)

j , n(α)
i = Rij n̂(α)

j (6)  

where the vector components m̂(α)
i and n̂(α)

i in the co-rotational coordinate system are constant and defined by the crystal structure. 
We will introduce damage within the crystal plasticity framework by introducing an effective stress tensor σ̃ (Lemaitre, 1985), 

which accounts for the presence of voids or micro-cracks in the single crystal. The effective stress tensor acts on the undamaged portion 
of the material volume and is defined as 

σ̃ij =
σij

1 − ω (7)  

where σ is the Cauchy stress tensor and the damage variable 0 ≤ ω ≤ ωc < 1 is zero for a completely undamaged material and reaches 
the critical value ωc when failure occurs. In the co-rotated coordinate system, the rate form of the generalized Hooke’s law can now be 
expressed as 

˙̂σ̃ ij = Ĉijkl D̂
e
kl (8)  

where the fourth-order elasticity tensor C of the undamaged portion of the material is assumed invariant of plastic deformation and 
constant in the co-rotational lattice frame. The Cauchy stress tensor is found after the stress update by means of Equation (7). The 
elasticity tensor accounts for the elastic anisotropy of the crystal and is defined by the three independent elastic constants ̂c11, ̂c12 and 
ĉ44. In this case, Equation (8) can be written on matrix form as 

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

˙̂σ̃11
˙̂σ̃22
˙̂σ̃33
˙̂σ̃12
˙̂σ̃23
˙̂σ̃31

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

ĉ11 ĉ12 ĉ12 0 0 0
ĉ12 ĉ11 ĉ12 0 0 0
ĉ12 ĉ12 ĉ11 0 0 0
0 0 0 ĉ44 0 0
0 0 0 0 ĉ44 0
0 0 0 0 0 ĉ44

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

D̂
e
11

D̂
e
22

D̂
e
33

2D̂
e
12

2D̂
e
23

2D̂
e
31

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(9) 
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The plastic power per unit volume is defined as 

Dp = σijDp
ij =

∑N

α=1
τ(α) γ̇(α) = (1 − ω)σ̃ijDp

ij = (1 − ω)
∑N

α=1
τ̃(α) γ̇(α) (10)  

where the resolved shear stress τ(α) acting on slip system α is defined as power conjugate to the plastic slip rate γ̇(α). The resolved shear 
stresses are defined by 

τ(α) = σijS
(α)
ij = σ̂ ij Ŝ

(α)
ij (11) 

Similarly to Equation (7), the effective resolved shear stress ̃τ(α) acting on slip system α in the undamaged portion of the material is 
defined as 

τ̃(α)
= σ̃ijS(α)

ij =
σijS(α)

ij

1 − ω =
τ(α)

1 − ω (12) 

In this work, the plastic flow is described by the following rate-dependent constitutive relation (Hutchinson, 1976), substituting the 
resolved shear stresses τ(α) in the original model with the effective resolved shear stresses τ̃(α), viz. 

γ̇(α) = γ̇0

⃒
⃒
⃒
⃒
τ̃(α)

τ(α)
c

⃒
⃒
⃒
⃒

1
msgn(τ̃(α)

) = γ̇0

⃒
⃒
⃒
⃒

τ(α)

(1 − ω)τ(α)
c

⃒
⃒
⃒
⃒

1
msgn(τ(α)) (13)  

where γ̇0 is the reference shearing rate, m is the instantaneous strain rate sensitivity, and τ(α)c is the critical resolved shear stress on slip 
system α. The critical resolved shear stresses, with initial value τ0, evolve according to 

τ̇(α)
c =

∑N

β=1
hαβ|γ̇(β)| (14)  

where hαβ is the instantaneous strain hardening matrix. In this study, we will for simplicity use a matrix on the form hαβ = θ(Γ)qαβ, 
where qαβ is the latent hardening matrix, and θ(Γ) is the work-hardening rate; a function of the accumulated plastic shear strain, Γ, 
defined as 

Γ =

∫ t

0

∑N

α=1
|γ̇(α)|dt (15) 

The work-hardening rate is given by 

θ(Γ) =
∑Nτ

k=1
θkexp

(

−
θk

τk
Γ
)

(16)  

where Nτ is the number of hardening terms, and θk and τk are the initial hardening rate and saturated value of hardening term k, 
respectively. In the following, Nτ = 2 will be used. 

The damage variable, with initial value ω0, will here be taken to evolve analogously to the Rice-Tracey model (Rice and Tracey, 
1969; Gurson, 1977; Tvergaard, 1981; Rousselier, 1987), viz. 

ω̇ =
3
4

q1q2ω(1 − ω)sinh
(

3
2
q2T

)

Γ̇ (17)  

where q1 and q2 are material parameters, Γ̇ is the accumulated plastic shear strain rate, and T is the stress triaxiality ratio defined as 

T =
σh

σvm
(18)  

where σh = 1
3σkk is the hydrostatic stress, σvm =

̅̅̅̅̅̅̅̅̅̅̅̅
3
2σ′

ijσ
′

ij

√
is the von Mises equivalent stress, and σ′ is the deviatoric part of the Cauchy 

stress tensor. Note that the damage evolution rule (Equation (17)) is approximately equal to the Rice-Tracey model for moderate and 
high stress triaxiality ratios (Rice and Tracey, 1969; Rousselier, 1987) since sinh(x) → 1

2 exp(x) as x → ∞, and that the evolution of the 
void volume fraction for the Gurson-Tvergaard model (Gurson, 1977; Tvergaard, 1981) reduces to Equation (17) for small void volume 
fractions. Here it has been assumed that the accumulated plastic shear strain rate Γ̇ is two times the equivalent plastic strain rate, see 
Section 4.2. The chosen damage evolution rule conforms well with experimental findings of void growth in single crystals (Weck et al., 
2008; Maire et al., 2011). 

The damage evolution rule (Equation (17)) in its current form allows for self-healing if the stress triaxiality ratio is less than zero. 
This is acceptable if the damage process is governed by void growth, as is the case for traditional porous plasticity or single crystal 
porous plasticity models, whereas for conventional damage mechanics models this is generally not allowed. Self-healing will not 
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influence the results presented in this paper, as we study smooth and notched specimens under tension loading only. For other loading 
scenarios, we propose three valid approaches for extending the damage evolution rule to compressive loading, where the approach 
applicable for a certain analysis will be dependent on the material.  

① The ductile damage is governed by growth of initial voids, and self-healing is allowed as voids may reduce in size under 
compressive loading.  

② The damage originates from voids nucleated around particles, thus self-healing is allowed but the damage variable is not 
allowed to be reduced below its initial value ω0.  

③ The damage is governed by the presence of, e.g., micro-cracks that only accumulate damage, thus the damage parameter is only 
allowed to grow as in conventional damage mechanics theory. 

The tensile ductility after compression-tension loading has previously been found to depend on the material (Frodal et al., 2019). 
For materials that exhibit increased tensile ductility after compression loading, ① or ② may be best suited to model the underlying 
physical mechanisms, while in situations where the tensile ductility is constant or decreased after compression loading, ③ is probably 
more appropriate. 

4. Finite element modelling 

4.1. Crystal plasticity finite element models 

In this section, we will use the coupled damage and single crystal plasticity model presented above to simulate tension tests of 
smooth and notched tensile specimens of the aluminium alloys described in Section 2. To this end, we will perform finite element 
analyses of the polycrystalline materials with random or strong crystallographic textures, using the constitutive model that has been 
implemented into a user material subroutine (VUMAT) for Abaqus/Explicit (Abaqus, 2019). An explicit integration scheme is utilised 
for time integration of the rate constitutive equations of single crystal plasticity (Zhang et al., 2014), along with explicit integration of 
the momentum equations. 

Fig. 2 and Fig. 3 display the geometry and finite element mesh of the smooth and notched tensile specimens. Note that different 
geometries are used for the cast and homogenized alloys than for the extruded alloys due to the limiting dimensions of the extruded 
profiles (Thomesen, 2019). For the cast and homogenized alloys, the notched specimens (Fig. 2) had an actual diameter between the 
notch and the threaded ends of 9.47 mm instead of the nominal value of 10 mm after machining. This deviation has previously been 
investigated and discussed elsewhere, and the reader is referred to Thomesen (2019) and Thomesen et al. (2020) for details. The actual 
diameter of 9.47 mm is used in the following. 

Fig. 2. Tensile specimens used for the cast and homogenized alloys with the finite element mesh imposed: (a) smooth tensile specimen, (b) notched 
tensile specimen with notch radius 2.0 mm (R2), and (c) notched tensile specimen with notch radius 0.8 mm (R0.8). Dimensions are in mm. 
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In this work, the tensile axis of the different specimens will be oriented and pulled along TD for the extruded alloys. Due to the 
orthotropic sample symmetry, only one-eighth of the specimens is modelled to reduce the computational time. Linear eight-node 
elements with selective reduced integration (C3D8) are used, where the dimension of the centre-most elements is 60 × 60 × 60 
μm3 for the cast and homogenized materials (Fig. 2), and 30 × 30 × 30 μm3 for the extruded materials (Fig. 3). These element sizes are 
comparable to the grain size of the materials except for the extruded AA6110 alloy which has a fibrous grain structure, see Section 2. In 
the following, each grain is represented by a single element. Extensive testing with different finite element meshes showed that the 
macroscopic response is largely unaffected by variations in the element size, as long as the element size is kept relatively small, i.e., in 
the same order of magnitude as the grain size. The reader is referred to the recent study of Feather et al. (2021) for further information 
regarding mesh resolution and element types for crystal plasticity finite element analyses. 

All elements/grains in the models are given initial orientations to account for the crystallographic texture of the materials. The 
crystal orientations are generated using the open source Matlab toolbox MTEX (Bachmann et al., 2010). For the cast and homogenized 
materials, the orientations are drawn from a “uniformODF” to generate a random texture for these materials, while for the extruded 
materials the measured texture, i.e., the orientation distribution function (ODF) is used to generate a set of orientations representing 
the texture for each alloy. In this way, it is ensured that the crystallographic texture of the finite element model of a specimen is as close 
as possible to the measured texture of the actual material. Fig. 4 displays the finite element mesh of the smooth tensile specimen for the 
extruded AA6063 alloy depicting the distribution of the crystallographic orientations in the model. Note that the grain boundaries in 
this study are represented by element boundaries, which is a rather crude approximation of the complex interfaces between grains. 
With today’s limitations in computing power this is a simplification needed for three-dimensional modelling of engineering specimens, 
but with the presumed evolution of computing architecture a more realistic representation of both the grain structure and boundaries 
will be achievable in the future, which is already available in representative volume element simulations (Knezevic et al., 2014). The 
precipitate free zones along the grain boundaries being only a few tens of nanometres wide (Frodal et al., 2020b) are also impossible to 
include. 

The specimens are loaded with a nominal strain rate of ϵ̇ = 5 ·10− 4 s− 1 in all simulations, and mass scaling is used to reduce the 
computational time. Throughout the simulations it is ensured that the response is quasi-static, and it is confirmed that the kinetic 
energy is negligible. 

4.2. Calibration of material parameters 

Table 1 contains the crystal plasticity parameters controlling the elastic behaviour, the rate dependence and the self- and latent 

Fig. 3. Tensile specimens used for the extruded alloys with the finite element mesh imposed: (a) smooth tensile specimen, (b) notched tensile 
specimen with notch radius 2.0 mm (R2), and (c) notched tensile specimen with notch radius 0.8 mm (R0.8). Dimensions are in mm. 
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hardening, which are common for a broad range of aluminium alloys found in the literature. These parameters are assumed constant 
for the materials at hand, while the parameters governing initial slip resistance, work hardening, damage and failure are dependent 
upon the material processing and alloy composition. The chosen self- and latent hardening parameters have previously been shown to 
conform well with experimental results of aluminium alloys (Khadyko et al., 2016; Zecevic and Knezevic, 2018). 

Since the numerical simulations of the specimens are quite computationally expensive, an efficient and accurate method for cal
ibrating the material parameters is needed. We will first propose a method for calibrating the initial slip resistance and work-hardening 
parameters by simulating the smooth tensile specimens. From the experimental tests (Thomesen, 2019; Thomesen et al., 2020, 2021) 
and the following finite element simulations, the force F and diameters D1 and D3 of the minimum cross-section in two perpendicular 
material directions were continuously measured to fracture. For the extruded alloys, D1 and D3 are the diameters along ED and ND, 
respectively. From these measurements, the true stress and logarithmic strain, both averaged over the minimum cross-section area, are 
calculated as 

σt =
F
A
, ϵl = ln

(
A0

A

)

(19)  

where A0 is the initial cross-section area of the specimen, and plastic incompressibility and negligible elastic strains are assumed. The 
minimum cross-section area of the test specimen is given by 

A =
π
4

D1D3 (20) 

To ease the calibration of the work-hardening parameters, and to compensate for the hydrostatic stress introduced by diffuse 
necking, the Bridgman corrected stress is calculated as 

σ =

⎧
⎪⎪⎨

⎪⎪⎩

σt ϵp ≤ ϵp
u

σt(

1 + 2
R
a

)

ln
(

1 +
a

2R

) ϵp > ϵp
u

(21)  

where ϵp is the logarithmic plastic strain, and ϵp
u is the plastic strain at necking. The ratio of the equivalent specimen radius a and the 

curvature radius R of the neck is estimated by the empirical expression of Le Roy et al. (1981) as 
a
R
= 1.11

(
ϵp − ϵp

u

)
, ϵp > ϵp

u (22) 

In the optimization procedure, the difference in the Bridgman corrected stress versus plastic strain curve between the experiments 
and the numerical simulations is minimized to obtain the initial slip resistance and work-hardening parameters as follows:  

1. The target σexp(ϵp) curve, i.e., the experimental Bridgman corrected stress versus plastic strain curve up to failure, is calculated 
based on the experimental data using Equations 19–22. 

Fig. 4. Finite element mesh of the smooth tensile specimen’s centre for the extruded AA6063 alloy with distributed crystallographic grain ori
entations, where each element corresponds to a grain. The value of the third Euler angle ϕ2 is represented by different colors. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Crystal plasticity parameters governing elasticity, rate sensitivity and latent hardening (Frodal et al., 2019).  

ĉ11 (MPa)  ĉ12 (MPa)  ĉ44 (MPa)  γ̇0 (s
− 1)  m qαβ 

106 430 60 350 28 210 0.010 0.005 1.0 if α = β      
1.4 if α ∕= β  
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2. An initial guess for the initial slip resistance τ0
0 and the work-hardening parameters θ0

1, τ0
1, θ0

2, τ0
2 is made by assuming a constant 

Taylor factor M and performing step 8.  
3. A finite element analysis of the smooth tensile specimen is performed with the parameters τn

0, θn
1, τn

1, θ
n
2, τn

2 for iteration n.  
4. The numerical σ(ϵp) curve is calculated from the FE simulation using Equations 19–22.  
5. We assume here that the accumulated plastic shear strain Γ over the minimum cross-section area is proportional to the plastic strain 

ϵp, viz. Γ = κϵp, where κ is found to be approximately 2.  
6. By integration of Equation (16) with the above assumption, we get 

τcr(ϵp) = τ0 +
∑2

i=1
τi

(

1 − exp
(

−
θi

τi
κϵp

))

(23)    

7. Based on the parameters τn
0,θ

n
1,τn

1,θ
n
2,τn

2, we calculate an approximate Taylor factor for the material as Mn(ϵp) =
σn(ϵp)

τcr,n(ϵp)
for iteration n.  

8 This Taylor factor is used to calibrate a new set of parameters τn+1
0 , θn+1

1 , τn+1
1 , θn+1

2 , τn+1
2 by performing a non-linear optimization of 

σ(ϵp) = Mn(ϵp)τcr,n+1(ϵp) to the target curve σexp(ϵp).  
9. The iteration counter is incremented and steps 3–8 are repeated until the resulting numerical curve is accepted. 

In general, after 2–3 iterations the parameters are accepted and the mean squared error between the experimental and numerical 
true stress versus logarithmic strain curve is less than 10− 5. Note that the Bridgman corrected stress (Equation (21)) is only valid for 
isotropic materials. However, the calibration procedure described above is also valid for anisotropic materials. The Bridgman stress 
correction is only performed to get a better estimate of the Taylor factor for each material and does not influence the final calibrated 
slip resistance parameters. Note also that Equations 21–23 are only used in the calibration procedure to find the slip resistance pa
rameters, and these equations will not be used any further in the following. Table 2 contains the optimized slip resistance parameters 
for the cast and homogenized (Cast & H.) and the extruded materials valid to fracture. 

Fig. 5 displays the approximate Taylor factor versus plastic strain curves calculated from the final finite element analyses of the 
smooth tensile specimen, i.e., the results obtained with the converged slip resistance and damage parameters given in Table 2 and 
Table 3. It is apparent that the Taylor factors are different for the materials due to differences in the crystallographic texture. The cast 
and homogenized alloys, which both have random texture, display identical Taylor factors. In contrast, the extruded alloys have 
different Taylor factors. The extruded AA6063 alloy has a lower Taylor factor than the cast and homogenized alloys, whereas the 
extruded AA6110 has a higher Taylor factor. As the crystallographic texture of the alloys evolves, the Taylor factor changes 
accordingly. Note that for the visco-plastic material parameters used, see Table 1, the crystal plasticity model is approximately rate 
insensitive so that the calculated Taylor factors are similar to the rate-independent Taylor factors (Zhang et al., 2019). 

The calibration of the damage evolution and failure parameters is done by trial and error simultaneously as the slip resistance 
parameters are optimized. The initial damage ω0 of each material is taken equal to the area fraction of constituent primary particles, 
see Section 2. The other damage parameters are fitted to the response curves from the tests on the smooth tensile specimen and the 
notched tensile specimen having an initial notch radius of 2 mm (R2). Table 3 contains the calibrated damage evolution and failure 
parameters for the different materials. Fracture is modelled by element erosion and an element is deleted when ω = ωc in one of the 
element’s integration points. 

5. Results 

The true stress versus logarithmic strain curves from the crystal plasticity finite element simulations and the experimental tests of 
the smooth and notched tensile specimens are shown in Fig. 6. A good agreement is in general found between the numerical and 
experimental results up to fracture for both the smooth and notched specimens. This conclusion also holds for the simulations of the 
notched specimen with a notch radius of 0.8 mm (R0.8) which was not used in the calibration process. Prior to fracture, significant 
damage induced softening is observed in both the experiments and the simulations. A sharper notch radius is seen to elevate the true 
stress level, which is caused by the introduced triaxial stress field in the notched region. The notch radius influences the point of failure 
but in a different way for the different materials. For instance, for the cast and homogenized AA6063 alloy, the failure strain is 
significantly larger for the notched R0.8 specimen than for the notched R2 specimen, while for the extruded AA6063 alloy it is the 
opposite. For the extruded AA6063 alloy, the stress level for the two notched specimens is seen to overestimate the experimental 
results, which can be caused by several factors, as will be discussed in Section 6. 

Fig. 7 presents contour plots of the von Mises equivalent plastic strain, stress triaxiality and damage in the centre of the smooth 

Table 2 
Crystal plasticity parameters governing initial slip resistance and work-hardening.  

Material τ0 (MPa) θ1 (MPa) τ1 (MPa) θ2 (MPa) τ2 (MPa) 

AA6063 (Cast & H.) 88.1 81.0 10.2 0.8 8.8 ⋅ 103 

AA6110 (Cast & H.) 116.5 86.3 14.0 0.0 0.0 
AA6063 (Extruded) 84.7 200.2 20.4 0.0 0.0 
AA6110 (Extruded) 96.9 177.4 21.3 3.2 3.5 ⋅ 106  
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Fig. 5. Taylor factor versus plastic strain curves based on the final finite element analyses of the smooth tensile specimen for the different materials. 
The tensile axis is along the transverse direction (TD) for the extruded alloys. 

Table 3 
Crystal plasticity parameters governing damage evolution and failure.  

Material ω0 ωc q1 q2 

AA6063 (Cast & H.) 0.006 0.12 1.500 1.00 
AA6110 (Cast & H.) 0.008 0.11 1.125 1.33 
AA6063 (Extruded) 0.006 0.12 0.640 1.00 
AA6110 (Extruded) 0.008 0.12 0.667 1.10  

Fig. 6. True stress versus logarithmic strain curves from the experiments and corresponding finite element analyses of the smooth and notched 
tensile specimens: cast and homogenized (a) AA6063 alloy and (b) AA6110 alloy, and extruded (c) AA6063 alloy and (d) AA6110 alloy. The tensile 
axis is along the transverse direction (TD) for the extruded alloys. 
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tensile specimen for the extruded AA6063 alloy at a logarithmic strain of approximately ϵl ≈ 0.36. To this end, the von Mises equivalent 
plastic strain is defined as 

ϵp
eq =

∫ t

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

D̂
p
ij D̂

p
ijdt

√

(24) 

Due to the distribution of crystallographic orientations between grains in the specimen, the field maps are heterogeneous. In 
Fig. 7a, tendencies of shear bands can be observed in the von Mises equivalent plastic strain field. These shear bands form early in the 
deformation process, i.e., before necking, and persist until fracture. The stress triaxiality field shown in Fig. 7b has also some band-like 
tendencies, but appears to be more heterogeneous than that of the plastic strain field. As a result of the heterogeneous plastic strain and 
stress triaxiality fields, the damage field in Fig. 7c is also heterogeneous. Initially the damage field is uniform and equal to ω0. 

The same field quantities are presented in Fig. 8 for the notched R2 specimen of the extruded AA6063 alloy at a logarithmic strain of 
approximately ϵl ≈ 0.25. For the notched specimens, the deformation zone is, as expected, smaller and more concentrated in the notch 
centre than for the smooth tensile specimen. Due to the notch geometry, the stress triaxiality is greater in magnitude and also more 
concentrated in the centre of the notch. The result is that the damage process zone is smaller for the notched specimens, with a higher 
value of the damage parameter than for the smooth specimen with the same maximum value of the von Mises equivalent plastic strain. 
The faster growth of the damage parameter leads to a lower logarithmic failure strain for the notched specimens. Similar trends can 
also be observed for the other materials. 

The fracture surfaces from the crystal plasticity finite element analyses of the axisymmetric smooth and notched specimens of the 
cast and homogenized alloys are presented in Fig. 9. Note that we define the term fracture surface of the finite element analyses as the 
surface created by element erosion, which will not contain any dimples as in the experimental fracture surfaces. Due to the random 
texture of the cast and homogenized materials, resulting in macroscopic isotropic material properties, the deformed cross-sections 
remain circular, in agreement with the experimental results. Albeit the macroscopic deformation is isotropic, locally the deforma
tion is quite heterogeneous due to differences in the crystallographic orientation between grains, creating shear bands which can be 
observed as contours on the exterior specimen surface next to the fracture surfaces. This local difference in both deformation and 
rotation of the grains contributes in developing a surface roughness, i.e., orange peel, on the exterior surfaces of the specimens. This 
orange peel can also to some extent be seen on the edge of the specimens in Figs. 7 and 8. Looking more thoroughly at the fracture 
surfaces in Fig. 9, one can see that the surfaces are not entirely flat, but resemble cup-and-cone fracture surfaces with features such as 
grooves and indents typically observed on experimental fracture surfaces of aluminium alloys. Fracture generally initiates somewhere 
in the centre of the specimens, where the stress triaxiality consistently is larger than towards the edge of the fracture surface. This 

Fig. 7. Contour plots of the (a) von Mises equivalent plastic strain, (b) stress triaxiality, and (c) damage in the centre of the smooth tensile specimen 
for the extruded AA6063 alloy at a logarithmic strain of approximately ϵl ≈ 0.36. 
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Fig. 8. Contour plots of the (a) von Mises equivalent plastic strain, (b) stress triaxiality, and (c) damage in the centre of the notched R2 tensile 
specimen for the extruded AA6063 alloy at a logarithmic strain of approximately ϵl ≈ 0.25. 

Fig. 9. Fracture surfaces of the cast and homogenized alloys in different tensile specimens predicted by the crystal plasticity finite element analyses 
with contours of the von Mises equivalent plastic strain. Cast and homogenized AA6063 alloy (top), and AA6110 alloy (bottom), for the smooth 
(left), notched R2 (middle), and notched R0.8 (right) specimens. 
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fracture mode results in higher levels of the von Mises equivalent plastic strain towards the edge of the final fracture surfaces, where 
the elements continue to deform when the elements in the centre start to erode. 

Fig. 10 displays the fracture surfaces predicted by the crystal plasticity simulations of the axisymmetric smooth and notched 
specimens of the extruded alloys. Due to the strong crystallographic texture of the two extruded aluminium alloys, distinct shapes of 
the fracture surfaces are observed for the different specimens and alloys where each specimen has unique features. For the extruded 
AA6063 alloy, the smooth specimen exhibits a fracture surface that is somewhere between an ellipse and a rectangle in shape. In 
contrast, the notched specimens of the AA6063 alloy demonstrate diamond-shaped fracture surfaces, with a sharper diamond shape 
observed for the specimen with the sharpest notch radius. For the extruded AA6110 alloy, the smooth specimen exhibits a weakly 
elliptical fracture surface, while the notched specimens for this alloy display an almost circular fracture surface. Similarly to the 
specimens of the cast and homogenized alloys, the extruded alloys also exhibit surface roughening on the exterior of the specimens and 
shear bands visible as contours on the specimen surface. In general, fracture initiation occurs in the centre of the specimens, but unlike 
the cast and homogenized alloys, the extruded alloys typically exhibit cup-and-cup fracture surfaces. 

Images of the fracture surfaces of the different specimens tested for the extruded alloys were obtained using a scanning electron 
microscope (SEM) and are displayed in Fig. 11. Comparing the experimental fracture surfaces with the ones predicted by the crystal 
plasticity finite element analyses in Fig. 10, it is apparent that the agreement is remarkable. For the smooth specimen of the extruded 
AA6063 alloy in Fig. 11, the upper half of the fracture surface is quite rectangular, while the bottom half is more elliptical. The 
simulation is not able to recreate this asymmetric feature probably caused by small local differences in material properties since only 
one-eighth of the specimen is modelled, but the overall shape is still predicted with reasonable accuracy. For the notched specimens of 
the extruded AA6063 alloy, the crystal plasticity analyses are able to predict the change in shape with a sharper notch radius observed 
in the experimental tests, i.e., that the diamond-shape becomes sharper with decreasing notch radius. For the extruded AA6110, the 
elliptical and more circular fracture surface shapes predicted by the finite element simulations agree well with the experimental 

Fig. 10. Fracture surfaces of the extruded alloys in different tensile specimens predicted by the crystal plasticity finite element analyses with 
contours of the von Mises equivalent plastic strain. Extruded AA6063 alloy (top), and AA6110 alloy (bottom), for the smooth (left), notched R2 
(middle), and notched R0.8 (right) specimens. 
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results. 
Table 4 presents the experimental and simulated diameters of the fracture surfaces obtained for the different materials and 

specimen geometries, as depicted in Figs. 9–11. The good quantitative agreement between experimental and predicted diameters 
should be noted. 

An orthographic view of the fracture surfaces of the different specimens and alloys is depicted in Figs. 12 and 13 from the crystal 
plasticity finite element analyses and in Fig. 14 from the experiments of the extruded AA6063 alloy. The resemblance between the 
numerical and experimental results is striking. On the exterior surface of both the deformed finite element models and the experi
mental test specimens, the orange peel is clearly visible. A cup-and-cup shaped fracture surface is observed in the finite element 
simulations of the extruded AA6063 alloy, resembling the cup-and-cup shape seen in the experiments. The specimens are highly 
deformed close to the fracture surfaces and the texture may significantly evolve in these areas, influencing the deformation of the 
specimen and the shape of the fracture surface. 

The crystal plasticity finite element analyses were run on a workstation computer utilizing 24 threads/cores per simulation of an 
Intel Xeon Gold 6252 processor and the computational times are presented in Table 5. The limiting factor concerning the computa
tional time is the time step of the explicit finite element simulations due to the small elements used. The computational time of the 
analyses is longer for the extruded alloys than for the cast and homogenized alloys due to the differences in ductility and element size. 

6. Discussion 

As mentioned in Section 5, the true stress versus logarithmic strain curves from the crystal plasticity finite element analyses of the 
extruded AA6063 alloy shown in Fig. 6 are seen to overestimate the experimental response for the two notched specimens. There are 
several possible reasons for this discrepancy. The main reason is probably that the anisotropic work-hardening behaviour and plastic 
flow of this alloy has previously been found to significantly depend on the heat treatment in addition to the crystallographic texture 
(Khadyko et al., 2017), a feature that the work-hardening model used in the present study is unable to describe. This shortcoming 
might influence the stress state in the notched specimens and lead to the deviations observed for this alloy. 

The stress level appears to be marginally higher in the numerical simulations than in the experiments also for the notched spec
imens of the other materials in Fig. 6. Here, other factors can contribute such as the strength differential effect observed for aluminium 
alloys (Holmen et al., 2017), which is not accounted for in the proposed coupled damage and single crystal plasticity model. In 
addition, previously proposed single crystal porous plasticity models in the literature derived using other micromechanical homog
enization principles (e.g, Han et al., 2013; Paux et al., 2015, 2018; Mbiakop et al., 2015a,b; Ling et al., 2016) typically have effective 
resolved shear stresses that depend on the hydrostatic stress. In the current model, this is not the case due to the properties of the 
Schmid’s tensor and the way the effective resolved shear stresses are defined, see Equation (12). This simplification is acceptable for 

Fig. 11. Fracture surfaces of the extruded alloys in different specimens from the experimental tests of Thomesen (2019) and Thomesen et al. (2021). 
Extruded AA6063 alloy (top), AA6110 alloy (bottom), for the smooth (left), notched R2 (middle), and notched R0.8 (right) specimens. 
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reasonable values of the hydrostatic stress (see, e.g., Han et al., 2013). Due to differences in crystallographic texture, Taylor factor, 
strength and work hardening, the above-mentioned factors can all have a different influence on the response of the specimens 
depending on the material. 

Although the coupled damage and single crystal plasticity model is not able to describe all the intricate details of the advanced 
single crystal porous plasticity models proposed in the literature, the current model is seen to predict the behaviour of different 
aluminium alloys with good accuracy. The proposed model is also computational efficient making it possible to simulate the behaviour 
of polycrystalline material test specimens or small structural components having realistic microstructures with high accuracy. 

For polycrystalline materials, different neighbouring grains have different crystallographic orientations, and as a result of plastic 
deformation on certain crystallographic slip systems, heterogeneous stress and deformation fields develop in these materials, cf. Figs. 7 
and 8. Due to these heterogeneous fields, the ductile damage process will also be heterogeneous and develop faster in certain 
favourable grains. In this case, the anisotropic behaviour of the single crystal making up the grain dominates the ductile fracture 
process as the void-induced damage grows due to plastic straining, promoting shear bands that may lead to strain localization. As a 
result, compatibility between differently oriented grains leads to stress concentrations that are important for strain localization, 
damage evolution and fracture. It thus transpires that the phenomena obtained by the discrete representation of the crystallographic 
texture is of utmost importance for a realistic description of ductile fracture in polycrystalline materials. The influence of the inherent 
heterogeneity of the polycrystal is lost in simulations using constitutive models where the plasticity and damage processes have been 
homogenized. 

The ductile damage process depends markedly on the local stress state, and the stress triaxiality has been known for a long time to 
influence void growth (Pineau et al., 2016). In more recent years, the influence of the third deviatoric invariant of the stress tensor, or 
the Lode parameter, on ductile fracture has been addressed (e.g., Barsoum and Faleskog, 2007; 2011; Brünig et al., 2013; Dunand and 
Mohr, 2014). Studies have found that the Lode parameter influences the propensity for strain localization, in addition to affecting void 
growth and coalescence (Tekoğlu et al., 2015). The Lode parameter is thus important for ductile fracture, especially at low stress 
triaxiality (Pineau et al., 2016). Xue (2008) and Nahshon and Hutchinson (2008) extended the Gurson (1977) model to account for 
damage softening in shear by including the effect of the Lode parameter. Uncoupled damage models have also been extended to 
include the effect of the Lode parameter (e.g., Bai and Wierzbicki, 2010; Gruben et al., 2012; Lou et al., 2012; Mohr and Marcadet, 
2015). In the model presented herein, damage evolution is amplified by the stress triaxiality ratio, while the Lode parameter has no 
explicit contribution to the ductile damage. Albeit the Lode parameter is not explicitly included in the expression for damage evolution, 
there is an implicit effect. For a polycrystalline aggregate subjected to macroscopic stress states with different Lode parameters, the 
local microscopic stress states and plastic flow directions will be different due to the distribution of grain orientations. These differ
ences will affect the developing shear bands and the subsequent strain localization predicted by the coupled damage and crystal 
plasticity model. To disclose the importance of this implicit influence of the Lode parameter on ductile fracture, further investigations 
are required. A shear modification, similar to that of Xue (2008) and Nahshon and Hutchinson (2008), could readily be included in the 
present model, but will require additional experiments for calibration and is thus deemed outside the scope of the current work. 

Table 4 
Predicted versus experimental diameters of the fracture surfaces along two perpendicular directions for the smooth and notched specimens. For the 
extruded materials, the diameters D1 and D3 are along the ED and ND, respectively.   

Material 
Smooth Notch R2 Notch R0.8 

D1 (mm) D3 (mm) D1 (mm) D3 (mm) D1 (mm) D3 (mm) 

AA6063 (Cast & H.) 
Experimental 4.05 4.18 4.84 4.90 5.01 5.04 
Simulations 4.12 4.12 5.12 5.16 5.30 5.34 
AA6110 (Cast & H.) 
Experimental 4.76 4.88 5.47 5.55 5.44 5.48 
Simulations 4.80 4.84 5.52 5.56 5.68 5.74 
AA6063 (Extruded) 
Experimental 1.01 1.49 1.78 1.95 2.13 2.22 
Simulations 1.28 1.51 2.04 2.24 2.32 2.44 
AA6110 (Extruded) 
Experimental 1.83 1.82 2.26 2.22 2.35 2.42 
Simulations 1.88 1.68 2.21 2.19 2.38 2.38  

Table 5 
Computational time in hours for the different specimens and materials, utilizing 24 threads/cores of an Intel Xeon Gold 6252 
processor.  

Material Smooth Notch R2 Notch R0.8 

AA6063 (Cast & H.) 88 151 95 
AA6110 (Cast & H.) 94 84 59 
AA6063 (Extruded) 396 836 350 
AA6110 (Extruded) 241 491 246  
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It is evident that the plastic anisotropy of the materials is precisely captured by the coupled damage and single crystal plasticity 
model, see Figs. 9–14 and Table 4. Plastic anisotropy stems primarily from the crystallographic texture of the materials (Engler and 
Randle, 2009), and governs the shape and evolution of the cross-section area of the different specimens during deformation. Ductile 
damage and fracture is also important for the final shape of the fracture surface, its topology and the formation of new free surfaces in 
the specimens. In addition, the coupled damage model induces material softening and accounts for the reduction of a material point’s 
load-carrying capacity at large strains as the damage increases towards final rupture. 

The finite element mesh used in the numerical simulations of the smooth and notched tensile specimens consisted of elements with 
a characteristic size consistent with the grain size of the different materials, except for the extruded AA6110 alloy where 30 × 30 × 30 
μm3 elements were used. For this material and specimen dimensions, the fibrous grain structure with thin elongated grains and even 
smaller subgrains is impossible to simulate with sufficient resolution using state-of-the-art computing resources. As a consequence, the 
effect of crystallograpic texture and texture evolution on ductile fracture is of primary interest for this extruded alloy in the present 
study. For the other materials, using a higher resolution mesh with several elements per grain could have resolved the inter-grain 
gradients and given a more accurate description of the underlying microstructure, but at the cost of significantly increasing the 
computational time. Preliminary crystal plasticity finite element analyses with plane strain and axisymmetric elements indicate that 
the characteristic width of the shear bands is controlled by the grain size. However, with a finer discretization, i.e., several elements per 
grain, the enhanced resolution of the shear bands enables describing stress and strain gradients inside the grains more accurately. Also, 
with multiple elements inside each grain, the overall stress level becomes slightly lower. 

One of the advantages of the crystal plasticity theory is its intrinsic ability to predict the change of plastic anisotropy by evolving the 
crystallographic texture and rotating the grains (Kalidindi et al., 2009; Ghorbanpour et al., 2020; Han et al., 2020). Thus, during plastic 
deformation, the crystallographic texture in the deformed area of the specimens will evolve and affect the plastic anisotropy of the 
highly deformed area close to the fracture surface. The evolution of the texture will influence the stress state and the plastic defor
mation, which in the end will affect the shape of the fracture surface. In addition to affecting the local stress state inside the material, 
texture evolution can also play a crucial role in the ductile fracture process by promoting or postponing strain localization. Critical 
grains may rotate due to plastic deformation so that, e.g., the stress state changes from a state where the void growth rate is high to a 
state where the void growth rate is low or vice versa, thus affecting ductile damage evolution and fracture. 

Certain texture evolution phenomena can also be included in phenomenological anisotropic plasticity models to describe particular 
material properties. Recently, Cazacu et al. (2020) were able to predict the diamond-shaped cross-section of notched tensile specimens 
for a textured aluminium alloy using an anisotropic plasticity model by implicitly accounting for the effect of texture evolution. Also 
explicit methods of including the effects of texture evolution exist for ordinary plasticity models, e.g., the introduction of a constitutive 
law with plastic spin calibrated from crystal plasticity analyses (Kohar et al., 2019). Phenomenological plasticity models are often 

Fig. 12. Orthographic view of the fracture surfaces of the cast and homogenized alloys in different tensile specimens predicted by the crystal 
plasticity finite element analyses with contours of the von Mises equivalent plastic strain. Cast and homogenized AA6063 alloy (top), and AA6110 
alloy (bottom), for the smooth (left), notched R2 (middle), and notched R0.8 (right) specimens. 

B.H. Frodal et al.                                                                                                                                                                                                      



International Journal of Plasticity 142 (2021) 102996

17

preferred in finite element modelling because they are typically less computational demanding than crystal plasticity models. In 
general, the crystal plasticity finite element analyses require a finer finite element mesh to be able to discretize the microstructure in a 
realistic way, while in practical applications, ordinary plasticity models can use a coarser finite element mesh. 

7. Concluding remarks 

Two aluminium alloys were investigated in the cast and homogenized condition as well as in the extruded condition, giving a total 
of four investigated materials with different yield strength, work hardening, grain structure, crystallographic texture and tensile 
ductility. Finite element simulations with the proposed coupled damage and single crystal plasticity model captured the experimental 
behaviour in the smooth and notched tensile specimens with high accuracy. The macroscopically isotropic material behaviour of the 
cast and homogenized alloys was well predicted, with circular cup-and-cone fracture surfaces and features such as grooves and indents 
observable also on the experimental fracture surfaces. Due to the strong crystallographic texture of the two extruded aluminium alloys, 

Fig. 13. Orthographic view of the fracture surfaces of the extruded alloys in different tensile specimens predicted by the crystal plasticity finite 
element analyses with contours of the von Mises equivalent plastic strain. Extruded AA6063 alloy (top), and AA6110 alloy (bottom), for the smooth 
(left), notched R2 (middle), and notched R0.8 (right) specimens. 

Fig. 14. Orthographic view of the fracture surfaces of the extruded AA6063 alloy in different tensile specimens from the experimental test, for the 
(a) smooth, (b) notched R2, and (c) notched R0.8 specimens. 
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distinct cup-and-cup fracture surfaces were observed for the different specimens and alloys, with each specimen having unique fea
tures. The crystal plasticity finite element analyses captured these unique features and were also able to accurately predict the different 
fracture surface shapes encountered for the smooth and notched specimens. 

For both the cast and homogenized and the extruded alloys, heterogeneous deformation and stress fields were observable in the 
specimens due to the discrete distribution of grain orientations throughout the finite element mesh. Due to these heterogeneous fields, 
caused by the microstructure, the ductile damage process will also be heterogeneous and evolve faster in certain favourable grains. The 
anisotropic behaviour of the single crystal making up the grain dominates the ductile fracture process as the void-induced damage 
grows due to plastic straining, promoting shear bands that lead to strain localization. Strain localization can also be promoted or 
postponed due to texture evolution, affecting both the local stress state and the plastic anisotropy. 

The computational efficiency of the proposed coupled damage and single crystal plasticity model is higher than conventional single 
crystal porous plasticity models, due to the simplicity of the proposed model. The limiting factor regarding computational time is the 
time step of the explicit finite element analyses, where sufficiently small elements are needed to resolve the physical microstructure of 
polycrystalline materials. The model’s accuracy, robustness and efficiency have enabled three-dimensional crystal plasticity finite 
element simulations of material test specimens and small structural components for ductile polycrystalline materials with ductile 
fracture. 
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