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Abstract: The investigation of the mechanical response and microstructural evolution of engineering materials at 

the micro-scale under macro-scale loading poses a significant challenge in mechanical engineering, particularly in 

the fields of material forming and materials science. This critical has been addressed using a computational crystal 

plasticity tool known as DAMASK (Düsseldorf Advanced Material Simulation Kit). DAMASK is a multi-scale 

computational framework developed for modelling the deformation of crystalline materials by employing the 

principles of continuum mechanics and crystal plasticity. This software is widely recognised within the scientific 

community for its high flexibility and ability to simulate the complex behaviour of various materials under diverse 

loading conditions. In this study, the DAMASK code—a finite element crystal plasticity software—was employed to 

analyze a representative volume element (RVE) comprising 1000 grains under tensile loading. By applying a random 

initial texture to aluminum grade 1050, the microstructural evolution of the material under the specified loading 

conditions was evaluated. The results indicate the formation of <111> and <100> fiber textures in the (111) 

crystallographic plane of the FCC-structured material, which are consistent with observations obtained from EBSD 

experiments. 
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1. INTRODUCTION 

Crystal Plasticity (CP) is a meso-scale computational 

technique (at the crystal scale) that accounts for 

crystallographic anisotropy (crystal orientation) 

when modelling the mechanical behavior of poly-

crystalline materials [1]. CP adopts a microscopic 

approach to describe the formation of plastic  

flow and is commonly employed to investigate 

deformation mechanisms, particularly slip. Crystal 

plasticity models establish the stress-strain 

relationship at the crystal level in engineering 

materials and can therefore be used to predict a 

material's stress-strain response, texture evolution, 

and micromechanical behavior [2–4]. The superiority 

of crystal plasticity models over conventional 

constitutive models arises from several key aspects.  

First, they explicitly consider crystallographic 

slip as the fundamental mechanism of plastic 

deformation. Second, they provide a physically 

consistent framework for modelling plasticity 

based on the mechanics of deformation. Finally, 

because they capture the behavior of metals at the 

crystal level, CP models yield more accurate and 

physically meaningful predictions compared with 

traditional macroscopic approaches [5]. 

Two widely used formulations exist in the theory 

of crystal plasticity. The first is the finite element 

formulation, commonly known as the Crystal 

Plasticity Finite Element Method (CPFEM), 

which is based on the small-strain formulation 

and is primarily applied to problems in the field 

of mechanics [6, 7]. The second is the spectral 

formulation, known as Crystal Plasticity Fast 

Fourier Transform (CPFFT), which utilizes Fast 

Fourier Transform techniques [8, 9]. 

One of the earliest studies in the field of CPFEM 

can be attributed to the work of Bate [10]. This 

research highlighted the capabilities of CPFEM in 

analyzing intragranular plastic deformation textures 

and the effect of dislocation density on low- and 

high-angle grain boundaries. Subsequently, Pai  

et al. modelled the uniaxial tensile deformation  

of polycrystalline aluminum using CPFEM [11]. 

They implemented crystal plasticity theory at the 

meso-scale on the specimen under investigation 

by employing the commercial software ABAQUS 

and the UMAT subroutine. In another study, Liu 

et al. compared the CPFEM and CPFFT methods 

for predicting the texture evolution during plane-

strain compression tests [12]. The work by Kanjarla 

et al. focused on utilizing various structural models 

to investigate the mechanical response and 

microstructural evolution [13]. They evaluated 

the heterogeneity of plastic deformation in crystal 

interaction models using CPFEM. Wang et al. 
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predicted deformation textures using the Taylor 

model [14], while Zhang and Joshi conducted  

a detailed micromechanical analysis of pure 

magnesium single crystals using a phenomenological 

structural model [15]. Their study examined both 

dislocation slip and twinning mechanisms during 

deformation. Numerous studies have investigated 

the microstructural evolution induced by plastic 

deformation under various loading conditions 

[16–20]. These studies demonstrated the strong 

capability of CPFEM in solving complex loading 

scenarios. Additionally, the use of DAMASK for 

crystal plasticity simulations has gained significant 

attention in recent years due to its high efficiency 

in capturing microstructural transformations. This 

has made it a popular tool among researchers in 

materials and mechanical engineering [21–24]. 

The present study aims to investigate the micro-

structural evolution of a 1050-series aluminum 

alloy under uniaxial tensile loading with an 

initially random texture using the CPFE technique 

implemented in the Düsseldorf Advanced Material 

Simulation Kit (DAMASK).  

To analyze the material's mechanical behavior at 

the microstructural level, a representative volume 

element (RVE) containing 1000 crystals was used. 

The crystal plasticity simulations capture the 

complex interactions between grains and predict 

how these interactions influence the macroscopic 

mechanical response of polycrystalline materials 

under tensile loading. The dynamic behavior of 

plastic flow and the hardening of face-centered 

cubic (FCC) crystalline materials are modelled using 

a phenomenological approach. Crystallographic 

anisotropy after loading is represented through 

polar figures (PF) and inverse pole figures (IPF). 

The obtained results are validated and compared 

with experimental data from EBSD analyses 

reported by other researchers. 

2. EXPERIMENTAL PROCEDURES 

Due to its widespread use across various industries, 

particularly in power distribution, aluminum is 

extensively employed because of its low density 

and excellent electrical conductivity. According 

to the Energy Dispersive X-ray Spectroscopy 

(EDX) analysis, the sample investigated in this 

study is pure aluminum, Grade 1050, with a purity 

level exceeding 99.5% aluminum and containing 

trace amounts of elements such as manganese, 

iron, and silicon. The detailed chemical composition 

obtained from the EDX analysis is presented in 

Table 1. 

Table 1. Percentage of 1050 grade aluminum alloy 

compounds 

Percentage of chemical composition % 

Al Si Fe Cu Mn Cr other 

99.50 0.10 0.38 0.05 0.01 0.01 0.03 

To determine the mechanical properties of the  

6-mm diameter aluminum wire according to 

ASTM-E8M, a SANTAM uniaxial tension testing 

machine was utilized. The initial gauge length of 

the specimen was set at 100 mm, and the test was 

conducted at a strain rate of 0.001 1⁄s. The stress-

strain curve obtained from the experimental 

uniaxial tensile test, along with the calibrated 

crystal plasticity model curve used to determine 

the elastic, plastic, and hardening parameters, is 

presented in Figure 1. 

 
Fig. 1. Comparison of stress-strain curves between 

experiment and CPFEM simulation for uniaxial tension 

According to the graph in Figure 1, the yield 

stress of the sample is 45 MPa, and the tensile 

strength at a strain of 0.3 is 88 MPa. The maximum 

elongation of the sample is determined to be 0.35. 

The crystal plasticity structural model exhibits a 

high level of agreement with the elastic and plastic 

behavior observed in the experimental results. 

A three-dimensional (3D) Voronoi method was 

employed to generate the representative volume 

element (RVE) containing 1,000 grains with random 

orientations, as shown in Figure 3(a). The 3D 

RVE was created using Neper software. 

The stress-strain curve obtained from the crystal 

plasticity finite element simulation was compared 

with the experimental data, as illustrated in  

Figure 1. This comparison was used to calibrate 

the material parameters, including elastic, plastic, 

and hardening properties, for implementation in 
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the DAMASK code. The calibrated material 

coefficients used in the DAMASK crystal plasticity 

simulations are listed in Table 2. 

Table 2. The elastic, plastic, and hardening coefficients 

of the phenomenological constitutive model utilized 

in the DAMASK code 

Parameters Values 

C11 107.60 GPa 

C12 60.52 GPa 

C44 27.21 GPa 

H0 58 MPa 

τs 63 MPa 

qαβ 1.40 

τ0 31 MPa 

n 20 

a 2.25 

Crystallographic systems and the orientation of 

the crystal lattice are governed by micro-scale 

deformation mechanisms such as dislocation slip 

and twinning, which are fundamental phenomena 

investigated in crystal plasticity. During plastic 

deformation, it is generally assumed that dislocation 

slip occurs along the densest atomic planes, known 

as slip planes, and in the most closely packed 

atomic directions, referred to as slip directions. As 

illustrated in Figure 2, crystal plasticity theory 

(CP) describes plastic deformation as a process 

that produces permanent shape changes without 

altering the crystallographic orientation of the lattice. 

In contrast, elastic deformation is reversible, causing 

only temporary distortions in the lattice structure 

and corresponding changes in the crystallographic 

orientation. 

 
Fig. 2. The hypothesis of crystal plasticity's 

deformation gradient, F= Fe.Fp 

In crystal plasticity theory, the total deformation 

gradient is expressed as F= Fe.Fp. Reversible lattice 

distortions are represented by the elastic deformation 

gradient (Fe), whereas irreversible changes caused 

by dislocation slip and other mechanisms are 

described by the plastic deformation gradient 

(Fp). A key concept in crystal plasticity is the 

multiplicative decomposition of the deformation 

gradient, which enables the separation of elastic 

and plastic effects. This formulation provides a 

robust foundation for modelling the complex 

deformation behavior of crystalline materials. In 

crystal plasticity, constitutive relationships often 

employ the material's elasticity tensor to relate the 

Second Piola–Kirchhoff stress tensor (S) to the 

elastic Green strain tensor (Ee). This framework 

allows the stress-strain relationship to incorporate 

anisotropy and directional properties inherent to 

the crystal structure. This formulation, presented 

by Roters et al. [1], which has also been adopted 

in the present study, provides the theoretical basis 

for these relationships. Given the importance  

of governing mathematical equations in crystal 

plasticity, a summary of the relevant formulations 

is provided in this section. The Second Piola–

Kirchhoff stress tensor can be obtained from the 

elastic Green strain tensor (Ee) using the following 

relationship [1]: 

S = ℂ: Ee → Ee =
1

2
(FeTFe − Ι)            (1) 

which ℂ  is the fourth-order anisotropic elastic 

stiffness tensor. The transposed gradient of elastic 

deformation is denoted by FeT, and Ι is the identity 

matrix. The following represents the rate of 

change of Fp [1]: 

Ḟp = LpFp → Lp = ∑ γ̇αmα⨂nαN
α=1          (2) 

where Lp , α , N , and γ̇α  denote the plastic 

deformation rate gradients, slip system, total 

number of slip systems, and shear rate on the α-th 

slip system, respectively. A key element in simulating 

slip deformation within specific crystallographic 

systems is the Schmid tensor, represented as 

mα⨂nα. Here, mα is the slip direction vector for 

the 𝛼-th slip system, nα is the slip plane normal 

vector, and ⨂ denotes the dyadic product, which 

forms a second-order tensor from two vectors. One 

of the most widely adopted constitutive models 

for predicting the dynamic behavior of plastic 

flow and the hardening of face-centered cubic 

(FCC) crystalline materials is the phenomenological 

power-law model, which is also employed in this 

study. A strain-rate-dependent power law is used 

to represent work hardening, relating the slip 

system strain rate to the ratio of resolved shear 
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stress and critical resolved shear stress, as 

expressed below [16]: 

γ̇a = γ̇0 |
τα

τc
α|
1/m

sgn(τα)                  (3) 

where γ̇0 is the reference shear strain rate, and m 

is the slip rate sensitivity. The strain hardening on 

a specific slip system α  is characterized by the 

evolution of the critical resolved shear stress τc
α, 

which is expressed by the following equation [16]: 

τ̇c
α = ∑ hαβ|γ̇β|N

β=1                       (4) 

where γ̇β is the shear strain rate on the β-th slip 

system, and hαβ is the strain hardening matrix for 

the slip systems α and β, defined as follows [16]: 

hαβ = qαβ [h0 (1 −
τc
β

τs
)
a

]                 (5) 

Here, h0  is the initial hardening, τs  is the 

saturated shear stress, a is the hardening parameter 

of the slip system, and qαβ  is a 3×3 matrix 

( [
A ⋯ qA
⋮ ⋱ ⋮
qA ⋯ A

] ) with 12 active slip systems during 

plastic deformation in FCC metals. This matrix 

defines the hardening interactions between different 

slip systems (α and β), where q represents the ratio 

of the self-hardening rate to the latent hardening 

rate. Three-dimensional brick elements (C3D8) were 

used to mesh the representative volume element 

(RVE), which contained 1000 crystals. A uniaxial 

tensile strain rate of 0.001 s-1 was applied to the 

aluminum RVE. The tensile loading simulation was 

performed in Abaqus, coupled with the DAMASK 

software for crystal plasticity finite element 

modelling (CPFEM), as illustrated in Figure 3(b). 

As shown in Figure 3(b), the lower face of the 

representative cube was fully constrained in six 

degrees of freedom, while the upper face was 

subjected to tensile loading, as illustrated in Figure 4. 

  
Fig. 3. a) A representative volume element containing 1000 

crystals with a random distribution of crystal orientations, 

and b) Boundary conditions and loading on RVE 

 
Fig. 4. Loading and unloading conditions on the RVE 

containing 1000 crystals 

The representative volume element (RVE) 

underwent a loading-unloading sequence to examine 

the texture evolution under tensile deformation, as 

shown in Figure 4. The loading–unloading curve 

presented in this figure was included to indicate 

the level of applied stress and the corresponding 

plastic strain during the tensile simulation. The 

unloading step was applied only to complete the 

stress–strain cycle and to illustrate the elastic 

recovery of the specimen. 

3. RESULTS AND DISCUSSION 

An initial random texture was assigned to the 

RVE containing 1000 crystals. This texture is 

illustrated as a pole figure for the (111) plane in 

Figure 5. Using the MTex toolbox available in 

MATLAB, the Euler angles were converted into a 

pole figure representation. 

 
Fig. 5. Random texture to RVE in the initial increment 

of the crystal plasticity finite element model 

As shown in Figure 5, the absence of a distinct 

graphical pattern and the scattered crystal 

orientations confirm the randomness of the  

initial texture. In other words, this indicates the 

sample possessed a completely random orientation 

distribution before loading. 

The Euler angles of each crystal were extracted 

after solving the CPFEM model under the applied 
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loading conditions shown in Figure 4. These angles 

are used to visualize the texture evolution through 

pole figures. By interpreting the resulting pole 

figure, the texture components developed within 

the sample can be identified. Since no additional 

plastic deformation occurs during unloading, the 

developed texture remains unchanged; therefore, 

the texture evolution analysis in this study focuses 

exclusively on the plastic deformation stage. The 

pole figure on the (111) crystallographic plane of 

the RVE after loading is presented in Figure 6. In 

this figure, the pole figure obtained from the CPFEM 

simulation is compared with the experimental 

pole figure derived from the EBSD test [11] to 

evaluate the model’s accuracy. 

 
Fig. 6. Pole figure in the crystallographic plane (111) 

under tensile loading, a) CPFEM result and  

b) experimental result using EBSD [11] 

The comparison between the results obtained from 

the CPFEM simulation and the experimental EBSD 

result is illustrated in Figure 6. By comparing the 

pole figures derived from the CPFEM solver and 

the experimental results with the ideal texture, it 

is observed that <111> and <100> fiber textures 

are formed on the (111) crystallographic plane of 

the aluminum sample subjected to tensile loading. 

The <111> fiber texture typically aligns with the 

direction of applied tensile load, indicating that 

the grains within the material have reoriented 

such that their <111> crystallographic direction 

preferentially aligns with the loading axis. The 

presence of <100> fiber texture suggests that some 

crystals are oriented with their <100> direction 

parallel to the loading axis or other sample 

directions. This texture commonly complements 

the <111> component, reflecting the diversity of 

grain reorientation mechanisms occurring during 

plastic deformation. 

To further analyze the crystal orientation relative 

to the principal directions of the sample, inverse 

pole figures (IPFs) were used. The IPFs represent 

the preferred crystal orientation with respect to 

the rolling direction (RD), transverse direction 

(TD), and normal direction (ND) of the sample. 

Figure 7 illustrates the inverse pole figure (IPF) 

of the representative grain structure at a strain 

level of 0.17. 

 
Fig. 7. Inverse pole figure of [001], [011], and [111] 

crystal directions compared to the rolling direction of 

the sample (RD) 

Figure 7 presents the inverse pole figure (IPF) 

along the rolling direction (RD) of the sample. It 

can be observed that most of the crystals in the 

representative volume element (RVE) are oriented 

along the [111] direction of the RD. Moreover, 

based on the orientation intensity near the [001] 

direction, it can be inferred that a fraction of the 

crystals are also oriented in this direction. 

4. CONCLUSIONS 

In this study, crystal plasticity finite element 

method (CPFEM) simulations were conducted  

to analyze the tensile loading response of a 

representative volume element (RVE) containing 

1000 grains with a random initial texture. The 

results demonstrate that the crystal plasticity 

framework accurately predicts the material's 

microscopic responses during tensile loading. 

Texture analysis revealed that, under loading, the 

grains of aluminium 1050 tend to align with specific 

crystallographic orientations such as <111> and 

<100> within the (111) plane, which is consistent 

with the characteristic texture evolution of face-

centred cubic (FCC) metals. Furthermore, the 

CPFEM analysis effectively captured the nonlinear 

mechanical behavior of the material, including 

the effects of slip-induced hardening and grain 

interactions. Overall, CPFEM simulations of the 

1000-grains RVE with a random initial texture 

provide an efficient and reliable approach for 

analyzing plastic deformation and predicting texture 
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evolution under tensile loading. This methodology 

provides valuable insights for designing advanced 

materials and optimising mechanical performance 

across both micro- and macro scales.  

The finding confirms that the CPFEM model can 

accurately reproduce the nonlinear behavior of 

aluminum during tensile loading by accounting 

for slip mechanisms, grain interactions, and work 

hardening, thereby enhancing the understanding 

and prediction of material behavior under various 

loading conditions. 
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