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Abstract. Severe plastic deformation (SPD) induced by conventional forming processes such as 
extrusion has a significant effect on texture evolution and strength of metals. Conventional twist 
extrusion (TE) process can be used to produce ultra-fine grained (UFG) structures without 
introducing any significant change in the overall dimensions of the sample. However, the 
commercialization for industrial usage has been limited because of production efficiency and non-
uniform distribution of grain refinements. In order to overcome these difficulties a new process 
called nonlinear twist extrusion (NLTE) has been introduced recently where TE mold channel is 
modified to restrain strain reversal and rigid body rotation of the workpiece. Prediction of the 
texture evolution in these processes is crucial for mold design and process parameters. In this work, 
the texture evolution during NLTE and TE processes are investigated through crystal plasticity 
finite element method. Single copper crystal which has a billet form is fully extruded through the 
TE and NLTE mold models separately. In addition to spatial stress and strain evolution 
investigations, the orientation differences and texture evolution of extruded billets are examined 
for two different initial orientations of single copper crystal. Moreover, the deformation histories 
at different locations of the sample are analyzed with crystal plasticity finite element method 
(CPFEM) to compare the performance of both techniques. 
Introduction 
Severe Plastic Deformation (SPD) is an efficient manufacturing technique to produce ultrafine-
grained (UFG) structures with high densities of lattice defects. In recent years, SPD methods have 
been popular with their capability for refining the grain size of materials to sub-micrometer and 
nanometer scales [1]. The strength and resistance to the plastic flow of polycrystalline materials 
depend on the grain size. Usually, UFG materials have several advantages compared to coarse-
grained counterparts with their high strength and other superior properties, including potential use 
in super-plastic forming operations at elevated temperatures [2]. Various early reports describe 
interesting results from different SPD techniques to produce UFG structured materials. Equal 
channel angular pressing (ECAP) (see e.g. [3]), high-pressure torsion (HPT) (see e.g. [4]), 
accumulated roll bonding (ARB) (see e.g. [5]), multi-directional forging (MDF) (see e.g. [6]), and 
twist extrusion (TE) (see e.g. [7]) can be listed as the most popular SPD processes. All these 
methods have certain advantages and disadvantages compared to each other. ECAP process has 
some operational difficulties and produces excessive waste compared to the other SPD processes. 
A potential problem in HPT processing is the strain which varies across the disk specimen. 
Besides, HPT and ECAP processes do not apply to large bulk materials. ARB process also suffers 
in-homogeneity of strain distribution, and it requires multi-passes. The grain refinement ability of 
MDF is lower than all other SPD processes, and grain size reduction is not homogenous through 
the center of the sample. TE process has in-homogenous distribution characteristics, and strain 
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distribution increases from the center to the periphery. It also requires multi-passes to increase the 
homogeneous distribution of grains through the workpiece. 

In SPD processing, UFG formation is facilitated in deformation routes that involve high 
dislocation accumulation, and strain reversal or redundant strain reduces the rate of the dislocation 
accumulations and hence retard the UFG formation. Therefore, the non-linear twist extrusion 
(NLTE) technique has recently been developed by the authors (see [8]) based on TE, aiming to 
avoid strain reversal and rigid body rotation, which retard the UFG formation. Numerical analysis 
of the NLTE process shows the advantages of this process in terms of punching force and 
deformation distribution. 

The numerical modeling of texture evolution during SPD techniques is crucial for 
understanding the grain refinement mechanisms. The results can be used for optimizing the process 
and mold parameters for SPD methodology. Nowadays, the crystal plasticity finite element method 
(CPFEM) is an effective tool for simulating texture evolution during SPD. In recent years, CPFEM 
simulations of some SPD methods have been performed in various studies. For example, the 
capability of the CPFE approach in predicting texture formed during ECAP and deformation 
heterogeneity of single crystal materials were examined (see e.g. [9]). The deformation history and 
texture evolution during TE were investigated (see e.g. [10]). Crystallographic texture evolution 
in simple shear extrusion (SSE) process was compared with experimental results (see e.g. [11]). 
Coupling of FEM flow and crystal plasticity simulations were conducted during the helical 
extrusion process (see e.g. [12]). 

In this study, a single copper crystal with a billet form is fully extruded through the TE and 
NLTE mold models separately. In addition to spatial stress and strain evolution investigations, the 
orientation differences and texture evolution of extruded billets are examined for two different 
initial orientations of single copper crystal, i.e. (<111>and<100>) using crystal plasticity finite 
element technique. Moreover, the deformation histories at different locations of the sample are 
analyzed to compare the performance of both methods. 
Finite Element Models 
Fig. 1 shows the Abaqus finite element models of the twist extrusion processes. In the LTE process, 
a billet is pressed through a die with two straight channels separated by a section with helical 
geometry. Apart from being continually rotated in the helical part of the die, a cross-section of the 
billet normal to the extrusion axis stays unchanged during its translational movement. The mold 
model of LTE and punch are considered rigid bodies in CPFEM simulations. Encastre boundary 
conditions (u1=u2=u3=R1=R2=R3=0) were applied through mold geometry from its rigid body 
reference point (center of mass). Velocity boundary conditions (2 mm/s) were applied through 
punch rigid body reference point (center of mass). Similarly, the model forNLTE is also presented 
in Fig. 1.  

 

 
Fig. 1. LTE (left) and NLTE (right) processes FEM model. 
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Table 1. FEM model mesh parameters of simulated LTE and NLTE processes. 

Model Element Type Element 
Family Number of Elements 

LTE Mold Implicit-Tetrahedral-C3D4-Rigid 3D Stress 33777765 
LTE Punch Implicit-Hexahedral-C3D8R 3D Stress 925 

LTE Specimen Implicit-Hexahedral-C3D8R 3D Stress 159989 
NLTE Mold Implicit-Tetrahedral-C3D4-Rigid 3D Stress 419316 
NLTE Punch Implicit-Hexahedral-C3D8R 3D Stress 1679 

NLTE Specimen Implicit-Hexahedral-C3D8R 3D Stress 48750 
 
The significant difference from LTE is that the billet is extruded, keeping rotation around the 
longitudinal axis so that the strain reversal is avoided. The mold model of NLTE and punch are 
considered rigid bodies. Boundary conditions are applied to the model same as in LTE simulations. 
Single copper crystal specimens are modeled with square and cylindrical shapes for LTE and 
NLTE, respectively. The square specimen dimensions were 20mm × 20mm × 50mm, and the 
dimensions of the cylindrical specimen were 20mm r = 10mm×30mm. Mesh properties of SPD 
models are presented in Table 1. 
Crystal Plasticity Constitutive Model 
This study utilizes a modified version of a crystal plasticity framework implemented as a UMAT 
(user-defined material model) subroutine [13]. In the classical crystal plasticity theory, the 
deformation gradient tensor F is multiplicatively decomposed into an elastic component 𝑭𝑭𝒆𝒆 and a 
plastic component 𝑭𝑭𝑷𝑷 [14] according to  

  𝑭𝑭 = 𝑭𝑭𝒆𝒆𝑭𝑭𝒑𝒑                                                                                                                                (1) 

According to Schmidt’s Law, the resolved shear stress (𝜏𝜏𝛼𝛼) on a slip system is the leading cause 
of dislocation slip [15], which can be calculated by, 

τα = 𝛔𝛔: 𝐬𝐬∗𝛂𝛂⦻𝐦𝐦∗𝛂𝛂                                                                                                                     (2) 

In Eq. 2, σ is the Cauchy stress tensor is projected on the slip systems where 𝐦𝐦∗𝛂𝛂 and 𝐬𝐬∗𝛂𝛂  are the 
slip direction and normal to slip plane in the current configuration, and α represents the slip system 
number. 𝐦𝐦𝛂𝛂 and 𝐬𝐬𝛂𝛂 are in the reference configuration,  

 𝐬𝐬∗𝛂𝛂 = 𝐅𝐅𝐞𝐞𝐬𝐬𝛂𝛂                                                                                                                               (3) 

𝐦𝐦∗𝛂𝛂 = 𝐦𝐦𝛂𝛂𝐅𝐅𝐞𝐞−𝟏𝟏                                                                                                                        (4) 

The plastic velocity gradient, 𝐋𝐋𝐏𝐏 is calculated by, 

 𝐅𝐅�̇�𝐩𝐅𝐅𝐩𝐩−𝟏𝟏 = 𝐋𝐋𝐏𝐏 = ∑ γ̇α𝐬𝐬𝛂𝛂⦻𝐦𝐦𝛂𝛂α
n=1                                                                                             (5) 

The power law type rate-dependent formulation, which relates the slip rate on each slip system to 
the resolved shear stress τα and the slip resistance gα is given in Eq. 6 

 γ̇α=γ̇0sign(τα)�𝛕𝛕
𝛂𝛂

𝐠𝐠𝛂𝛂
�
n
                                                                                                                  (6) 
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where  γ̇0  is the reference shear strain rate, and n is the rate sensitivity parameter. The slip 
resistance gα is calculated considering the latent hardening as presented below. The hardening 
moduli hαβ gives the rate of strain hardening on slip system α due to slip system β. The occurrence 
of self and latent hardening is phenomenologically described by Eq. 8, with q representing latent 
hardening matrix. 

ġα = ∑ hαβ12
k=1 �γ̇β�                                                                                                                    (7)  

hαβ = qαβhαα(γ)                                                                                                                      (8) 

Pierce, Asaro, and Needleman [16] have used a simple form for the self-hardening moduli, 

 hαα=h(γ)=h0sech2 � h0γ
gs−g0

�                                                                                                       (9) 

where h0 is the initial hardening modulus, gs is the stage I stress, and γ is the Taylor cumulative 
shear strain on all slip systems in Eq. 10. 

  γ = ∑ ∫ |γ̇α|dtt
0α                                                                                                                     (10) 

In the literature, there is a lot of inconsistent experimental data for single-crystal copper tension 
tests. Therefore, pure copper polycrystalline stress-strain data under tensile tests are used to 
calibrate single-crystal copper mechanical properties through homogenization. Symmetric 
boundary conditions are applied to representative volume element (RVE) cube composed of 500 
hundred randomly oriented grains. RVE cube is illustrated in Fig. 2. Data and homogenization 
curve are illustrated in Fig. 3. The Parameters of a single copper crystal are given in Table 2. 
 

 
Fig. 2. 500 grained calibration cube model for homogenization. 

 

 
Fig. 3. Homogenization curve vs. data [17]. 
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Table 2. Single crystal copper UMAT material model parameters. 

Model 𝐶𝐶11 𝐶𝐶12 𝐶𝐶44 𝑔𝑔0 𝑔𝑔𝑠𝑠 ℎ0 �̇�𝛾0 n q 
UMAT 168000 121400 75400 25 115 120 0.001 17 1.4 

CPFEM Simulation Results    
Finite element simulations of LTE and NLTE processes are performed for initially <100> and 
<111> oriented single copper specimens. The simulations illustrate an initial quadratic increase of 
the load in LTE and NLTE processes when the specimen head enters the twist zone. After the 
sudden increase, the slope of the curve starts to decrease, and the punch force slightly increases 
throughout both processes. The required punch force is less than the LTE process for the NLTE 
process (Fig.4). This is one of the prominent advantages of NLTE. Black curves show the initially 
<111> oriented single copper crystal results, and green curves show the initially <100> oriented 
single copper crystal simulation results. In the LTE process, initially <100> oriented single copper 
crystal faces with more punch force compared to initially <111> oriented single copper crystal. 
On the contrary, in the NLTE process, initially <111> oriented single copper crystal needs more 
punch force throughout the process. Since the cross-section areas are different for both cases, 
punch pressures are compared for a better presentation. However, the punch forces are dependent 
on the frictional coefficient. In these calculations, the friction coefficient is set to be low (less than 
0.01) due to the convergence problems of implicit solver in contact non- linearities and frictional 
discontinuities. If the fiction coefficient increases, the punch forces will also increase for both 
processes. The sharp increase in the LTE case is due to the sudden change in the cross-section, 
which does not exist in the proposed smoother non-linear process.  
 

 
Fig. 4. LTE and NLTE processes punch forces according to the single-crystal copper initial 

orientation. 
 
Von Mises stress contours are illustrated in Fig. 5 and Fig.6 for LTE and NLTE processes for 
initially <100> oriented single copper crystal, respectively. The stress values show an increase 
from the specimen center to the periphery, and maximum stresses can be observed at the edge of 
the surfaces. In the LTE process, stress evolution is more heterogeneous, and higher stress values 
are obtained in periphery regions. On the contrary, in the NLTE process, the stress distribution is 
more homogenous, and high-stress values are inspected in the periphery region and throughout the 
single copper specimen. 
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Fig. 5. Von Mises stress (MPa) results of <100> oriented copper single crystal after one pass of 

LTE (left) with section view (right). 
 

 
Fig. 6. Von Mises stress (MPa) results of <100> oriented copper single crystal after one pass of 

NLTE (left) with section view (right). 
 
Fig. 7 and Fig.8 show the equivalent plastic strain distribution in LTE and NLTE processes, for 
initially <111> oriented single copper crystal, respectively. In the LTE process, a smaller 
magnitude of equivalent plastic strain evolves around the specimen center, and there is a gradual 
increase from the center to the surface of the specimen for both initial conditions. Distinctively, in 
the NLTE process, equivalent plastic strain evolves uniformly. Equivalent plastic strain 
distributions are more homogenous in the center when compared to the periphery region. Single 
copper crystal is subjected to much more plastic equivalent strain during the NLTE process. To 
show the deformation characteristics of LTE and NLTE processes, two typical elements of 
workpieces were chosen at the center and the periphery sections of the specimen distinctively. The 
selected elements are highlighted in Fig. 9. 
 

 

 
Fig. 7. Plastic equivalent strain results of <111> oriented copper single crystal after one pass of 

LTE process (left) with their section view (right). 
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Fig. 8. Plastic equivalent strain results of <111> oriented copper single crystal after one pass of 
NLTE process (left) with their section view (right). 

 
 

Fig. 9. Investigated elements with their local coordinates at the center and the middle for LTE 
process (left) and the NLTE process (right). 

 
Certain texture components of face-centered cubic (FCC) materials assist in understanding the 
final texture of a single copper crystal after deformation. Table 3 pole figures show the main 
texture components of FCC materials: Copper, Brass, Goss, and S orientations. It gives 
information about mechanical behaviors and physical and chemical properties of materials and is 
associated with the performance in their production and investigation in engineering applications. 
Hence, an accurate understanding of deformation mechanisms and precise control of texture 
evolution becomes a requirement for developing new materials [18].  
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Table 3. Texture components and pole figures for face centered cubic (FCC) materials according 
to [111], [110] and [100] plane respectively [19]. 

Components 
Name Directions Bunge Euler 

Angles (ZXZ) 
Pole Figures of Components 

[111]       [110]         [100] 

Cube [001]<100> 0o  0o 0o 

 

Goss [011]<100> 0o 45o 0o 

 

Brass [0-11]<211> 35o 45o 0o 

 

Copper [-211]<111> 90o 35o 45o 

 

S [111]<110> 60o 32o 65o 

 

 
FCC materials with high or medium stacking fault energy (SFE) grains tend to rotate toward the 
copper-type textures with increasing deformation, and dislocation slip has been recognized as the 
dominant deformation mechanism during the whole deformation stage. SFE plays an essential role 
in determining the dominant mechanisms of plastic deformation. In metals with high SFE (e.g., 
aluminum and copper), slip is the dominant deformation mode, and the rolling texture is composed 
of copper, brass, and S texture components. In materials with low SFE, the copper-oriented grains 
cluster at the prior deformation stage. However, with increasing loading, these grains rotate to the 
brass-type textures, and the latter dominates in the final textures’ at large deformations. The rolling 
texture in these metals is known as alloy-type texture and is composed of a strong brass component 
and a minor Goss orientation [20]. After the first pass of LTE and NLTE processes, results for the 
center and periphery elements are illustrated in Fig.10, respectively. The initial orientation 
distributions significantly change by the processes for one pass. The distribution of the orientations 
in pole figures after the LTE and NLTE processes resemble the main orientation pole figures of 
copper and s textures orientation distributions. Thus, the pole figures of NLTE and LTE processes 
show that the elements of the single copper specimen face shear deformation during both 
processes, and their dominant deformation is dislocation slip. Moreover, after one pass, the center 
and periphery elements' orientation distributions are very close in the NLTE process compared to 
the LTE process. 
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                                            <100>                                                 <100> 

        
                                            <111>                                                  <111> 

Fig. 10. Pole figures of center (left) and periphery (right) elements of single crystal copper 
specimen after LTE process according to the initial orientations (<100> and <111>) (Left) and 
pole figures of center (left) and periphery (right) elements of single crystal copper specimen after 

NLTE process according to the initial orientations (<100> and <111>) (Right). 
Summary 
In this study, simulations of a single copper crystal workpiece extrusion through both LTE and 
NLTE processes were performed for two different initial orientations of workpieces. In this way, 
a detailed comparative grain refinement performance by using crystal plasticity finite element 
analysis was addressed. The initial result reveals that the NLTE process has advantages in terms 
of punching force and deformation distribution. While the LTE process induces strain evolution, 
increasing from center element to periphery elements, more homogenous plastic strain distribution 
is examined in the NLTE process. In addition, the orientation distribution of the NLTE process is 
more homogenous when compared to the LTE process. The SPD analyses were performed under 
low friction coefficient and backpressure due to the convergence problems of implicit CPFEM 
UMAT code. For that reason, a more comprehensive analysis will be performed with explicit 
VUMAT code, and the results will be compared to experimental results as a next step. 
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