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Abstract. Viscoplastic self-consistent (VPSC) modeling was used for investigating the deformation 
behavior of commercial EN AW-7075-T651 aluminum alloy at room temperature under quasi-static 
tension and compression (i) parallel, (ii) diagonal and (iii) transverse to the rolling direction. 
Textures of the as-received plate and of the samples after tensile and compression testing were 
determined using electron backscatter diffraction (EBSD). Euler angles and area fractions of the 
grains were used as input for calculating direction-dependent flow curves and pole figures of the 
deformed material. The coefficients of the integrated Voce strain hardening law were adjusted in 
order to fit the calculated flow curves to flow curves obtained from tensile and compression testing. 
Pole figures calculated with the VPSC modeling method were validated with pole figures obtained 
from EBSD analysis of deformed samples. VPSC modeling was successfully applied for predicting 
the general deformation behavior of EN AW-7075-T651 under both tension and compression. 
However, texture evolution during tensile testing was negligible, whereas notable texture evolution 
during compression testing occurred beyond a critical strain value. 

Introduction 
The crystallographic orientation of grains within polycrystalline materials, the so-called texture, 

is of major interest in forming processes, as it significantly influences the deformation behavior of 
the material and the mechanical properties of the final product [1-3]. Since detailed information 
about the anisotropy of texture is crucial for manufacturing high-quality products, different 
numerical methods describing the texture evolution and the associated properties during thermal or 
mechanical processing have been developed [4,5]. Especially viscoplastic self-consistent (VPSC) 
modeling has been established as reliable method for investigating texture evolution during plastic 
deformation [6,7]. It has been successfully employed for investigating different steels and non-iron 
alloys, including in particular aluminum alloys of the 1xxx [8], 2xxx [9-11], 5xxx [11-20], 6xxx 
[11,20-22] and 7xxx [11,22-24] series. 

In the present work VPSC modeling was used for calculating the flow curves and the texture 
represented by the pole figures of commercial high-strength EN AW-7075-T651 aluminum alloy 
subjected to both quasi-static tension and compression at room temperature. Age-hardenable 7xxx 
aluminum alloys are important lightweight materials used in the aviation industry for producing 
aircraft structures. They combine favorable mechanical properties including high specific strength, 
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stiffness and toughness, as well as beneficial technological properties such as excellent processing, 
machining and welding performances [25]. 

Experiments 
Material specification and sample preparation. The deformation behavior of a 20 mm-thick 

rolled plate of EN AW-7075-T651 (Al-5.5Zn-Mg-Cu) aluminum alloy at room temperature was 
studied under both quasi-static tension and compression. Table 1 contains the chemical composition 
of the alloy according to the supplier’s specification. Three tensile samples and three compression 
samples were tested parallel (0°/RD), diagonal (45°/RD-TD) as well as transverse (90°/TD) to the 
rolling direction of the plate. The bone-shaped tensile samples with dimensions according to DIN 
50125 type H were milled, whereas the comparatively small compression samples with dimensions 
of Ø 10 mm × 10 mm were wire-cut. In order to analyze the microstructure, for each load direction 
one as-received and one deformed sample were cut, cold-embedded into acrylic resin, ground using 
SiC paper and polished using silica oxide polishing suspension (OP-S). 
 

Table 1: Chemical composition of EN AW-7075-T651 aluminum alloy (wt%) 

Si Mg Cu Zn Fe Cr Mn Ti Al 
0.17 2.6 1.5 5.9 0.24 0.19 0.04 0.04 bal. 

 
Mechanical testing. Zwick/Roell Z100 uniaxial testing machines were used for both tensile and 

compression testing. Elongation of the samples was tactilely measured using a mechanical extensio-
meter, whereas compression of the samples was optically measured using a GOM ARAMIS 3D 
camera system. Tensile testing was performed according to OENORM EN ISO 6892-1 at constant 
strain rate of 6.7×10-3 s-1. Compression testing was conducted at constant punch speed of 1 mm/min 
up to the maximum load of 100 kN, i.e., the average strain rate was approx. -1.7×10-3 s-1. Teflon-
based lubricant was used for reducing friction between the compressed cylindrical samples and the 
punches. 

Microstructure analysis. A TESCAN Mira3 scanning electron microscope (SEM) and the 
APEX software package were used for electron backscattered diffraction (EBSD) measurements on 
the microstructures of as-received and deformed samples. The acceleration voltage was 30 kV and 
the spot size was 80 nm. Sample areas from 0.8 mm × 0.8 mm to 1.4 mm × 1.4 mm with step sizes 
of 0.7-1.2 µm were investigated. The OIM Analysis 8.6 software was used for analyzing the EBSD 
data and for exporting the Euler angles, which were required as input for VPSC modeling and for 
plotting the pole figures. The angle of 15° [26] was defined as transition between low-angle grain 
boundaries (LAGB) and high-angle grain boundaries (HAGB). The confidence index of the grains 
was standardized and the EBSD data was then cleaned via grain dilation, considering the minimum 
confidence index of 0.1 and the minimum grain size of 5 µm. 

Simulation 
Flow curves of EN AW-7075-T651 and the texture evolution of this aluminum alloy during 

tensile and compression deformation were calculated using the viscoplastic self-consistent (VPSC) 
code VPSC 7c developed by Lebensohn and Tomé [27]. A comprehensive description of the 
underlying model which considers both of the crystal plasticity mechanisms, slipping and twinning, 
is provided elsewhere [28]. The VPSC simulation performed in this work considers <111>{110} 
slip systems, but they neglect twinning of the grains. 

The VPSC model describes a polycrystal as collection of crystallographic orientations (grains) 
with associated weights (volume fractions). Each of these statistically representative grains is 
regarded as ellipsoidal, viscoplastic inclusion embedded in and interacting with a viscoplastic 
homogeneous effective medium (HEM) which represents the polycrystal. Both, inclusion and HEM 
have fully anisotropic properties. A self-consistent approach applied to the weighted average of the 
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grains gives the macroscopic viscoplastic compliance, and the sum of the microscopic responses of 
all grains yields the macroscopic response of the polycrystal. For each grain at position vector 𝐱𝐱 the 
deviatoric viscoplastic strain rate, �̇�𝛆(𝐱𝐱), is calculated using the symmetric Schmid tensor, 𝐦𝐦𝑠𝑠(𝐱𝐱), 
and the local shear rate, �̇�𝛾𝑠𝑠, acting on the slip system 𝑠𝑠 of the grain [27,28]: 

 
�̇�𝛆(𝐱𝐱) =  ∑ �̇�𝛾𝑠𝑠(𝐱𝐱)𝐦𝐦𝑠𝑠(𝐱𝐱) =  �̇�𝛾0 ∑ 𝐦𝐦𝑠𝑠(𝐱𝐱)𝑠𝑠𝑠𝑠 �𝐦𝐦

𝑠𝑠(𝐱𝐱):𝛔𝛔(𝐱𝐱)
𝜏𝜏�𝑠𝑠

�
𝑛𝑛
 (1) 

 
𝐦𝐦𝑠𝑠(𝐱𝐱) = 1

2
�𝐛𝐛𝑠𝑠(𝐱𝐱) ⊗𝐧𝐧𝑠𝑠(𝐱𝐱) + 𝐧𝐧𝑠𝑠(𝐱𝐱) ⊗𝐛𝐛𝑠𝑠(𝐱𝐱)� (2) 

 
𝐦𝐦𝑠𝑠(𝐱𝐱) is calculated based on the Burgers vector 𝐛𝐛𝑠𝑠(𝐱𝐱) and on the normal vector 𝐧𝐧𝑠𝑠(𝐱𝐱) which 

are both associated to the slip system 𝑠𝑠. 𝛔𝛔(𝐱𝐱) is the deviatoric stress acting on the grain, �̇�𝛾0 is the 
normalization factor and 𝑛𝑛 is the rate sensitivity exponent. Activation of a slip system takes place 
once the shear stress reaches the threshold shear stress �̂�𝜏𝑠𝑠. For each grain the evolution of �̂�𝜏𝑠𝑠 with 
accumulated microscopic shear strain, 𝛤𝛤, is calculated using the Voce strain hardening law [27-29]: 

 
�̂�𝜏𝑠𝑠(𝛤𝛤) = 𝜏𝜏0𝑠𝑠 + (𝜏𝜏1𝑠𝑠 + 𝜃𝜃1𝑠𝑠𝛤𝛤) �1 − exp �−𝛤𝛤 �𝜃𝜃0

𝑠𝑠

𝜏𝜏1
𝑠𝑠� �� (3) 

 
The constitutive parameters 𝜏𝜏0𝑠𝑠, (𝜏𝜏0𝑠𝑠 + 𝜏𝜏1𝑠𝑠), 𝜃𝜃0𝑠𝑠 and 𝜃𝜃1𝑠𝑠 are the initial critical resolved shear stress 

(CRSS), the back-extrapolated CRSS, the initial hardening rate and the asymptotic hardening rate, 
respectively. For the range of deformation speed used in this work the flow stress was assumed as 
independent from the strain rate, i.e., the simulation did not consider any strain rate sensitivity. The 
interaction between grains and HEM in terms of stress and strain rate was assumed to obey the 
tangent self-consistent approach [27,28]. Table 2 summarizes the VPSC modeling parameters used 
in the present work. 
 

Table 2: VPSC modeling parameters 

Parameter Symbol Value Source 
Initial CRSS 𝜏𝜏0 180.0 MPa 

based on flow curves  
determined within this work  

and similar to [11] 

Back-extrapolated CRSS 𝜏𝜏0 + 𝜏𝜏1 219.5 MPa 
Initial hardening rate 𝜃𝜃0 395.0 MPa 

Asymptotic hardening rate 𝜃𝜃1 48.5 MPa 
Grain major axis ratio —     2.1826 

based on EBSD measurements  
performed within this work Grain intermediate axis ratio —     2.1826 

Grain minor axis ratio —     0.2000 

Elastic stiffness constants 
for f.c.c. aluminum 

𝐶𝐶11 108.2 GPa 
according to [30]  

and similar to [31] 𝐶𝐶12 61.3 GPa 
𝐶𝐶44 28.5 GPa 

 
In this work the crystallographic texture is represented by (001), (111) and (110) pole figures. 

These figures were calculated based on the Euler angles of the grains and plotted with the halfwidth 
of 10° and with the resolution of 1° using the standard method of the MTEX toolbox [32], which is 
available for the Matlab software package. 

Results and Discussion 
Texture of as-received material. Figure 1 characterizes the texture of the as-received material 

which was used as input for VPSC modeling. The axes at the front corner of the cubes indicate the 
grain orientation with respect to the rolling (RD), transversal (TD) and normal (ND) directions.  
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Thermomechanical production of the aluminum alloy plate caused considerable elongation of the 
grain morphology in RD, as shown by the inverse pole figure (IPF) cube in Figure 1 (a). The grain 
orientation spread (GOS) cube in Figure 1 (b) shows recrystallized grains with misorientation spread 
< 1° (blue). Small misorientation spread from 1°-10° (green, yellow, orange) indicates moderately 
deformed grains, whereas high misorientation spread > 10° (red) indicates heavily deformed grains. 
Black lines mark high-angle grain boundaries (HAGB). Figure 1 (c) shows three pole figures of the 
(001), (111) and (110) planes characterizing the typical texture of the as-received EN AW-7075-
T651 aluminum alloy. Typical {110}<-112> brass texture with the texture index maximum of 4.4 
was determined for the (110) plane. The axes next to the color bar indicate the crystal orientation 
with respect to the sample. 

The diagrams shown in Figure 1 (d) and (e) confirm that the texture within the sample areas 
investigated is strongly anisotropic. Even though grain sizes and grain shapes are similar in RD and 
TD, they are quite different in ND. The peaks of the curves shown in the diagrams for RD and TD 
indicate that most of the grains have cross-section areas from approx. 200 µm2 to 0.02 mm2 and 
aspect ratios less than approx. 0.2, which confirms that the grains are strongly elongated in RD and 
TD. In contrast, most of the grains have large cross-section areas up to 0.2 mm2 and comparatively 
high aspect ratios in ND. Therefore, the grains appear larger but less squeezed in ND than in RD 
and TD, which agrees well with the grain morphologies visualized in Figure 1 (a) and (b). 

 

 

Figure 1: Microstructure characterization of the as-received material based on electron- 
backscattered diffraction (EBSD) measurements; (a) inverse pole figure (IPF) cube,  

(b) grain orientation spread (GOS) cube, (c) pole figures of (001), (111) and (110) planes,  
and area fraction of grains classified based on (d) the grain size and (e) the grain shape. 
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Flow curves. Figure 2 compares the flow curves (i.e., true stress vs. true strain) of EN AW-
7075-T651 aluminum alloy for both (a) tension and (b) compression determined by mechanical 
testing (measurements, M) and VPSC modeling (simulation, S). The flow curves obtained in this 
work are within the range of flow curves (or true stress-strain curves) reported for the same alloy, 
heat treatment and load conditions in previous studies [33-35]. Maximum strain of ε𝑡𝑡 ≈ 0.08 and 
ε𝑡𝑡 ≈ 0.22 were achieved under tensile load and compression load, respectively, before necking or 
bulging of the samples started. The simulation overestimates strain hardening in each of the 
directions RD, RD-TD and TD under tension, even though the yield stress between measurements 
and simulation agrees. In contrast, the simulation can predict strain hardening under compression in 
both RD and TD quite well; however, strain hardening is different in RD-TD. Hence, the true stress 
in RD-TD was underestimated for ε𝑡𝑡 < 0.25, but it was overestimated for ε𝑡𝑡 > 0.25. 

Despite the differences between the results of measurements and simulation, VPSC modeling 
can be considered as feasible method for predicting flow curves of EN AW-7075-T651 depending 
on the load condition (tension or compression) as well as on the direction of deformation. Particular 
differences between measurements and simulation could be attributed to (i) the intrinsic limitation 
of the utilized Voce law which only considers simple strain hardening behavior, or to (ii) the single-
phase approach which considers aluminum grains, but neglects further phases. The investigated 
aluminum alloy typically contains additional particles aligned in RD that are virtually undeformable 
compared to the aluminum matrix [36,37]. 

 

 
Figure 2: Flow curves of EN AW-7075-T651 for (a) tension and (b) compression  

determined by simulation (S) and measurements (M). 

 
Texture evolution. Pole figures representing the texture evolution of EN AW-7075-T651 alu-

minum alloy under tension (ε𝑡𝑡 ≈ 0.08), Figure 3, and under compression (ε𝑡𝑡 ≈ 0.6), Figure 4, were 
calculated by means of VPSC modeling (a-c) and measured by means of EBSD (d-f) for each of the 
sample directions RD, RD-TD and TD. Figure 5 shows in detail the evolution of the pole figures 
during compression in RD-TD, which illustrates exemplarily the transformation of the brass texture 
of the as-received material into the 45°-rotated Goss texture of the deformed material. The axes at 
the top of each figure indicate the crystal orientation with respect to the sample. 
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Figure 3: Pole figures of (001), (111) and (110) planes for tensile strain of approx. 0.08 obtained 

from (a-c) simulation and from (d-f) measurements in (a,d) RD, (b,e) RD-TD and (c,f) TD. 

 

 

Figure 4: Pole figures of (001), (111) and (110) planes for compression strain of approx. 0.6 obtained 
from (a-c) simulation and from (d-f) measurements in (a,d) RD, (b,e) RD-TD and (c,f) TD. 
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Figure 5: Evolution of pole figures of (001), (111) and (110) planes for compression  

in RD-TD at strains of approx. 0.0, 0.2, 0.4 and 0.6 obtained from simulation. 

 
Tension: The original brass texture of the as-received aluminum alloy as shown in Figure 1 is 

more or less preserved under tension. Comparing Figure 1 with Figure 3 reveals that the predicted 
change of the texture during tensile deformation is negligible for each of the three directions, since 
only limited strain to fracture was achieved during tensile testing. The pole figures based on 
measurements show a slight increase of the texture index maximum in RD, RD-TD and TD, 
whereas VPSC modeling predicts the slight increase of the texture index maximum mainly in TD. 

Compression: The original brass texture of the as-received aluminum alloy shown in Figure 1 
changes considerably under compression, because as shown in Figure 2 the strain achieved during 
compression testing is notably higher compared to the strain achieved during tensile testing. Thus, 
the pole figures of the compressed samples depicted in Figure 4 differ significantly for each of the 
three directions RD, RD-TD and TD. Closer analysis reveals that VPSC modeling was obviously 
unable to predict the texture in RD, as the pole figures differ distinctly between Figure 4 (a) and (d). 
The measured pole figures illustrated in Figure 4 (d) form a strong but not fully developed <110> 
fibre texture and the texture index maximum increases significantly, whereas the calculated pole 
figures shown in Figure 4 (a) do not form a distinct type of texture. In contrast, VPSC modeling was 
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able to predict the 45°-rotated {110}<001> Goss texture with additional poles of lower intensity. 
The positions of the measured poles are slightly different and less symmetric; however, the overall 
tendency is well represented. Therefore, the area of EBSD measurement was either too small for 
gathering statistically relevant data, or the plastic deformation tended to form different secondary 
texture features in RD-TD compared to the predictions. In TD a strong {112}<11-1> copper texture 
was observed in both measurements and simulation. As positions and intensities of the measured 
and calculated poles are slightly different, crystal rotation during compression testing was virtually 
faster than predicted by VPSC modeling. Consideration of grain interaction and grain co-rotation to 
account for correlations between the orientations of neighboring grains may eventually improve the 
results of the performed simulation. Particularly grain co-rotation was identified by means of VPSC 
modeling to delay texture evolution in aluminum alloys, which tends to preserve the anisotropy at 
higher strains [20]. 

Figure 5 illustrates that with increasing deformation or strain ε𝑡𝑡, respectively, the texture index 
maximum increases and 4, 6 and 2 distinct poles form in the (001), (111) and (110) planes. The 
Goss texture has already formed at the strain of ε𝑡𝑡 ≈ 0.4, but with increasing deformation it becomes 
more distinct. 

Summary and Conclusions 
The deformation behavior of commercial rolled EN AW-7075-T651 aluminum alloy at room 

temperature under quasi-static tension and compression was investigated using viscoplastic self-
consistent (VPSC) modeling and electron backscattered diffraction (EBSD) measurements. Flow 
curves and pole figures characterizing the texture of both the as-received and the deformed material 
were calculated and measured. The results achieved from simulation and experiments allow for 
drawing the following conclusions: 
• In principle, VPSC modeling was successfully applied for predicting the general deformation 

behavior of EN AW-7075-T651 under tension and compression. However, due to the limited 
strain to fracture the texture evolution during tensile testing was negligible, whereas notable 
texture evolution during compression testing occurred. 

• Typical {110}<-112> brass texture was determined for the as-delivered EN AW-7075-T651. 
Under tensile deformation strengthening of the brass texture was observed only in transverse 
direction (TD), but due to the limited strain to fracture any clear tendency was missing in rolling 
direction (RD) and in diagonal direction (RD-TD). Under compression the initial brass texture 
transformed into notable but incomplete <110> fibre texture (RD), {110}<001> Goss texture 
(RD-TD) and {112}<11-1> copper texture (TD), respectively. 

• Under compression the difference between the initial brass texture and the deformed texture was 
small for a strain below ε𝑡𝑡 ≈ 0.2. As grain rotation within the microstructure became more pro-
nounced at higher strain, considerable difference of the textures was observed for a strain beyond 
ε𝑡𝑡 ≈ 0.4. Therefore, considering interaction and co-rotation of neighboring grains may eventually 
improve the results of the simulation at higher strain. 

• The applied VPSC modeling method describes slip mechanisms in single-phase microstructures 
and considers strain hardening according to the simple Voce law. Despite these simplifications 
VPSC modeling was generally feasible for predicting the flow curves and texture evolution. 
Differences between measurements and simulation could be attributed to the complex strain 
hardening behavior of the multiphase microstructure of EN AW-7075-T651. 

• In the present work the tangent approach was used for calculating the macroscopic viscoplastic 
compliance of EN AW-7075-T651. In order to predict texture evolution in high-strength 7xxx 
aluminum alloys by means of VPSC modeling more accurately, identification of approaches 
which are more suitable for particular deformation modes and their experimental validation is an 
ongoing work. 
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