
CRYSTAL PLASTICITY ANALYSIS OF SEVERE PLASTIC DEFORMATION
PROCESSES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

ÜLKE ŞİMŞEK
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ABSTRACT

CRYSTAL PLASTICITY ANALYSIS OF SEVERE PLASTIC
DEFORMATION PROCESSES

ŞİMŞEK, ÜLKE

Ph.D., Department of Aerospace Engineering

Supervisor: Assoc. Prof. Dr. Tuncay Yalçınkaya

March 2024, 188 pages

Advancements in technology for the creation, characterization, modeling, design, and

application of nanostructured materials are essential for maintaining competitiveness

in the global industrial design and manufacturing market. Recently, processing ex-

tremely fine-grained metals through severe plastic deformation (SPD) techniques has

reached a critical phase in development. Sufficient laboratory findings are available to

demonstrate the overall viability of this approach, and it is widely acknowledged that

these materials hold significant innovation potential. The present work aims to con-

duct numerical investigations into the severe plastic deformation behaviors of metallic

materials using both classical continuum and microscale approaches based on finite

element method (FEM) simulations. Microscale analysis bridges the gap between

continuum plasticity theory and the textural characteristics of metallic materials. By

controlling the microstructural features and texture of metallic materials, it becomes

possible to improve properties such as strength, fatigue resistance, resilience, and

machinability. Finite Element simulations typically utilize two types of algorithms for

simulating metal forming processes: implicit and explicit. These processes involve

geometric nonlinearities, material nonlinearities, and variable contact problems. The
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explicit solution technique offers particular advantages when analyzing large three-

dimensional contact problems, making it applicable to metal forming simulations and

providing simplicity in solving dynamic contact frictions. An explicit crystal plastic-

ity finite element method (CPFEM) model is developed to systematically understand

the deformation behavior and texture evolution of single crystals and polycrystalline

materials during full-scale SPD processes.

Keywords: Severe Plastic Deformations, Finite Element Method, Continuum Me-

chanics, Microscale Mechanics, Crystal Plasticity, Texture Analysis
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ÖZ

ŞİDDETLİ PLASTİK DEFORMASYON SÜREÇLERİNİN KRİSTAL
PLASTİSİTE ANALİZİ

ŞİMŞEK, ÜLKE

Doktora, Havacılık ve Uzay Mühendisliği Bölümü

Tez Yöneticisi: Doç. Dr. Tuncay Yalçınkaya

Mart 2024 , 188 sayfa

Nano yapıya sahip malzemelerin üretiminde, karakterizasyonunda, modellenmesinde

ve uygulamasında ki teknolojik ilerlemeler, küresel pazarda endüstriyel tasarım ve

üretkenlik açısından çok önemlidir. Son yıllarda, aşırı ince taneli metallerin üreti-

minde, şiddetli plastik deformasyon (ŞPD) tekniklerinin kullanımı kritik bir aşamaya

ulaşmıştır. Bu yaklaşımın genel olarak uygulanabilirliğini göstermek için yeterli labo-

ratuvar bulguları mevcuttur ve bu üretim yöntemi ile elde edilen malzemelerin yüksek

yenilik potansiyeline sahip olduğu kabul edilmektedir. Mevcut çalışma, metal malze-

melerin şiddetli plastik deformasyon davranışlarını klasik sürekli ve mikro ölçekli

yaklaşımları kullanarak sonlu elemanlar yöntemi (SEY) simülasyonlarıyla sayısal

olarak incelemeyi amaçlamaktadır. Mikro ölçekli analiz, plastisite teorisi kullanılarak

elde edilen sonuçlar ile metalik malzemelerin doku özellikleri arasındaki ilişkiyi açık-

lamakta kullanılabilir. Bununla birlikte, metal malzemelerin mikroyapısal özellikleri

ve doku yapısını kontrol ederek dayanıklılık, yorgunluk direnci, esneklik ve işlene-

bilirlik gibi çeşitli mekanik özelliklerini geliştirmek mümkün hale gelebilir. Sonlu

eleman simülasyonları genellikle metal şekillendirme işlemlerini simüle etmek için
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örtük ve açık algoritma olmak üzere iki farklı türde algoritma kullanır. Metal şekil-

lendirme işlemlerinin simülasyonu, doğrusal olmayan geometrileri, doğrusal olmayan

malzeme mekanik özelliklerini ve değişken temas problemlerini içerir. Açık çözüm

tekniği, büyük üç boyutlu temas problemlerini analiz etme konusunda belirli avantaj-

lar sunar. Açık çözüm tekniğinin sağladığı üstünlükler, bu çalışmada metal şekillen-

dirme simülasyonlarında dinamik temas sürtünmelerinden kaynaklanan problemleri

çözmekte basitlik sağlamıştır. Açık algoritmaya sahip kristal plastisite sonlu eleman

yöntemi modeli, tek kristalli ve çok kristalli malzemelerin ŞPD işlemleri sırasındaki

deformasyon davranışlarını ve doku evrimlerini sistematik bir şekilde analiz etmek

amacıyla geliştirilmiştir.

Anahtar Kelimeler: Şiddetli Plastik Deformasyonlar, Sonlu Eleman Analizi, Sürekli

Ortamlar Mekaniği, Mikro-ölçekli Mekanik, Kristal Plastisite, Doku Analizi
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CHAPTER 1

INTRODUCTION

The development of materials possessing superior strength, heightened rigidity, and

reduced weight compared to existing substances has been pursued over centuries.

Furthermore, these materials must be engineered to withstand elevated temperatures.

The technology sectors of highly developed nations have ascribed particular signifi-

cance to these pursuits. In the recent decade, innovative processing techniques have

been meticulously formulated, all aimed at augmenting the performance attributes of

conventional materials. Nanocrystalline materials, which refer to polycrystalline ma-

terials characterized by grain sizes not exceeding 100 nm ([1]), have emerged as a

central focus of inquiry. Because of their extremely small dimensions, a significant

portion of atoms is located at the interfaces of these grains, imparting unique charac-

teristics to these materials ([2]). Gleiter’s pioneering publication in 1981 established

the seminal significance of nanocrystalline materials. Gleiter ingeniously employed

an inert gas condensation technique to synthesize ultrafine metallic particles at the

nanoscale. Subsequent consolidation of these particles into compact discs occurred

in situ under ultra-high vacuum conditions ([3]). Research related to nanocrystalline

materials has experienced exponential growth in the past few decades, especially in

recent years, resulting in a deeper comprehension of their metallurgical and mechan-

ical characteristics. These materials encompass single or multi-phase polycrystals

harboring grain dimensions within the nanoscale regime (1× 10−9 − 250× 10−9m).

The upper echelons of this scale have given rise to the term "ultrafine grain size,"

denoting dimensions ranging from 250 to 1000 nm ([4]). Ultrafine-grained (UFG)

metallic materials have assumed a significant place within contemporary materials

science, attributable to their conspicuous attributes confer substantial value for im-

pending structural and functional engineering applications. Nanocrystalline materi-
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als, characterized by exceptional properties, hold the potential to exhibit augmented

tensile strength, elevated hardness, enhanced fracture toughness, reduced ductility,

heightened diffusivity, elevated specific heat capacity, improved coefficient of ther-

mal expansion (CTE), superior machinability, and outstanding soft magnetic proper-

ties when compared to conventional polycrystalline materials ([5], [6], [7]). These

advantages have induced extensive research within this domain, especially with the

advent of sophisticated tools for processing and characterization, sparking heightened

activity. UFG materials present a remarkable avenue for probing the characteristics

of solid interfaces and advancing our comprehension of the structure-property inter-

play in solid materials on the nanoscale. They also bear considerable promise for

technological applications due to their distinctive attributes. Reducing the grain size

of conventional superplastic alloys has increased both the elongation to failure and

an optimal strain rate ([8]). The acquisition of superplasticity necessitates a delicate

interplay of minute and thermally robust grain sizes, complying with well-established

criteria. Conventionally, superplastic materials possess below 10µm grain dimensions

([9]). Advanced materials, particularly those of the ultrafine-grained category, are

used in various diverse fields, including aerospace, automotive, biomaterials, chemi-

cal sensors, construction, electronics, metal forming, information storage, and optics

([10], [11], [12]). While various techniques have emerged for crafting nanostructured

materials over time, many remain confined in their capacity for broader industrial

adoption. Foremost among these methodologies are inert gas condensation [13], me-

chanical alloying [14], electro-deposition [14], amorphous material crystallization

[15], severe plastic deformation processes [16], cryomilling [17], plasma synthe-

sis [18], chemical vapor deposition [19], pulse electron deposition sputtering [20],

physical vapor deposition [21], and spark erosion [22]. The pursuit of manipulat-

ing metallic materials into ultrafine-grained structures through severe plastic defor-

mations (SPD) has reached a critical juncture. The empirical findings highlight the

viability of this trajectory, underpinned by the innovative potential embedded in these

materials. As a result, we will witness substantial progress and innovative production

approaches in this field. One of the most essential foundations of the scientific un-

derstanding of how metals respond to external forces on a macroscopic scale while

undergoing permanent deformation is based on the mathematical framework of plas-

ticity theory. This framework encompasses a set of differential equations that mani-
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fest as mechanical models. This knowledge structure, synergistically combined with

advanced computational techniques and state-of-the-art hardware, yields practical so-

lutions encompassing a wide range of small and large plastic strains, all while con-

sidering appropriate boundary conditions. Continually refining material models to in-

tegrate physical and empirical realities using phenomenological representations con-

stitutes a thriving focal point of academic pursuit. Meanwhile, noteworthy progress

in traditional metal-forming endeavors is largely anchored in optimization paradigms

and engineering enhancements. Plastic deformation establishes a symbiotic relation-

ship with the crystallographic foundations at the micrometer scale, thereby providing

pure knowledge of the overall structure of metals. The current research set sails nu-

merical investigations, meticulously scrutinizing the behavior of metallic materials

undergoing severe plastic deformation. This analytical journey takes place at the con-

vergence of classical continuum plasticity theory and microscale analysis, executed

through finite element method (FEM) simulations integrated with SPD processes.

Microscale analysis fills the gap and sews the information deficiency between the

continuum plasticity theory and textural characteristics of metallic materials. The

crystal plasticity finite element method (CPFEM) is an effective tool for simulating

the change in microstructural properties and texture evolution during plastic deforma-

tions ([23], [24], [25], [26]). The ability to predict changes in texture within metals

during SPD processes holds strategic significance. It plays an important role in the

design of new production methodologies and the determination of process parame-

ters.

1.1 Processes and Methodologies of Severe Plastic Deformations

The most promising strategy for producing ultrafine-grained (UFG) metals revolves

around severe plastic deformation (SPD), an emerging facet within metal forming

technology. SPD involves inducing significant plastic deformation in materials while

minimizing changes to their shape and dimensions. The application of SPD to metal

processing to generate UFG metals characterized by submicron-scale grain sizes has

matured over more than two decades. This scientific field has evolved into one of

the most thoroughly investigated domains, encompassing physical metallurgy and
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extending widely across the field of materials science. Initially, research primarily

revolved around the projected changes in specific material properties as grain size

decreases, such as enhanced strength or superplasticity at lower temperatures ([27]).

However, with time, this scientific field has significantly diversified, incorporating a

range of diverse subjects. This expansion includes the development of innovative SPD

techniques, material modeling, and the creation of tailor-made materials. Foremost

among the SPD methodologies stand out equal channel angular pressing (ECAP),

high-pressure torsion (HPT), accumulated roll bonding (ARB), multidirectional forg-

ing (MDF), and twist extrusion (TE). These pathways have garnered significant at-

tention and occupy the forefront of SPD research. This section briefly outlines these

processes and introduces the computational methodology underlying severe plastic

deformations.

1.1.1 Equal-Channel Angular Pressing (ECAP)

In the 1970s, researchers at the Institute of Technical Physics in Minsk, USSR, em-

barked on significant theoretical and empirical endeavors to devise a method capable

of inducing consistent and repetitive simple shear within a substantial billet. The

culmination of these efforts, initially documented in the institute’s internal records,

resulted in a patent granted in 1977. This patent, credited to Segal, laid the ground-

work for what is now known as the equal-channel angular pressing (ECAE or ECAP)

method ([28]). A schematic illustration of the ECAP principle is presented in Fig-

ure 1.1. The internal channel of the mold is bent at an abrupt angle ϕ, accompanied

by an additional angle ψ that represents the outer curvature where the two channels

intersect. The conventional values for these angles are 90◦ and 20◦, respectively. The

specimen, often in the form of a rod or rectangular bar, is pressed through the mold

using a punch. The procedure unfolds as follows: initially, the billet undergoes de-

formation as it traverses the mold (Route A), incurring a predetermined plastic strain.

Subsequently, the billet is extracted from the mold, rotated around the vertical direc-

tion to a sectional view by 90◦, and pressed through the mold again (RouteBA). Once

more, the billet is removed from the mold, rotated by 180◦, and subjected to pressing

through the mold (Route C). The deformation mechanism involved is simple shear,

which occurs as the billet moves through the mold. A fundamental aspect of SPD
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processing, setting it apart from conventional metalworking techniques like rolling,

extrusion, and drawing, is its ability to maintain the billet’s cross-sectional area de-

spite introducing significant strains. This characteristic allows for repeated pressing

of the same billet, leading to exceptionally high strain levels. In the initial pass, grains

exhibit a spherical, cell-like morphology. After a 90◦ rotation of the billet, the cell

shape elongates, taking on an ellipsoidal configuration ([29]). This transformation

occurs due to the change in the shear plane. Upon a 180◦ rotation, the strain acts on

the same plane as a pure strain but in the opposite direction. This process induces the

recrystallization of grains into a more distinct structure, reducing grain size.

With each successive iteration of the billet through the mold, the magnitude of strain

increases, consequently enhancing the grains’ resistance to deformation. As the num-

ber of passes increases, a finer grain structure can be achieved.

Moreover, An additional measure involves applying backpressure to the opposite end

Figure 1.1: Shematic diagram (left) and processing routes for ECAP (right)

of the workpiece. This increases workability and facilitates a more even stress dis-

tribution across the billet, allowing the workpiece to fill the cavity of the die better

throughout the process.

The Equation 1.1 can be used to calculate the equivalent plastic shear strain value, as

discussed by Segal ([28]).

γN = 2cot

(
ψ

2
+
ϕ

2

)
+ ψ cosec

(
ψ

2
+
ϕ

2

)
(1.1)

The cumulative equivalent strain value can be computed using the die-channel and
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inner and outer angles, as derived from Equation 1.2.

ϵN = N
1√
3

[
2cot

(
ψ

2
+
ϕ

2

)
+ ψ cosec

(
ψ

2
+
ϕ

2

)]
(1.2)

Consequently, numerous subsequent models have been developed, including the Se-

gal strain model. This model was established to express the independent strain rela-

tionship for a sharp corner where ψ = 0◦. The overall strain is depicted as follows:

ϵN = 2N
1√
3
cot

(
ϕ

2

)
(1.3)

Hence, for a single extrusion pass with ϕ = 90◦, Equation 1.3 transforms into:

ϵN = 2N
1√
3
= 1.155 (1.4)

As a result, the extrusion stress or pressure, as postulated by Segal ([28]), is depicted

in Equation 1.5:

PN =
2√
3
σ0cot

(
ϕ

2

)
(1.5)

Where N = number of passes, γN = equivalent plastic shear strain, ϕ = angle be-

tween the channels (inner arc angle), ψ= outer arc angle, ϵN= effective strain, PN =

plunger pressure or required stress to push the sample material through the mold, σ0

is the yield strength of the material under test. Notably, the necessary pressure for

deformation primarily depends on the material’s ECAP angle and yield strength. It

should be noted that the incorporation of ψ in the pressure equation introduces vari-

ations. Moreover, the geometric analysis described earlier does not encompass the

influence of friction, strain hardening, and strain rate sensitivity. Additionally, it does

not account for strain distribution. ECAP has limitations, including its inability to

efficiently process materials with substantial length due to the instability introduced

by the pressing punch. Furthermore, challenges arise from the short service life of the

die and the intricate nature of the process, which limit the widespread applicability

of ECAP. Many modern SPD techniques also have drawbacks in terms of efficiency

and cost-effectiveness. Many efforts of the ECAP process to translate fundamental

experimental setups into production have faced challenges. The primary reason for

ECAP’s limitation to a laboratory tool is the absence of robust engineering advance-

ments, particularly appropriate processing technology tailored to various products.

6



1.1.2 High Pressure Torsion

The inception of high-pressure torsion (HPT) processing can be attributed to a semi-

nal work conducted by Bridgman ([30]). In this seminal publication, Bridgman suc-

cinctly delineated the foundational principles of this experimental technique, demon-

strating that subjecting a specimen to torsional deformation while simultaneously ap-

plying longitudinal compression enhances its flexibility. Figure 1.2 depicts a schematic

representation illustrating these principles. The specimen, configured in a disc shape,

is positioned between two anvils, where it is subjected to an applied compressive

pressure, denoted as P, reaching several gigapascals (GPa). This pressure is achieved

at ambient temperature or by applying elevated thermal conditions. Concurrently, the

specimen experiences torsional strain due to the rotation of the lower anvil. The disc

undergoes shear deformation due to surface frictional forces, effectively creating a

quasi-hydrostatic pressure environment, thereby facilitating the progression of defor-

mation. HPT possesses a noteworthy attribute and advantage compared to other

Figure 1.2: Shematic diagram (left) and parameters used in estimating the total strain

in HPT process (right)

techniques. Primarily, it can subject material to nearly limitless deformation strains

without causing substantial damage to either the specimen or the tool. This capability

stems from the significant hydrostatic pressure component inherent in the process,

which effectively shields materials from catastrophic failure ([31]). Equally impor-
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tant is the fact that material deformation, for the most part, occurs without altering its

outer dimensions. Although HPT typically involves smaller sample sizes than other

SPD methodologies like ECAP, it facilitates various microstructure characterizations.

It holds the potential to improve various mechanical properties. Importantly, from

an engineering perspective, although it requires high pressure, there are minimal im-

pediments to scaling up the process for larger specimens if such scaling is deemed

necessary ([32]). A detailed analysis of these resulting microstructures reveals sev-

eral notable characteristics of HPT processing. Firstly, the average grain sizes in the

central regions of the disk tend to be larger than those at the periphery. This difference

in grain morphology arises from the equiaxed nature of grains around the perimeter,

while the central region exhibits elongated grains resembling conventional rolling

microstructures ([33]). These elongated grains at the disk’s center highlight that the

prevailing processing conditions are insufficient to achieve an utterly homogenized

microstructure throughout the specimen ([34]). Achieving a lower grain size limit

within HPT-deformed materials primarily depends on factors such as metal purity,

alloying elements, punch pressure, process temperature, and strain rate. By apply-

ing a sufficiently high number of rotations, even disks with very low radii can reach

the lower limit of grain fragmentation in HPT-deformed materials. As a result, har-

monizing the microstructure and mechanical properties across nearly the entire disk

becomes feasible despite the linear relationship between applied strain and radius

([35]). For an infinitely small rotation, dθ, and a displacement, dl, it follows from

Figure 1.2 that dl = rdθ, where r is the radius of the disk, and the incremental shear

strain, dγ, is then given by:

dγ =
dl

h
=
rdθ

h
(1.6)

where h is the disk thickness; by further assuming that the thickness of the disk is

independent of the rotation angle, θ, it follows from formal integration that, since

θ = 2πN , the shear strain,γ, is given by

γ =
dl

h
=

2π Nr

h
(1.7)

where N is the number of revolutions. Finally, in many investigations, the equivalent

von Mises strain is then calculated using the relationship

ϵ =
γ√
3

(1.8)
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HPT process does offer significant advantages, such as consistent deformation, low

deformation resistance, minimal porosity, and the absence of contamination. How-

ever, incorporating HPT into industrial applications faces specific limitations, primar-

ily related to the size and shape of the samples subjected to the process. Furthermore,

the complexities of manipulating process parameters and the inherent uncertainty in

predicting the resulting results make it difficult to use HPT effectively for engineering

purposes.

1.1.3 Accumulated Roll Bonding

The Accumulative Roll Bonding (ARB) technique represents an innovative approach

to material processing, enabling the continuous production of plates, sheets, and bars.

This significant development can produce substantial materials while enhancing their

properties.[36]. The ARB technique involves a multi-stage, solid-state process. It

consists of several intricately coordinated steps. These steps include meticulous sur-

face preparation, precise cutting, deliberate stacking, subsequent rolling, and, in some

cases, a post-rolling heat treatment phase to improve the bonding quality among the

stacked sheets. The process flow of ARB is briefly illustrated in Figure 1.3, where

two or more sheets undergo a careful stacking procedure before undergoing substan-

tial plastic deformation through rolls. This deformation is precisely controlled to

facilitate effective solid-state bonding between the individual layers, ultimately re-

sulting in the desired composite structure.

Figure 1.3: Schematic presentation of accumulated roll bonding (ARB) process

ARB technique represents a promising avenue with substantial industrial potential

due to its inherent advantages, such as high production rates and seamless continuous
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operation. A complex interplay of process parameters and underlying mechanisms

significantly influences the bonding quality achieved through ARB. Recent research

efforts have been dedicated to unraveling the intricate bonding mechanisms inherent

in the roll bonding process. Current research efforts have been dedicated to unraveling

the complicated bonding mechanisms inherent in the roll bonding process. Within the

scientific discourse, four prominent theories have emerged to elucidate these mech-

anisms: the film theory, energy barrier theory, recrystallization theory, and diffusion

bonding theory ([37]). Collectively, these theories contribute to our comprehensive

understanding of the ARB process, providing insights into optimizing bonding qual-

ity and overall performance. The film theory postulates that bonding occurs when two

clean metal surfaces are brought into proximity. This theory is particularly prominent

in low-temperature ARB processes, where bonding is achieved as metal surfaces are

exposed to substantial deformation. In this scenario, the fracture of surface layers

and the extrusion of fresh metal through cracks play crucial roles in establishing di-

rect contact between the surfaces. This mechanism becomes operative as the metal

surfaces undergo significant plastic deformation, facilitating the intimate interaction

required for adequate bonding. On the contrary, the energy barrier theory postulates

that even if pristine surfaces come into firm contact, bonding will not occur unless

an energy barrier is surmounted. Numerous parameters influence ARB, with mate-

rial type, surface characteristics, and rolling conditions considered the most influen-

tial. UFG microstructures are primarily engendered through grain subdivision during

SPD. Consequently, the elongated UFG structures observed in ARB-processed mate-

rials resemble the lamellar boundary structures that emerge in materials subjected to

intense deformation via conventional rolling. This phenomenon suggests that UFG

structures are formed by stacking 50 % rolled sheets between cycles and incorpo-

rating severely shear-deformed surface regions into the center. Thus, unlike conven-

tional rolling, the sheared regions are not confined solely to subsurface layers; they

intricately distribute throughout the sheet’s thickness as each ARB cycle progresses

(Hansen [38]). The thickness reduction by the ARB process in most literature is se-

lected as 50% so that sheet material has the initial thickness after every forming cycle

([39]). The final thickness of the strip (t), total reduction (tr), where t0 is the initial

thickness of the strip and equivalent Von Mises strain (ϵvm) after the N cycles can be
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calculated using eqn. 1.9-eqn. 1.11

t =
t0
2N

(1.9)

tr =
t0 − t

t0
= 1− t

t0
(1.10)

ϵvm =

(
− 2√

3
ln

(
t

t0

))
N (1.11)

One of the challenges associated with the ARB process is the potential for material

fracture. This fracture risk can be mitigated by reducing the number of ARB passes,

using thicker material sheets, selecting less prone to fracture, optimizing processing

conditions, or introducing defects that can act as crack stoppers. Researchers are ac-

tively developing new methods to enhance the fracture toughness of ARB-processed

materials.

This challenge arises from the accumulation of total plastic strain within the materials

during the process, exacerbated by the non-hydrostatic nature of the rolling process.

As a result, edge cracks may appear in the sheets significantly as the number of cycles

increases. This phenomenon limits the broader application of the ARB technique in

industrial-scale sheet metal operations. Additionally, the confinement of shear strain,

a crucial factor for grain refinement in sheet metal operations, becomes particularly

pronounced on the surfaces of sheet metals subjected to ARB processing. The dis-

tinct mechanical properties of UFG metals compared to conventional metals can pose

difficulties when applying ARB in practical industrial settings.

1.1.4 Multi Directional Forging

The utilization of Multi-Directional Forging (MDF), acknowledged as one of the ear-

liest and most fundamental metal forming techniques for SPD processing, was spear-

headed by Imaev [40]. The methodology encompasses consecutive upsetting stages

in two (plane) or three mutually perpendicular directions. In the latter scenario, an

initial material with a rectangular geometryA×B×C, whereA > B > C, undergoes

forging along the first axis X until the aspect ratio transforms toB×A×C with a 900

rotation determined by the punch force surface area. Subsequently, forging occurs

along the second axis Y, causing the ratio to change to C ×B ×A following another
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900 rotation. Finally, forging along the third axis Z concludes the process, restoring

the original shapeA×B×C (see Fig. 1.4). This iterative, non-monotonic, and cyclic

loading sequence is repeated multiple times to accumulate significant strain levels in

the material.

Figure 1.4: Schematic presentation of multi-directional forging (MDF) process

A notable advantage of the MDF technique is its seamless compatibility with the

existing large hydrostatic presses commonly used in industrial settings. This compat-

ibility makes the method highly attractive for commercial applications, particularly

for producing large bulk samples ([41]). Implementing the MDF process leads to a

significant improvement in hardness and a simultaneous reduction in wear rate. How-

ever, it’s important to note that the rate of this enhancement tends to decrease as the

number of forging passes increases.

Furthermore, the MDF process induces a noticeable change in the wear mechanism,

attributed to the decrease in the friction coefficient of the deformed specimen. An

important observation is the development of a microstructure in the final pass speci-

men characterized by a fusion of ultrafine grains and micro shear bands. The analysis

of these results highlights that conventional mechanisms such as dislocation subdivi-

sions, twinning, and shear banding play a primary role in grain refinement. It is also

relevant to mention that the prevalence of deformation twinning and shear banding

intensifies as the stacking fault energy decreases, ultimately reducing the final grain
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size ([42]).

The effective plastic strain ensuing from the forging process can be quantified through

equation 1.12. In this formulation, H and W symbolize the height and width of the

deformed sample, respectively.

ϵeq =
2√
3
ln

(
H

W

)
(1.12)

The non-uniformity parameters of forging deformation are determined using equation

1.13, where ϵmax represents the maximum effective plastic strain within the section,

ϵmin signifies the minimum effective plastic strain within the section, and ϵavg denotes

the average effective plastic strain across the section.

c =
ϵmax − ϵmin

ϵavg
(1.13)

The MDF process is not without its limitations, with the most significant being the

development of tensile stresses at the free surfaces and high hydrostatic pressures.

These factors significantly contribute to crack formation and restrict the number of

passes that can be effectively utilized, especially at lower temperatures ([43]). Addi-

tionally, like other forging methods, MDF faces challenges related to microstructural

heterogeneity.

MDF is particularly well-suited for brittle materials when performed at room tem-

perature, primarily due to lower strain rates than techniques such as ECAP and HPT.

However, it’s essential to acknowledge that the grain refinement potential of the MDF

process is relatively less pronounced compared to alternative SPD approaches. Fur-

thermore, the achieved reduction in grain size is not uniform throughout the entire

sample, a concern that can be mitigated by increasing the number of processing passes

([44]).

1.1.5 Twist Extrusion

Twist extrusion (TE) was first introduced in 2002 by Beygelzimer ([45]). Unique

features characterize this method, including the distinctive arrangement of cross-

sectional planes within the channel. These cross-sections remain orthogonal to the
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extrusion axis and unchanged along the entire axis. The slope angle α of the twist

line varies along the height of the channel, being zero at both the initial and final sec-

tions. This specific channel geometry leads to an intriguing consequence: the overall

shape of the specimen remains constant throughout the TE process. The operational

principles of this method are schematically depicted in Figure 1.5.

Figure 1.5: Schematic presentation of twist extrusion (TE) process (top) and kine-

matically possible velocities during process (bottom)

This technique enables multiple extrusions of the specimen, accumulating significant

levels of severe plastic deformation. Notably, one of the distinctive features of TE

is its suitability for processing bars with rectangular cross-sectional profiles. Unlike

ECAE, where the simple shear plane is typically inclined at an angle of 45-60 de-

grees relative to the longitudinal axis of the specimen, TE introduces a shear plane

perpendicular to the specimen’s longitudinal axis. This configuration allows for the

creation of unique structures and textures. Moreover, using various combinations and

regimes, the strategic integration of ECAE and TE processes leads to an expanded

range of potential deformation paths. These paths encompass not only those achiev-
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able through ECAE alone but also distinct paths derived from TE, thus further diver-

sifying the capabilities of the method. TE demonstrates a steep deformation gradient

within the cross-sectional area, similar to the HPT process. Although limited data

exists on the effects of this deformation gradient on structure and properties, existing

evidence suggests that increasing the gradient can enhance grain refinement in metals

and subsequently improve their ductility ([46]).

In contrast to the ECAE process, TE exhibits a distinct characteristic of vigorous ma-

terial flows undergoing deformation within the cross-sectional dimensions of a billet.

This phenomenon contributes to the homogenization of the material’s structure and

properties. Homogenization is a process that can be used to improve the properties of

powder materials by reducing the variation in composition and microstructure. This

can make it easier to consolidate the powder into a solid material with uniform prop-

erties ([47]). TE also introduces a substantial nonmonotonic change in the specimen’s

surface as it passes through the die. Upon entering the twisted region, the billet’s sur-

face expands (by 70-80%), returning to its original size upon exiting the region. These

changes impact the metal’s structure and provide an avenue for introducing various

alloying elements into the billet’s surface layers. Compared to ECAE, the distorted ar-

eas at the billet’s terminations, particularly the head and rear parts, are notably smaller

under the TE process ([48]). This aspect holds increased significance in repeated pro-

cessing runs. Additionally, TE possesses the distinctive feature of preserving the bil-

let’s movement direction, setting it apart from ECAE. This characteristic enables the

seamless integration of TE into pre-existing industrial production lines ([49]). During

the TE process, it is commonly observed that high-angular dislocation walls tend to

become paired. Two distinct types of paired high-angular dislocation walls have been

noted in some cases. After three TE passes, the deformation structure becomes more

uniform, although single cells are still observed. The overall structure predominantly

consists of shear bands oriented in two planes of the subgrains alongside well-shaped

grains. The average size of these structural elements measures 0.3µm ([50]). The

following equations can outline the potential range of velocities for the TE process

([51]) within the regions labeled as I and III in Figure 1.5.
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(1.14)

In the II and IV areas in Fig. 1.5

Vx = −V0
y

R
tanα− Vp(z)
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a2

(
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h
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)
+ y + ycos
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)
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h
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))
Vz = V0

(1.15)

Where x,y, and z represent the coordinate positions of the particle, with the z-axis

directed along the twist die axis. Vx, Vy and Vz denote the components of the velocity

vector, while V0 signifies the extrusion speed. α represents the slope angle of the twist

line on the extrusion axis, and Vp corresponds to the velocity of material moving

within the cross-section of the die channel. R represents the distance between the

extrusion axis and the mold, ψmax is the angle of cross-section rotation as an outcome

from the twisting channel relative to the entrance, and h denotes the height of the

twisting channel. The average degree of accumulated strain can be calculated using

the following equation:

ϵ̇ = tanαmax (1.16)

In TE, a notable phenomenon is the significant grain refinement that occurs during the

initial passes. However, depending on the specific material and processing conditions,

the effectiveness of grain refinement decreases considerably after the third or fourth

pass. Eventually, the mean grain size stabilizes at the lowest achievable level for the

given material and temperature.

However, this method’s limitation is the non-uniform strain distribution across the

specimen, leading to heterogeneous mechanical properties. To address this challenge,

one strategy is to increase the number of passes, which can help alleviate the non-

uniformity in strain distribution and potentially lead to more consistent mechanical

properties throughout the specimen.
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1.2 The Structure of Metallic Crystalline Solids

The discovery of X-ray diffraction by metallic crystals ([52]) and the recognition that

metals consist fundamentally of atoms organized in specific geometric lattices ([53])

initiated numerous inquiries into the correlation between atomic arrangement and the

plastic deformation of metals. Much of the fundamental research on the plastic defor-

mation of metals has been conducted using single crystal specimens. This method-

ology removes the complicating influences of grain boundaries and the limitations

imposed by adjacent grains and second-phase particles. X-ray diffraction analysis

has revealed that atoms within a metal crystal are arranged in a consistent, repetitive

three-dimensional pattern. When explaining crystalline structures, atoms are visual-

ized as solid spheres with precisely defined diameters ([54]). This concept called the

atomic hard sphere model, envisions these spheres as representing nearest-neighbor

atoms in contact. As per the hard sphere model, the atomic configurations of certain

common elemental metals are depicted in Figure (1.6). The simplest crystalline

Figure 1.6: Atomic hard sphere model of the common elemental metals face-centered

cubic (left), body-centered cubic (mid), and hexagonal closed packed (right), respec-

tively.

structure is the simple cubic lattice. Crystallographic planes and directions are iden-

tified using Miller indices concerning these lattice axes. A crystallographic plane or

direction is determined by the measurements of its intersections with the three axes,

originating from the coordinate system’s origin. In cases where a plane intersects

an axis in the negative direction, an overline is employed to signify the associated

integer. For example, there are six crystallographically equivalent planes of the type

(100), each with varying indices like (100), (010), (1̄00), (01̄0), or (001̄), contingent
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upon the chosen axes. The symbol 100 represents a set or set of planes. Crystallo-

graphic directions are indicated by integers enclosed in square brackets [uvw] with-

out the necessity for reciprocals to define directions. A family of crystallographically

equivalent directions is denoted as <uvw>. In cubic lattice symmetry situations, a

direction is always perpendicular to the plane with corresponding indices. Never-

theless, specific crystallographic directions may not share the same index in crystals

with hexagonal symmetry. This inconsistency is resolved by using a four-axis, or

Miller-Bravais coordinate system. The three axes, designated as a1, a2, and a3, are

situated in a common plane and create angles of 120◦ with each other. The z-axis is

perpendicular to this basal plane. As explained previously, the directional indices are

denoted with four indices as [uvtw]. Following the convention, the first three indices

correspond to projections along the respective a1, a2, and a3 axes in the basal plane.

The conversion from the three-index system to the four-index system, from [u′v′w′]

to [uvtw], is achieved using the following formulas:

u =
n

3
(2u′ − v′)

v =
n

3
(2v′ − u′)

t = −(u+ v)

w = nw′

(1.17)

The transition between the two indexing systems involves primed indices for the

three-index scheme and unprimed indices for the new Miller-Bravais four-index sys-

tem. A factor "n" may be required to reduce the indices u, v, t, and w to their smallest

integers. Furthermore, converting planes from Miller-Bravais indices to Miller in-

dices is straightforward: the "i" value in [hkil] is omitted, yielding [hkl]. In the case

of ideal hexagonal close packing (hcp) structures, the ratio of the c-axis length to

the a-axis length, denoted as c/a, is approximately 1.633. Two other critical charac-

teristics of a metallic crystal structure are the atomic packing factor (APF) and the

stacking fault energy (SFE). The APF represents the ratio of the volume occupied by

solid spheres within a unit cell, considering the atomic hard sphere model. The APFs

for various metallic structures are detailed in Table 1.1.
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APF =
volume of atoms in a unit cell

total unit cell volume
(1.18)

Table 1.1: Unit cell length and atomic packing factor (APF) of some metallic struc-

tures

Crystal Structure unit cell length APF

FCC a = 2R
√
2 0.74

BCC a = 4R√
3

0.68

HCP a = 2R, c = 4
√
6R
3

0.74

Differences in the deformation behavior of metals can be attributed to variations in

stacking fault behavior. Nearly parallel partial dislocations experience a repulsive

force, which is counteracted by the surface tension of the stacking fault, pulling them

closer together. A lower stacking fault energy results in greater separation between

partial dislocations and wider stacking faults ([55]). Typical stacking fault energy

(SFE) values are provided in Table 1.2. Stacking faults have several effects on plastic

deformation. Metals with broader SFE exhibit faster strain hardening, are prone to

twinning during annealing and show distinct temperature-dependent flow stress be-

haviors compared to metals with narrower stacking faults ([56]). Metals with higher

SFE tend to form deformation substructures like dislocation tangles and cells, while

those with lower SFE display banded, linear arrays of dislocations.

1.2.1 Deformation with Slip

Deformation of metals through plasticity primarily occurs via the displacement of

crystal planes sliding over one another along specific crystallographic planes, known

as slip planes. This mechanism upholds the crystal structure’s integrity owing to the

lattice’s translational symmetry, guaranteeing that the crystal is flawlessly restored

after a uniform slip. During this process, every atom within the deformed region of the

crystal advances by a whole number of lattice spacings. Slip is most favorable along

specific directions on distinct crystallographic planes. Typically, the slip plane aligns
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Table 1.2: Staking fault energy (SFE) of some metallic materials ([57])

Metarial Stacking fault energy (SFE) Mj×m−2

Brass <≈10

310 stainless Steel ≈45

Silver ≈25

Gold ≈50

Copper ≈80

Nickel ≈150

Aliminum ≈200

with the plane with the highest atomic density, and the slip direction is located within

that plane. Because high atomic density planes usually have greater spacing within

the crystal structure, they tend to offer less resistance to slip than other planes. This

pairing of the particular slip plane and direction constitutes what is referred to as the

slip system. Within the face-centered cubic (fcc) crystal structure, the densely packed

systems correspond to the 111 octahedral planes and the <110> directions. Inside the

FCC unit cell, there are eight 111 planes. However, the planes on opposite faces of

the octahedron are parallel, resulting in four distinct sets of octahedral planes. Each

111 plane includes three <110> directions. Consequently, the fcc lattice encompasses

a total of twelve potential slip systems. The fcc structure’s different slip planes and

directions are visually illustrated in Figure 1.7, and their specific details are presented

in Table 1.3.

Figure 1.7: Slip Systems of FCC Single Crystals.
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Table 1.3: Slip systems of FCC single crystals [58].

Slip System Slip Plane Normal Slip Direction

number n s

1 (111) [110]

2 (111) [011]

3 (111) [101]

4 (111) [110]

5 (111) [011]

6 (111) [101]

7 (111) [110]

8 (111) [011]

9 (111) [101]

10 (111) [110]

11 (111) [011]

12 (111) [101]

In contrast to the face-centered cubic (fcc) arrangement, the body-centered cubic

(bcc) structure does not exhibit close packing. Consequently, no single plane with

a prevailing atomic density is similar to the 111 planes in the fcc structure. The 110

planes have the highest atomic density within the bcc structure, though they are not

notably denser than several other planes. In contrast to the fcc structure, where the

<110> directions are closely packed, the <111> direction is similarly closely packed

in the bcc structure. As a result, bcc metals adhere to the general rule that the slip

direction corresponds to the close-packed direction. However, bcc metals differ from

most other metals because they lack a single well-defined slip plane. The bcc struc-

ture’s different slip planes and directions are visually illustrated in Figure 1.8, and

their specific details are presented in Table 1.4.
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Figure 1.8: Slip systems of BCC single crystals.

1.2.2 Critical Resolved Shear Stress for Slip

The evolution of slip within a single crystal is contingent on numerous factors, includ-

ing the extent of the shear stress imposed by external loads, the inherent geometric

configuration of the crystal lattice, and the alignment of active slip planes concern-

ing the applied shearing stresses. The slip initiation transpires when the shear stress

applied to the slip plane, aligned with the selected slip direction, reaches a threshold

known as the critical resolved shear stress (CRSS). This parameter is analogous to

the yield stress in a conventional stress-strain curve, albeit within the context of an

individual crystal. The specific value of CRSS depends on the material’s chemical

composition and temperature. Determining the exact stress threshold at which the

initial slip bands become visible is considerably complex in practical situations. Usu-

ally, determining CRSS involves identifying the point where the extrapolated lines

from the elastic and plastic regions intersect on the stress-strain curve. It is crucial to

note that this determination process is inherently hindered by challenges arising from

the intricate behavioral complexities displayed by the material under these condi-

tions. The complex nature of these challenges, including factors like microstructural

heterogeneities and structural imperfections, adds to the inherent complexity of ac-

curately determining the CRSS value. Therefore, a thorough understanding of the

material’s behavior under different conditions is essential for a reliable determination

of its CRSS. The variation in the magnitude of tensile loads required to initiate slip

in single crystals with different crystallographic orientations can be understood by

considering the concept of CRSS as introduced by Schmid [60]. Let’s contemplate a
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Table 1.4: Slip systems of BCC single crystals ([59]).

Slip System Slip Plane Normal Slip Direction

number n s

1 (011) [111]

2 (101) [111]

3 (110) [111]

4 (011) [111]

5 (101) [111]

6 (110) [111]

7 (011) [111]

8 (101) [111]

9 (110) [111]

10 (011) [111]

11 (101) [111]

12 (110) [111]

13 (211) [111]

14 (121) [111]

15 (112) [111]

16 (211) [111]

17 (121) [111]

18 (112) [111]

19 (211) [111]

20 (121) [111]

21 (112) [111]

22 (211) [111]

23 (121) [111]

24 (112) [111]

cylindrical single crystal with a cross-sectional area represented as A (refer to Figure

1.9). In this situation, ϕ denotes the angle between the slip plane’s normal vector and

the tensile loading axis. At the same time, λ represents the angle between the slip’s
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direction and the tensile loading axis. The area of the slip plane, oriented at an angle

ϕ to the crystal’s geometry, is equal to A/ cosϕ. At the same time, the axial force

component acting within the slip plane, particularly in the slip direction, is denoted

as F cosλ. Consequently, the critical resolved shear stress is defined by:

Figure 1.9: Calculation of critical resolved shear stress

τR =
Fcosλ

A/cosϕ
=
F

A
cosϕcosλ (1.19)

Equation 1.19 presents the formula for the shear stress resolved onto the slip plane in

the direction of the slip. This shear stress reaches its maximum value when both ϕ

and λ are set to 45◦, resulting in τR = 1
2
F
A

. When the tension axis is perpendicular to

the slip plane (λ = 90◦) or aligned parallel to it (ϕ = 90◦), the resolved shear stress

becomes zero. The slip does not occur in these extreme orientations because there

is no shear stress within the slip plane. Crystals that approach these orientations are

more susceptible to fracture rather than undergoing slip. The Schmid factor, repre-

sented as m, is the ratio of CRSS to the axial stress. The Schmid factor is calculated

as m = cosϕ cosλ for a single crystal subjected to tension or compression along

its axis. Experimental observations demonstrate that a single crystal undergoes slip
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when the CRSS on the slip plane reaches a critical value. This phenomenon, known

as Schmid’s law, is particularly evident in HCP metals. The restricted number of slip

systems in hcp metals leads to significant differences between the orientation of the

slip plane and the axis of applied tensile forces. This contrast highlights the impor-

tance of Schmid’s law in these crystalline systems. The determination of the CRSS

magnitude within a crystal is intricately affected by the intricate interplay between

its dislocation population and various defects, including vacancies, interstitials, and

impurity atoms. While this stress inherently exceeds the force required to activate an

isolated dislocation, it is still significantly lower than the stress necessary to initiate

slip within a perfectly ordered lattice. Building upon this reasoning, the CRSS tends

to decrease as the density of defects within the material decreases. This observation

underscores the significant impact of defect concentrations on the material’s mechan-

ical behavior. It offers valuable insights into the intricate interplay between lattice

imperfections and the initiation of plastic deformation.

1.3 Texture Analysis

Numerous crucial materials for technology, such as metals, ceramics, and certain

plastics, consist of multiple crystalline structures. These materials’ characteristics

are determined by the properties of individual crystals and the parameters that define

their polycrystalline nature. As specific crystal properties exhibit strong directional

dependence, the crystallographic orientation of crystallites within the aggregate tex-

ture of polycrystalline materials becomes crucial among these parameters. When all

potential orientations of the crystallites are equally probable, the reliance on orienta-

tion diminishes on average. As a result, the polycrystalline material exhibits isotropic

behavior overall ([61]). It has long been recognized that the microstructure signifi-

cantly influences the properties of materials. The majority of engineering materials

are inherently polycrystalline, with few exceptions. In such instances, the microstruc-

ture can be defined as the amalgamation of morphology and orientation of the con-

stituents. Morphology pertains to the shape of the constituents, while orientation is

linked to their crystallography. Consequently, texture emerges as a fundamental as-

pect of microstructure. Understanding microstructure and crystallography is crucial
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in examining fabricated and natural materials. Traditionally, separate investigations

have been conducted in parallel: Optical microscopy, scanning electron microscopy

(SEM), and image analysis are utilized to analyze microstructure, while crystallo-

graphic analysis relies on x-ray texture determination or diffraction in the transmis-

sion electron microscope (TEM), supplemented by contributions from Kossel diffrac-

tion and selected area channeling (SAC) in the SEM. Hence, a typical material profile

might encompass the distribution of grain sizes alongside texture analysis determined

through X-ray techniques ([62]). Electron backscatter diffraction (EBSD) is a power-

ful technique for characterizing and analyzing microstructures in crystalline materials

([63]). EBSD data can determine numerous structural parameters influencing materi-

als’ properties and performance, including grain size, phase constituents, mechanical

anisotropy, and residual strain ([64]). This capability underscores EBSD as a valu-

able tool for controlling and developing the microstructures of commercial metallic

materials ([65]). Electron Backscatter Diffraction (EBSD) is a technique that enables

the retrieval of crystallographic information from samples using a scanning electron

microscope (SEM) ([66]). In EBSD, a fixed electron beam hits a tilted crystalline

sample, causing diffracted electrons to create a pattern on a fluorescent screen. This

distinctive pattern reflects the crystal structure and orientation of the specific sample

region from which it originates. The diffraction pattern enables the measurement of

crystal orientation, grain boundary misorientations, and differentiation between var-

ious materials and offers insights into local crystalline perfection. By scanning the

beam across a grid on a polycrystalline sample and measuring the crystal orienta-

tion at each point, the resultant map will unveil the morphology of constituent grains,

their orientations, and their boundaries ([67]). Additionally, this data can illustrate the

preferred crystal orientations, commonly known as texture, present within the mate-

rial. EBSD enables a comprehensive and quantitative representation of the sample’s

microstructure ([68]).

1.3.1 Representation of Orientations and Textures

Pole figures and Orientation Distribution Functions (ODFs) are crucial in studying

crystallography, materials science, and technology. These tools are utilized to ascer-

tain the preferred orientation of crystals within a material. Pole figures are visual rep-
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resentations depicting a material’s distribution of crystallographic orientations. They

illustrate the density of crystallographic planes perpendicular to a specific direction

in space. Typically presented as polar plots, they depict the density of the crystallo-

graphic plane as a function of the angle between the crystallographic plane and the

direction in question. ODFs serve as mathematical representations of the preferred

orientation of crystals within a material. They characterize the likelihood of encoun-

tering a crystal in a specific orientation within a given volume of material. ODFs

are commonly depicted as a function of Euler angles, which describe the crystal’s

orientation relative to a reference frame.

1.3.1.1 Pole figures

A pole figure represents the distribution of a chosen orientation or set of orientations

within a crystal or group of crystals comprising a material. It is typically depicted as

a histogram. A pole figure measurement acquired through X-ray diffraction encom-

passes a volume of reciprocal space corresponding to a half sphere. It enables the

determination of the orientation of specific periodicities, often called planes, present

in a material. Although a pole figure could be derived from an orientation distribution

function to illustrate various crystal directions, only reflections that are not forbid-

den will be visible in a pole figure measurement. The term "pole figure" denotes

the outcomes derived from an X-ray pole figure measurement. Figure.1.10 depicts

a schematic pole figure derived from a single crystal with a constant direct projec-

tion. In this representation, the continuous direct projection’s angle between the sur-

face normal and a plane can be directly gauged as the radius on the pole figure. In

contrast, Figure.1.10 illustrates the surface measured by this pole figure in the three-

dimensional reciprocal space. High intensities, denoted by dots in Figure.1.10, are

noticed on the pole figure when a reciprocal space point intersects a sphere of radius

|S| = 1/d centered on the origin of the reciprocal lattice ([69]).
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Figure 1.10: Reciprocal space representation of the single crystal reciprocal lattice

and pole figure in 3D dimension (top), the sample reference frame defines the ϕ and

ψ angles (left), and schematic representation of a single crystal pole figure (right).

1.3.1.2 Orientation distribution function

Quantitative texture analysis thoroughly examines the ODF, such as measuring the

weight fractions of texture components or fibers. These components enable deduc-

tions about various processes affecting the microstructure, like deformation or re-

crystallization. Each of these processes generates distinctive texture components, al-

lowing for the identification of changes during thermo-mechanical processing steps.

A polycrystalline material’s ODF quantitatively portrays its crystallographic texture,

facilitating the computation of its anisotropic physical properties. The ODF some-

times called the orientation density function, is defined by the orientation space cor-

responding to each orientation. It represents attributes such as the volume percentage

of crystals in a polycrystalline specimen oriented in a specific manner. This is often

expressed by a formula Equation.1.20, ([70]).

odf(g) =
1

V

dV (g)

dg
(1.20)

Where V is the volume and g is the percentage of crystals in a polycrystalline speci-

men in this specific orientation.
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1.4 Fundamentals of Continuum Mechanics

Continuum mechanics provides a robust and practical framework for understanding a

wide range of physical phenomena, avoiding the necessity to delve into the intricate

details of underlying microstructures. By conceptualizing materials as continuous

media, continuum mechanics allows us to analyze and predict macroscopic behav-

iors, including deformation, stress, strain, and fluid flow. While predictions derived

from macroscopic assessments may not yield precise outcomes, they are accurate

enough to guide the engineering design of industrial products. To conclude, it is nec-

essary to investigate micromechanical behavior by examining engineering materials

in more depth under prescribed boundary conditions. Microscopic examination re-

quires the reflection of kinetic and kinematic material behavior in the material model

under certain assumptions. Deformation of materials can be examined from diverse

viewpoints, and a fundamental factor in continuum mechanics for measuring defor-

mation is the deformation gradient, symbolized by the tensor F . The deformation

gradient tensor, a second-order tensor, carries considerable significance in mathemat-

ically clarifying the transformation of line elements from their original state in the

reference configuration to their present spatial condition. For visual clarity, imagine a

line element dX positioned within the material body, where X represents the position

of this element from the reference configuration, as depicted in Figure 1.11. As a re-

sult of either kinematic or kinetic alterations, the motion of the material body in space

causes the line element to take on the shape of dx, with the distance changing to x

in the current configuration. The motion can be efficiently described using a vector

function χ, while the gradient within the material can be expressed as ∂χ
∂X

.

dx = χ(X+ dX)− χ(X) = (Gradχ)dX (1.21)

If we represent the vector function χ as x = x(X, t), we can denote the material

gradient as:

F =
∂x

∂X
, Fij =

∂xi
∂Xj

(1.22)

The inverse deformation gradient F−1 maps the spatial line element dx to the mate-

rial line element dX.

F−1 =
∂X

∂x
, F−1

ij =
∂Xi

∂xj
(1.23)
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The decomposition of the deformation gradient can consistently be achieved by multi-

plying two tensors: a stretch tensor and a rotation tensor. This decomposition appears

in two distinct forms, known as the polar decomposition.

F = RU Polar Decomposition (Material)

F = vR Polar Decomposition (Spatial)
(1.24)

In this situation, the tensor R possesses the property of being a proper orthogonal

tensor, indicating that RT R = I and det(R) = 1, where RT denotes the transpose of

R. This tensor is designated as the rotation tensor and represents the local rotational

behavior at the point indicated by X. Further, it defines the skew-symmetric angular

velocity tensor Ω.

Ω = ṘRT (1.25)

The tensor U takes on the shape of a unique symmetric tensor known as the right

stretch tensor. It measures the local stretch the material undergoes at the point in-

dicated by X . Moreover, v represents a symmetric, positively definite second-order

tensor, often called the left stretch tensor. The velocity gradient serves as a measure

Figure 1.11: Kinematics of a line element in a material body with the deformation

gradient (left) and kinematics of velocity gradient (right)

of the rate at which a material undergoes deformation. When we consider two station-

ary points, namely, x and x+ dx, as shown in Fig. 1.11, the velocities of material

particles at these positions at any given moment in time are represented as v(x) and

v(x+ dx).
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v(x+ dx) = v(x) +
∂v

∂x
dx (1.26)

The relative velocity between these points is given by:

dv =
∂v

∂x
dx ≈ ldx (1.27)

With "l" is defined to be the spatial velocity gradient

l =
∂v

∂x
= gradv li,j =

∂vi
∂xj

(1.28)

The spatial velocity gradient can be expressed as

∂v

∂x
=
∂v

∂x

∂X

∂x
=

∂

∂X

(
∂x

∂t

)
∂X

∂x
=

∂

∂t

(
∂x

∂X

)
∂X

∂x
(1.29)

Alternatively, equation 1.29 can be represented as l = Ḟ F−1.

The velocity gradient can also be decomposed into symmetric and skew-symmetric

tensor parts.

l = d+w (1.30)

Where d is the rate of deformation tensor (rate of stretch tensor) and w is the spin

tensor ( rate of rotation or vorticity tensor), defined by

d =
1

2
(l+ lT), dij =

1

2

(
∂vi
∂xj

+
∂vj
∂xi

)
w =

1

2
(l− lT), wij =

1

2

(
∂vi
∂xj

− ∂vj
∂xi

) (1.31)

While considering two line elements in the reference configuration dX(1) and dX(2)

which are mapped into line elements dx(1) and dx(2) in the current configuration we

can write,

dx(1) · dx(2) = F dX(1) · F dX(2)

= dX(1)(F TF )dX(2)

= dX(1)GdX(2)

(1.32)

where by definition G is the Right Cauchy Green Strain denoted as F TF and also the

same way Left Cauchy-Green Strain b (Finger tensor) defined as FF T in deformed

configuration.
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Whereas the left and right Cauchy-Green tensors give information about the change

in angle between line elements and the stretch of line elements, the Green-Lagrange

strain (EEE) and the Euler Almansi Strain (eee) tensors directly give information about

the change in the squared length of elements. Green Lagrange strain is defined as,

E =
1

2
(G− I) =

1

2
(FF T − I) Green Lagrange Strain

e =
1

2
(I− b−1) =

1

2
(I− F−TF−1) Euler Almansi Strain

(1.33)

Whereas the Cauchy stress is the pushforward of the second Piola-Kirchhoff (PK2)

stress with deformation gradient F Equation 1.34,

σ =
1

J
FSF T (1.34)

In equation J is the volume ratio (detF ) and PK2 stress (S) can be found from the

multiplication of rotated elastic modulus (Eq. 1.35) according to initial orientations

C̃=QC
0 CQC

0

T with material strain tensor Green-Lagrange strain from Eq. 1.33 and

Eq. 1.36 where QC
0 is the transformed fourth order initial rotational orientation tensor.

([71],[72]).

C =



C11 C12 C12 0 0 0

C12 C11 C12 0 0 0

C12 C12 C11 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C44


(1.35)

S = C̃ : E (1.36)

The Kirchhoff stress tensor τ , which is a spatial tensor field parameterized by spatial

coordinates, can be found in Equation. 1.37,

τ = Jσ (1.37)

Cauchy stress and the rate of strain tensor exhibit incompatibility in the presence of

rigid body rotations. It is perhaps easiest to comprehend this situation when the ob-

ject has been stretched to a fixed amount held constant while it continues to rotate

(Fig. 1.12). During this rotation, the stress transitions from being primarily influ-

enced by the y-axis to being primarily influenced by the x-axis. Consequently, stress

changes with time, leading to σ̇̇σ̇σ ̸= 0. However, the rate of deformation tensor is
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Figure 1.12: Rigid body rotation of stretched object

zero because no actual deformations occur while the material rotates under a constant

stretch. In plasticity theory, two primary approaches are commonly utilized. The

first category of methods relies on hyperelastic-plastic relationships and multiplica-

tive elastic-plastic kinematics. It involves a Helmholtz free energy density governed

by either elastoplastic deformation [73], [74], [75]. On the other hand, the second

category of approaches relies on hyperelastic-plastic relationships, decomposing the

deformation rate additively and employing objective stress.

Figure 1.13: Axial strain versus shear strain curve under pure torsion (left) and pre-

dictions from three objective stress rates under simple shear (right) ([76])

When developing elastoplastic models to accommodate finite strain and rate-dependent

deformation, including objective stress rates in the constitutive equations becomes

crucial. Objective stress rates guarantee that the model’s predictions remain consis-
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tent regardless of coordinate systems or frames of reference. In the past, a commonly

used stress rate was the Zaremba-Jaumann-Noll stress rate, also known as the Jau-

mann stress rate [77]. However, further investigations demonstrated that this stress

rate could lead to unwanted oscillations, particularly in cases involving hyperelastic

materials undergoing simple shear deformation [78], [79]. This drawback prompted

the exploration of alternative objective stress rates that could effectively characterize

metallic behavior under finite strain conditions. To address the oscillatory behavior

associated with the Jaumann stress rate, Johnson introduced the Green-Naghdi stress

rate [80]. The Green-Naghdi stress rate provides a notable advantage by ensuring a

monotonically increasing shear stress. This feature effectively eliminates the oscilla-

tions associated with the Jaumann stress rate. The Green-Naghdi stress rate’s capacity

to produce a stable and monotonic response makes it especially suitable for precisely

characterizing the behavior of metallic materials experiencing finite strain conditions.

By employing the Green-Naghdi stress rate, researchers and engineers can improve

the accuracy and stability of their elastoplastic models when dealing with materials

undergoing complex deformation processes at finite strains. Choosing an appropriate

stress rate is crucial to ensure the model’s predictions align with experimental ob-

servations and accurately represent the material’s mechanical behavior throughout its

deformation history. These advancements prompted further investigations, leading

to the proposal of objective stress rates specifically tailored for capturing the behav-

ior of metallic materials under finite strain conditions. Notable among these are the

Green-Naghdi rate [81], Cotter-Rivlin rate [82], Oldroyd rate [83], and Truesdell rate

[84]. Each of these stress rates serves distinct purposes, as outlined in Table 1.5. The

predictions generated by these different objective stress rates under shear loading are

depicted in Figure 1.13.

1.5 The Aim and The Outline of This Thesis

This thesis aims to contribute to a more detailed characterization of severe plastic

deformations at the microscale by applying the crystal plasticity within the finite-

element method for numerical simulations of extrusion processes. This thesis investi-

gates the deformation under SPD processes boundary conditions, the specimen’s tex-
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Table 1.5: Objective stress rates for constitutive equations

Stress Rates Equations

Jaumann σ▽J = σ̇ + σw −wσ

Jaumann τ▽J = τ̇ + τw −wτ

Green-Naghdi σ▽G = σ̇ + σΩ−Ωσσσ

Green-Naghdi τ▽G = τ̇ + τΩ−Ωτ

Oldroyd σ▽O = σ̇ − lσ − σlT

Oldroyd τ▽O = τ̇ lτ − τ lT

Truesdell σ▽T = σ̇ − lσσσ − σlT + tr(d)σ

Cotter-Rivlin σ▽CR = σ̇ + lTσ + σl

Cotter-Rivlin τ▽CR = τ̇ + lTτ + τ l

ture evolution, plastic deformation response, material mechanical characteristics after

deformation, and the change in simulated microstructural properties. In the course of

this thesis, the traditional SPD processes TE and ECAP are studied. The novel SPD

process, namely non-linear twist extrusion (NLTE), is investigated with a novel ex-

plicit crystal plasticity algorithm and compared with the experimental results. Thus,

the design of new production methodologies and process parameters are determined.

Chapter 2Chapter 2Chapter 2 introduces the initial computational study of the newly developed severe

plastic deformation technique, the Non-Linear Twist extrusion process (NLTE). The

results concerning a conventional extrusion process, linear twist extrusion (LTE), are

discussed in detail. The method is expected to offer a great potential for industrial

use.

Chapter 3Chapter 3Chapter 3 confers the study investigating the comparison and contrast of the texture

evolutions during NLTE and TE processes, which are explored through the crystal

plasticity finite element method. Single copper crystals have billet forms and are

extruded separately through the TE and NLTE mold models. In addition to spatial

stress and strain evolution investigations, extruded billets’ orientation differences and

texture evolution are examined for two different initial orientations of a single cop-

per crystal. Moreover, the deformation histories at other locations of the sample are
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analyzed with the crystal plasticity finite element method (CPFEM) to compare the

performance of both techniques.

Chapter 4Chapter 4Chapter 4 describes a rate-dependent new crystal plasticity user subroutine to define

material behavior (VUMAT) algorithm developed for use with the explicit solver of

the Abaqus FE commercial program. The developed model is compared with exper-

imental data under various loading conditions and digital image correlation experi-

ments. The capability of the model to capture real material response is discussed.

Chapter 5Chapter 5Chapter 5 extends a comprehensive study of the newly developed severe plastic de-

formation NLTE process description by implementing the newly developed algorithm

of 3D explicit Crystal plasticity finite element user material code (VUMAT). A new

explicit CPFEM subroutine is employed to compare the experimental and predicted

results of a single copper crystal Non-Linear Twist extrusion process. Moreover,

the texture evolution and performance of newly developed severe plastic deformation

mold are investigated.

Chapter 6Chapter 6Chapter 6 submits the results of three-dimensional explicit crystal plasticity finite el-

ement method (CPFEM) modeling of the equal channel angular pressing (ECAP)

process of single crystal niobium (Nb).A study is conducted to analyze the behavior

of single-crystalline Nb in the ECAP process to establish an approach to investigate

the associated Taylor factor (M) and texture formation using different shear systems

in body-centered cubic (BCC) structures. The developed model has been validated

by comparison with experimental observations in the literature.
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CHAPTER 2

NUMERICAL ANALYSIS OF A NEW TORSIONAL EXTRUSION PROCESS

2.1 Introduction

The classical twist extrusion process, which is referred to as linear twist extrusion

(LTE) is based on pressing out a prism specimen through a die with a profile con-

sisting of two prismatic regions separated by a twist part ([85], [86], [87], [88]). The

original cross-section is maintained while it undergoes severe plastic deformation

and the process can be applied repeatedly, which changes in the microstructure and

properties of the specimen. High backpressure is applied when it exits the die. A

disadvantage of LTE is strain localization at the inlet and outlet of the twisting part.

Very high strain is imposed on the billet at both parts, while the billet is subjected to

rigid body rotation inside the twisting part. This local strain causes high punching

force and possibly inhomogeneous strain distribution.

The current study proposes a new SPD technique called Nonlinear Twist Extrusion

(NLTE) to overcome the disadvantages of the LTE process. The initial numerical

analysis is presented in comparison to classical twist extrusion processes. NLTE

technique is devised based on TE, but an effective die geometry is designed here,

resulting in higher and more homogeneous plastic strain evolution. The shear strain

is imposed throughout the whole channel without rigid body rotation. The purpose is

to spread the high plastic deformation to the larger regions of the cross-section.

The chapter is organized as follows. Firstly, in Section 2, the theoretical aspects of

kinematics and the kinetics of the nonlinear twist extrusion process are discussed.

Then, Section 3 introduces the mold geometry for linear and nonlinear twist extru-

sion, and the numerical procedure is summarized. The material response, boundary
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conditions, and finite element analysis procedure are presented. The numerical re-

sults for both linear and nonlinear cases are illustrated in comparison in Section 4.

The results are discussed in detail. Finally, the work is summarized, and concluding

remarks are given in Section 5.

2.2 Kinetics and Kinematics of NLTE Process

Assume that the rotation angle of the twist channel and displacement can be expressed

as θ = Cxn · θ is the rotation angle by twisting, C is γ/r, x is the displacement along

the longitudinal axis, n is the parameter, which is 1 for the linear torsion case (Fig.

2.1).

Figure 2.1: Linear twisting geometry

In the conventional TE, the rotation angle can be assumed to increase linearly with

displacement. Therefore, it can be written as dθ
dx

= C, and for n=2, the rotation angle

θ increases in a parabolic relation, and it can be found that dθ
dx

= 2Cx. It shows that

the workpiece rotates more in the NLTE process than the LTE. As a consequence of

a nonlinear design, it is expected that the specimen has to be faced with more severe

and homogeneous plastic deformation if it is compared with the LTE process.

The currently designed channel of NLTE consists of three parts, as shown in Figure

2.2. In part I, the cross-section the channel changes gradually from a circular radius

r to an elliptical shape with the major and minor axes of a and b, respectively. Since

ab = r2, the cross-sectional area of the channel is constant through this part. The

bar is twisted in part II according to the parabolic relation θ = Cx2. In part III, the

twisting continues with a constant rotation angle, but the cross-section changes from

an elliptical to a circular shape again. The shape of the cross-section must be changed
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back to the circle otherwise, the bar will be extruded out in an elliptical shape. FEM

simulations illustrate that a backpressure is necessary for a proper extrusion process

resulting in the original cross-section. Equivalent plastic strain values are used to

show the advantage of the NLTE process with respect to the LTE one. Using the

equivalent plastic strain relations and considering three parts of deformation of NLTE,

the equivalent plastic strain part I from a circle (r) and to ellipse (a, b; ab = r2).

The design concept of NLTE was presented in a previous study and can be found as

follows ([89]);

dεeqI =

√
2

3
[(dεpx)2 + (dεpy)2 + (dεpz)2 +

1

3
((dγpxy)2 + (dγpzx)2 + (dγpyz)2)] (2.1)

In the first part of NLTE, when the following conditions of dεpz = dγpxy = dγpyz =

dγpxz = 0, dεpx = dx
r

and dεpy = dγ
r

are applied, then the equivalent plastic strain in

part I is;

dεeqI =

√
2

3
[(
dx

r
)2 + (

dy

r
)2] =

√
2

3
(
dx

r
)2 + (

−dx
r

)2 =
2√
3

dx

r
(2.2)

εeqI =

∫ a

r

dεPI =
2√
3
ln
a

r
(2.3)

Equivalent strain part II in NLTE can be described below;

dεeqII =

√
2

3
[(dεpr)2 + (dεPθ )

2 + (dεpx)2 +
1

3
[(dγprθ)

2 + (dγpxr)2 + (dγpθx)
2]] (2.4)

Within the part II dεeqr = dεPθ = dγpθx = dγpxr = 0 and dγprθ = rCdx

εeqII =

∫
εpII =

√
1

3

∫
dγprθ =

√
1

3

rθmax

L
(2.5)

Since the deformations in part I and part III are similar, the equivalent strains are

the same. Finally, the plastic equivalent strain (PEEQ) equation for NLTE is shown

below;

εeq = 2εpI + εPII (2.6)

εeq = 2(
2√
3
ln
a

r
) +

√
1

3

rθmax

L
(2.7)
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According to Equation 2.7 for one pass of NLTE specimen, the equivalent plastic

strain is approximately 1.4. As will be shown in the following section the value of

the back pressure is identified according to this value, which will also depend on the

material.

Figure 2.2: Schematic extrusion of the nonlinear twisting workpiece

2.3 Simulations of the Linear and the NonLinear Twist Extrusion

Commercial finite element software Abaqus is used to simulate LTE and NLTE pro-

cesses. Copper specimens are modeled with rectangular and cylindrical shapes for

LTE and NLTE, respectively. The von Mises plasticity model is the constitutive

model used to simulate severe plastic deformations of workpieces. The true stress-

strain curve of the copper specimen is illustrated in Figure 2.4. The dimensions

of rectangular and cylindrical specimens are 20 mm × 20 mm × 50 mm and

r = 10 mm × 30 mm length. Explicit dynamic approaches are used due to the

modeled molds’ design complexity and severe plastic deformations. Mass scaling is

employed to reduce calculation costs and speed up simulations by setting the value to

100 for the entire model in the analysis. The energy balance of the model alters for

both LTE and NLTE processes as time progresses. Figure 2.3 illustrates this change

by displaying the variations in kinetic energy (KE), internal energy (IE), and plastic

dissipation energy (PD). It is worth noting that the model’s total energy (Etotal) re-

mains relatively constant throughout the simulation. To simulate the kinetics of the

process, a velocity boundary condition is applied on the punch through its rigid body

definition reference point. The punch speed is four mm/s, and the friction coefficient
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between the molds and specimen surfaces is chosen to be 0.01. To ensure the removal

of specimens from the mold, the dummy bodies were modeled with the same consti-

tutive definition as the specimens and combined with their contact surfaces using tie

constraints. The simulations modeled molds, specimens, and punches as rigid bodies.

Mesh properties of the simulation models were given in Table-3.1 and FE model of

the LTE and NLTE processes were shown in Figure 2.5. Boundary conditions were

chosen to represent the real extrusion process. Molds and dummy molds’ movement

and rotation degree of freedoms are restricted through their rigid body definition ref-

erence point, and punch could only move through extrusion direction.
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Figure 2.3: Comparison of whole model energies throughout the LTE (top) and NLTE

(bottom) processes
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Figure 2.4: True stress vs true strain curve of copper specimen ([90])

(a) LTE Model (b) LTE Mesh Model

(c) NLTE Model (d) NLTE Mesh Model

Figure 2.5: FEA Models of LTE and NLTE Processes
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Table 2.1: FEM Model Mesh Parameters of simulated LTE and NLTE processes.

Model Element Type Element

Family

Number

of Ele-

ments

LTE Mold Explicit-

Tetrahedral-C3D4

3D

Stress

305835

LTE Dummy Mold Explicit-

Hexahedral-C3D8R

3D

Stress

2538

LTE Punch Explicit-

Hexahedral-C3D8R

3D

Stress

925

LTE Specimen Explicit-

Hexahedral-C3D8R

3D

Stress

20000

LTE Dummy Specimen Explicit-

Hexahedral-C3D8R

3D

Stress

4500

NLTE Mold Explicit-

Tetrahedral-C3D4

3D

Stress

419316

NLTE Dummy Mold Explicit-

Hexahedral-C3D8R

3D

Stress

19866

NLTE Punch Explicit-

Hexahedral-C3D8R

3D

Stress

1679

NLTE Specimen Explicit-

Hexahedral-C3D8R

3D

Stress

3120

NLTE Dummy Specimen Explicit-

Hexahedral-C3D8R

3D

Stress

15794
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2.4 Results

To compare the deformation behavior of LTE and NLTE processes, two typical ele-

ments of the specimen were chosen at the inner and the outer sections of workpieces

distinctively ([91],[92]). The selected elements are highlighted in Figure 2.6.

Figure 2.6: Investigated elements with their local coordinates at the center and the

middle for the LTE process (left) and the NLTE process (right).

The simulations illustrate that there is an initial sudden increase of the load in LTE

when the specimen head enters the twist zone (Fig.(2.7)). Then, the workpiece ad-

vances the twist zone without a significant load change. This behavior has also been

discussed in the previous reports ([93]). On the contrary, in NLTE, the load increases

throughout the process. This is one of the prominent advantages of NLTE. How-

ever, the punch force is dependent on the frictional coefficient. The cross-section of

specimens differs between LTE and NLTE processes. To calculate punch pressure,

the punch force is divided by their respective cross-sectional areas, enabling a more

precise comparison of the results.

The deformed geometry of the specimen during processes and the equivalent plastic

strain distribution are directly affected by the applied back pressure ([94]). Figure

2.8 and Figure 2.9 show the equivalent plastic strain distribution and the change in

the geometry of the specimen depending on the back pressure values. It can be seen

that an increase in back pressure yields more homogenous equivalent strain distribu-

tion for both processes. The specimens fill the mold better than the case without the

applied back pressure. Moreover, the final cross-section shape resembles the initial
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Figure 2.7: The Variation of punch reaction force (top) and punch pressure (bottom)

according to process time and distance, respectively

geometry with the applied back pressure. An approximation to the calculated theo-

retical equivalent plastic strain value is used here to decide the amount of the applied

back-pressure value in simulations. Figure 2.10 shows the equivalent plastic strain

distribution of the inner and outer elements of LTE and NLTE specimens according

to various back pressure values. It can be seen that plastic equivalent strain evolution

in the NLTE process on the cross-section is more homogeneous compared to to tradi-

tional LTE processes for various back pressure values. 200MPa back pressure value

is identified from Figure 2.10 to obtain the theoretical value of 1.4. Therefore, from

now on, this value of back pressure is applied in all FEM simulations of LTE and

NLTE processes.

Figure 2.11b and Figure 2.11a depict the Von Mises stress contours for both LTE and

NLTE processes following a single pass.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 case of LTE, stress evolution is more heterogeneous, and higher

stress values are obtained in certain regions. On the contrary, in the NLTE case, stress

distribution is more homogenous throughout the specimen, and high-stress values are
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(a) 0 MPa Back-Pressure (b) 100 MPa Back-Pressure

(c) 200 MPa Back-Pressure (d) 300 MPa Back-Pressure

Figure 2.8: Section View of LTE specimen and variation of equivalent plastic strain

values depending on the applied back-pressure in LTE process
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(a) 0 MPa Back-Pressure (b) 100 MPa Back-Pressure

(c) 200 MPa Back-Pressure (d) 300 MPa Back-Pressure

Figure 2.9: Section view of NLTE specimen and variation of equivalent plastic strain

values depending on the applied back-pressure in NLTE process

Figure 2.10: The variation of equivalent plastic strain under various back-pressure

values
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distributed more homogeneously.

(a) LTE Specimen von Mises Stress

Distribution

(b) NLTE Specimen von Mises Stress

Distribution

Figure 2.11: Von Mises stress distribution of LTE and NLTE specimens (MPa)

Figure 2.12 shows the equivalent plastic strain distribution in both LTE and NLTE

specimens. In the case of 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. Distinctively, in the case of the NLTE process,

equivalent plastic strain evolves uniformly. This situation can also be illustrated by

using volume fraction histograms in Figure 2.13. The volume fraction is computed as

the number of elements with the same plastic deformation interval divided by the total

element number of specimens. The histogram shows the volume fraction of each level

of plastic strain values. The LTE process has a wider distribution of equivalent plastic

strain distribution in the histogram. On the other hand, the NLTE process has a higher

fraction at higher equivalent plastic strain value and a more uniform distribution of

equivalent plastic strain.

Figure 2.14 shows the variation of nominal plastic strains during the LTE and NLTE

deformation processes for outer and inner elements. The graphics were plotted ac-

cording to the local coordinate systems for each typical element. In the LTE process,

tensional normal plastic strain evolves at the outer element in 11 directions, while

the inner element shows the compressive normal plastic strain. In the NLTE process,

the deformation behavior of inner and outer elements is almost equivalent, and the

elements tend to extend. Regarding the 22 plastic strain components, the LTE again

shows distinct behavior and heterogeneous evolution for the inner and outer elements.

Inner elements of the specimen are exposed to more nominal plastic strain than outer
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(a) LTE Specimen (b) LTE Specimen section view

(c) NLTE Specimen (d) NLTE Specimen section view

Figure 2.12: Distribution of equivalent plastic strain for LTE and NLTE process

elements. Tensional plastic strains become effective in the inner elements through-

out the process, while the magnitude of the outer element changes from compression

to tension in 22 extrusion directions. It is noticeable that a considerably high ten-

sional normal plastic strain evolves in the inner element of the LTE process. For the

NLTE, the deformation characteristics of outer and inner elements are quite similar

and compressive plastic strains affect elements in 22 extrusion directions. For the 33

components of nominal plastic strain, the inner and outer elements are under com-

pression throughout the process. A considerably high compressive nominal plastic

strains are produced in the outer element during the LTE process.

Figure 2.15 shows the variation of shear plastic strain at various times during the

LTE and NLTE deformation process for outer and inner elements according to each

typical element’s local coordinates. For the evolution of 12 and 23 components, there

is a substantial difference in the LTE process’s outer and inner element deformation

characteristics. It is explicitly demonstrated that a high plastic strain of 1.5 is obtained
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(a) LTE process

(b) NLTE process

Figure 2.13: Distribution of equivalent plastic strain according to volume fraction of

LTE Specimen and NLTE Specimen
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Figure 2.14: The variation of nominal plastic strains during the LTE and NLTE de-

formation processes for outer and inner elements.
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in 12 directions in the outer element of LTE. In the case of NLTE, the outer element

experiences more plastic shear strain than the inner element. The differences are less

for the 23 components. Regarding the 13 components, the variation of plastic shear

strain is considerably high in the NLTE process and the outer and the inner element

deformation characteristics are quite similar. The outer elements experience more

plastic strain for both processes. Note that the strain reversal reduces shear strain

13 of the outer element in LTE, while the amount of reversion is smaller in NLTE.

Against the design concept of NLTE, strain reversion in NLTE occurs because of

frictional force, which suppresses the complete rotation of the billet. The frictional

force is a function of the pressure and contact area, and both are in a trade-off relation.

To reduce strain reversal in NLTE, we must design a more optimum die channel for

metal flow with a lower pressure and frictional force.

2.5 Conclusions

This study presents a new design for the twist extrusion process to obtain a more ef-

fective grain refinement procedure and overcome the disadvantages of classical pro-

cesses. The performance of the design is addressed with the first numerical analysis,

which is quite promising. The initial results illustrate the advantages of the process

in terms of punching force and deformation distribution, where more effective strain

evolution for grain refinement has been obtained with less punch force. Applied back

pressure substantially influences the final geometry and evolution of plastic strain.

The obtained equivalent plastic strain values show consistency with the theoretical

calculations. While the LTE process induces strain evolution, increasing from inner

elements to outer ones, more homogenous plastic strain distribution is captured by the

NLTE process. This means the latter results in a more homogeneous grain refinement

procedure. Moreover, the equivalent plastic strain volume fraction of NLTE reaches

higher values than LTE, making it more effective than classical processes. As a next

step, the experimental illustration of the design will be conducted, and the texture

evolution will be analyzed through the crystal plasticity finite element method.
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Figure 2.15: The variation of shear plastic strains at various times during the LTE and

NLTE deformation processes for outer and inner elements
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CHAPTER 3

COMPERATIVE CRYSTAL PLASTICITY FINITE ELEMENT ANALYSIS

OF LINEAR AND NON-LINEAR TWIST EXTRUSION PROCESSES

3.1 Introduction

The size and uniform distribution of grains within polycrystalline metals play a piv-

otal role in their physical properties. In general, materials with smaller grain size

exhibit increased strength and demonstrate enhanced properties at elevated temper-

atures compared to their coarser-grained counterparts (see, e.g., [95]). However,

the presence of small grains can also generate certain problems such as a reduc-

tion in the ductility, and the material’s ability to withstand cyclic loads, especially

in low-cycle fatigue, can be affected (see, e.g., [96, 97]). The problem observed in

the low-cycle regime is obviously linked to reduced ductility and a higher propor-

tion of grain boundaries, which in turn leads to early initiation and propagation of

cracks [98], and it is not observed in the high-cycle case. Numerical analyses of

NLTE demonstrate advantages in the punch force, deformation distribution, strain

evolution, and homogeneous plastic strain distribution compared to LTE [99]. Un-

derstanding the texture development and changes in material properties during the

process can aid in optimizing the process parameters, which is the main purpose of

the current work. To enhance and optimize the NLTE process, a deeper understanding

of the development of texture and alterations in material properties during the proce-

dure is pivotal. This comprehension is essential for refining the process parameters,

including mold geometry, pass numbers, frictional interactions, process speed, and

back-pressure values. Despite significant progress in investigating the kinetics and

kinematics of SPD methods, research concerning the texture evolution characteristics

of these processes remains relatively limited. However, the examination of the crys-
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tallographic texture evolution arising from the ECAP process has been undertaken

(see, e.g., [100].) This indicates a growing interest in exploring the textural aspects

of SPD methods to enhance their efficiency and applicability. These investigations

have demonstrated good agreement between the predicted texture evolution and the

experimental observations. Furthermore, these studies have underscored the influence

of the friction coefficient between the mold and the sample on the texture evolution

[101]. In contrast, the crystallographic analysis of the LTE process has not aligned

well with experimental results, with suggestions pointing towards grain thinning as a

possible factor contributing to this disparity [102]. Studies of texture evolution during

the design of the simple shear extrusion (SSE) process, achieved by varying the TE

die and process, showed that consistent results were achieved between predicted and

experimental textures. Additionally, the effect of back pressure on the texture evo-

lution of SSE processes was demonstrated using CPFEM analysis [103]. In helical

extrusion processes, a combination of FEM flow simulation and the crystal plasticity

model has successfully predicted deformation textures, further highlighting the po-

tential of these computational tools [104]. These studies collectively highlight the

strides being made towards understanding and predicting texture evolution in various

SPD processes, although challenges remain in certain cases.

In this context, the current work concentrates on the crystal plasticity analysis of the

classical twist extrusion and the nonlinear twist extrusion processes in a compara-

tive manner, focusing mainly on the texture evolution. In order to achieve this more

clearly, a single-crystal copper specimen is extruded and the results are discussed

in detail, which has not been done previously. The recently proposed nonlinear ap-

proach is studied using two different initial orientations and the results are analyzed in

comparison to the classical process. Previous research indicates that NLTE offers ad-

vantages in the punch force, deformation distribution, and strain evolution for grain

refinement, resulting in improved mechanical properties of the extruded materials.

Modeling the texture evolution provides insights into the deformation behavior and

helps to optimize the process parameters for the best NLTE extrusion outcome.
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3.2 Extrusion Process Modeling and Constitutive Behavior

This section presents finite element models of LTE and NLTE processes with a crystal

plasticity formulation. Calibration of the material parameters using the homogeniza-

tion approach is also briefly discussed.

3.2.1 FE models of NLTE and LTE processes

A finite element methodology is employed to model both the LTE and NLTE pro-

cesses, which is the most common technique in the modeling of both classical and

additive manufacturing processes ([105],[106],[107]). The finite element representa-

tion of LTE and NLTE is depicted in Figure 3.1. In the LTE procedure, a billet is

forced through a die featuring two linear channels separated by a section with spi-

ral geometry. As the billet is steadily rotated within the spiral section of the die,

the cross-sectional shape of the billet, perpendicular to the extrusion axis, remains

unchanged during its translational movement. The primary difference in the NLTE

process is that the billet is extruded while retaining its rotation around the longitudinal

axis. This feature prevents strain reversal and the rigid body rotation of the specimen.

Figure 3.1: FE model of LTE (left) and NLTE (right) processes
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In CPFEM simulations for the LTE and NLTE processes, the mold model and punch

are treated as rigid bodies. Encastre boundary conditions (u1=u2=u3=R1=R2=R3=0)

are applied to the rigid body reference point (center of mass) of the mold geometry

and velocity boundary conditions (2 mm/s) are applied to the rigid body reference

point of the punch geometry ([108],[109],[110]). Higher punch speeds cause con-

vergence and singularity issues in the analysis. The friction coefficient taken into

account with general contact algorithm between the mold and workpice is approxi-

mately µ=0.01 ([111],[112],[113]).

The models are built using individual SC copper samples, having square shapes for

LTE and cylindrical shapes for NLTE. The rectangular prism with a square section

has dimensions of 20 mm × 20 mm × 50 mm, while the cylindrical specimen has 20

mm in radius and 30 mm in height. Mesh properties for the SPD models are provided

in Table 3.1. The completion times for the analyses are shown in Table 3.2.

3.2.2 Constitutive models for NLTE and LTE processes

In the analysis, samples subject to shear deformation in the twist region are modeled

with a rate-dependent crystal plasticity model. The part called the dummy, which

transmits the punch force to the sample to be examined throughout the process, is

modeled with Von Mises Plasticity using the stress-strain values of the polycrystalline

copper material (Figure 3.2). The CPFEM studies are based on a UMAT (user-defined

material model) subroutine developed by Huang ([114]).

F = Fe · Fp (3.1)

The deformation gradient F is decomposed multiplicatively into an elastic component

Fe and a plastic components FP as Equation 3.1 ([115],[116]). where Fp denotes

the stress-free intermediate configuration where the orientation of the lattice does not

change, and the plastic shearing occurs along well-defined slip planes. The symbol Fe

represents lattice stretch and rotation. The elastic properties are assumed to remain

unchanged in the presence of slip, meaning that stress is determined by Fe. The
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Table 3.1: FE model mesh parameters of simulated NLTE and LTE processes.

Model Element Type Element

Family

Number

of Ele-

ments

NLTE Mold Implicit-

Tetrahedral-C3D4

3D

Stress

419316

NLTE Punch Implicit-

Hexahedral-C3D8R

3D

Stress

1679

NLTE Specimen Implicit-

Hexahedral-C3D8R

3D

Stress

48750

NLTE Dummy Specimen Implicit-

Hexahedral-C3D8R

3D

Stress

15794

LTE Mold Implicit-

Tetrahedral-C3D4

3D

Stress

33777765

LTE Punch Implicit-

Hexahedral-C3D8R

3D

Stress

925

LTE Specimen Implicit-

Hexahedral-C3D8R

3D

Stress

159989

LTE Dummy Specimen Implicit-

Hexahedral-C3D8R

3D

Stress

36000

Figure 3.2: Stress-Strain curve of polycrystalline copper material ([99])
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Table 3.2: LTE and NLTE processes analysis time

Model Punch speed CPU Time Proximate

analysis

completion

in days

UMAT CP LTE 2 mm/s 720 h:47 min:50 s 30 days

UMAT CP NLTE 2 mm/s 1078 h:17 min:21 s 45 days

plastic velocity gradient, denoted as Lp, can be expressed in the following manner:

Lp = Ḟp · Fp−1 =
∑
α

γ̇αsα⊗mα (3.2)

Here, the unit vectors sα and mα represent the slip direction and the nominal di-

rection to the slip plane in the reference configuration, respectively. which can be

determined for the current configuration,

s∗α = Fesα (3.3)

m∗α = mαFe−1 (3.4)

it is assumed that crystalline slip follows Schmid’s law. The rate of slipping, de-

noted as γ̇α, in a specific slip system α, depends exclusively on the Cauchy stress (σ)

through the resolved shear stress (τα). Resolved shear stress for each slip direction

can be found as Equation 3.5;

τα = m∗α · det(Fe)σ · s∗α (3.5)

According to Schmid’s law, the rate of slipping, γ̇α, for the αth slip system in a rate-

dependent crystalline solid is governed by the corresponding resolved shear stress τα ,

as expressed in Equation 3.6.

γ̇α = γ̇0
∣∣τα

gα
∣∣nsign(τα) (3.6)

The constant γ̇0 represents the reference strain rate for slip system α, while gα is

a variable that signifies the current strength of that particular system. Additionally,

the rate sensitivity exponent is denoted by n (as referenced in [117]). The evolution
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of the strengths gα, which characterizes strain hardening, is described through the

incremental relation shown in Equation 3.7.

ġα =
∑
β

hαβγ̇
β (3.7)

The term hαβ represents the slip hardening moduli, and the summation encompasses

all activated slip systems. Specifically, hαα (with no summation) is referred to as the

self-hardening modulus, while hαβ (for α ̸= β) is known as the latent hardening mod-

ulus. A straightforward expression for the self-hardening moduli can be employed,

as presented in Equation 3.8 (as mentioned in [118]).

hαα = h(γ) = h0sech
2 | h0γ

τs − τ0
| (no sum on α) (3.8)

Here, the parameter h0 represents the initial hardening modulus, τ0 stands for the

critical resolved shear stress, equal to the initial value of the current strength gα0 .

Furthermore, τs denotes the stage I stress, often called the breakthrough stress, at

which significant plastic flow begins. Finally, γ represents the Taylor cumulative

shear strain on all slip systems, as follows:

γ =
∑
α

∫ t

0

| γ̇α | dt (3.9)

The latent hardening moduli are determined by the equation presented in Equation

3.10.

hαβ = qh(γ)(α ̸= β) (3.10)

The provided expressions for the hardening moduli, with the constant q, do not con-

sider the Bauschinger effect in a crystalline solid.

3.2.3 Calibration of Crystal Plasticity Model

In this part, the material parameters for single crystal (SC) copper are obtained fol-

lowing a homogenization scheme. The literature has inconsistent experimental data

for tensile tests on SC copper. Hence, the stress-strain experimental data of polycrys-

tal copper are utilized to calibrate the mechanical properties of SC copper (Fig. 3.3).

To accomplish this, the tensile boundary conditions are enforced on a representative

volume element (RVE) cube consisting of 500 grains with random orientations ( Fig.
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3.4). The boundary conditions applied to the RVE under tensile loading are depicted

in Figure 3.5. Homogenization procedures are employed to calibrate the parameters

of the CPFEM. During the application of these boundary conditions, it is ensured that

the stress triaxiality value (Tr), which is calculated by dividing the hydrostatic pres-

sure by the von Mises equivalent stress, remains constant at a ratio of 1/3 throughout

the loading process and all the surfaces of the RVEs are kept straight.

Hydrostatic pressure is calculated by;

Ph =
σ1 + σ2 + σ3

3
(3.11)

Here,σ1, σ2 and σ3 are the principal stresses in the three principal directions. It does

not induce shear deformation. Equivalent von Mises stress can be defined as;

σveq =
1

2

√
(σ1 − σ2)2 + (σ1 − σ3)2 + (σ3 − σ2)2 (3.12)

And triaxiality can be found as;

Tr =
Ph

σveq
(3.13)

To employ this boundary condition, firstly, the bottom surface of the RVE cube is

constrained in y – direction (u2). The master node is selected at the corner of the

RVE cube. The coordinate of this node should be the (L1, L2, L3) as it is located at

the corner of the RVE, which enables us to couple the displacements of the surfaces

and the master node. The unit cell’s edges are aligned with the coordinate axes,

ensuring their straightness throughout deformation ([119]). The displacements ui,

where i ∈ 1, 2, 3, of all other nodes located on the surface containing node M are

linked with the displacement ui of the node M . These couplings are established

using the following linear Equations 3.14 ([120],[121]).
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u1(L1, x2, x3)− (u1)
M = 0,

u1(0, x2, x3) + (u1)
M = 0,

u3(x1, x2, L3)− (u3)
M = 0,

u3(x1, x2, 0) + (u3)
M = 0,

u2(x1, L2, x3, )− (u2)
M = 0,

u2(x1, 0, x3) = 0.

(3.14)

The overall responses of RVEs can be obtained with the fundamental theorem of

homogenization,

σ̄ij =
1

V

∫
v

σijdv with i, j = 1, 2, 3 (3.15)

Where (σ̄ij ) is the mesoscopic stress σij is the microscopic Cauchy stress, and lastly,

V is the volume of the RVE cube. As a result,σ̄ij is determined for an RVE by sum-

ming the microscopic Cauchy stresses over each element with their associated inte-

gration points through the equation;

σ̄ij =

∑N
m=1(

∑p
k=1 σij

kvk)m

V
(3.16)

where N is the number of elements, p is the total number of integration points, v is the

integration volume, and V is the total volume. The material parameters of SC copper

for the UMAT subroutine are illustrated in Table 3.3.
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Figure 3.3: Homogenized Stress-Strain Curve vs. Experimental true stress-strain

curve of polycrystal copper. ([99])
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Figure 3.4: 500 grained calibration cube model

Figure 3.5: Boundary conditions of the representative volume element under axial

loading to calibrate CPFEM parameters

Table 3.3: UMAT subroutine single crystal copper material parameters

Model C11 C12 C44 τ0 τs h0 γ̇0 n q

UMAT CP 168000

MPa

121400

MPa

75400

MPa

25

MPa

115

MPa

120

MPa

0.001

s−1

17 1.4
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3.3 Results and Discussion

CPFEM simulations are conducted for both LTE and NLTE processes, employing in-

cipiently parallel to <100> and <111> directions SC copper specimens. The simula-

tions demonstrate an initial quadratic increase in the load for both LTE and NLTE pro-

cesses as the specimen head enters the twist zone. After this abrupt rise, the curve’s

gradient decreases, and the punch force slightly elevates throughout both processes.

The previous reports have also discussed this behavior ([122]). Figure 3.6 illustrates

the necessary punch force, in terms of punch pressure, by dividing the punch force

from a crossectional area of the specimens because the specimens’ cross sections are

different. As it is shown, NLTE requires a lower punch force than LTE. This stands

as a notable advantage of NLTE. The black curves represent results for incipiently

parallel to<111> orientation SC copper, while the green lines represent incipiently

parallel to <100> orientation SC copper.

In the LTE process, an incipiently <100> oriented SC copper experiences a higher

punch force than an incipiently <111> oriented counterpart. Conversely, in the NLTE

process, an incipiently <111> oriented SC copper requires more punch force through-

out the process. Punch pressures should be evaluated considering the varying cross-

sectional areas in both cases to present a more accurate comparison. However, the

punch pressures are influenced by the frictional coefficient. A low friction coeffi-

cient (approximately 0.01) addresses convergence issues related to implicit solvers

in contact nonlinearities and frictional discontinuities in these calculations. An in-

creased friction coefficient would result in higher punch forces for both processes.

The abrupt increase in punch pressure in the LTE process is attributed to the sudden

cross-sectional change, a characteristic not observed in the proposed NLTE process.

Figure 3.7 depicts the Von Mises stress distribution for an incipiently parallel to

<100> orientation SC copper during the LTE process. The stress values gradually

rise from the specimen’s center towards its periphery, with the maximum stress levels

concentrated at the surface edges. Conversely, in the case of an initially <111> ori-

ented single crystal subjected to the LTE process, the stress evolution becomes more

heterogeneous, leading to elevated stress values in peripheral regions (Figure 3.8).
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Figure 3.6: LTE and NLTE processes require different punch pressures based on the

initial orientation of single crystal copper.

Figure 3.7: Von Mises stress distribution (in MPa) of an incipiently parallel to <100>

orientation single crystal copper during a single pass of LTE (left) with a cross-

sectional view (right).
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Figures 3.9 and 3.10 display the Von Mises stress in the NLTE extrusion. Signifi-
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Figure 3.8: Von Mises stress distribution (in MPa) for an incipiently parallel to <111>

orientation single crystal copper during a single pass of LTE (left) with a cross-

sectional view (right).

cantly, after the NLTE process, stress becomes notably more uniform. High-stress

values are found in the peripheral region and extend throughout the entire single cop-

per specimen, differing from the LTE process. When comparing, incipiently parallel

directed to <100> orientation SC copper specimens endure higher stress levels than

their <111> oriented counterparts. In both processes, the outer surface of the speci-

mens bears the maximum stress levels. This is attributed to the fact that these regions

come into contact with the interior surface of the die during the extrusion process.

Figures 3.11 and 3.12 present the distribution of equivalent plastic strain resulting

Figure 3.9: Von Mises stress distribution (in MPa) for an incipiently parallel to <100>

orientation single crystal copper during a single pass of NLTE (left) with a cross-

sectional view (right).

from LTE processes for incipiently parallel to <100> and <111> orientation single

copper crystals, respectively. In LTE processes, the equivalent plastic strain displays

a lower magnitude around the center of the specimen. From the center towards the

surface of the specimen, there’s a gradual increase in equivalent plastic strain for
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Figure 3.10: Von Mises stress distribution (in MPa) for an incipiently parallel to

<111> orientation single crystal copper during a single pass of NLTE (left) with a

cross-sectional view (right).

both initial orientations. Notably, the highest strain accumulates at the corners, while

the lowest strain is observed at the center. This distribution pattern is linked to the

inhomogeneous strain distribution characteristic of the LTE process ([123]).

Figure 3.11: Plastic equivalent strain distribution of incipiently parallel to <100>

orientation copper single crystal during one pass of LTE process (left) with a cross-

sectional view (right).

Figures 3.13 and 3.14 highlight that, in NLTE processes, the evolution of equiva-

lent plastic strain is notably uniform. The distribution of equivalent plastic strain is

more consistent from the center to the periphery of the specimen. Similar to LTE

processes, incipiently directed <111> orientation single copper specimens experience

greater plastic deformation than incipiently directed to <111> orientation SC copper

specimens for both processes.

Furthermore, during the NLTE process, the SC copper workpiece undergoes signif-

icantly higher plastic equivalent strain than the LTE process. This increased plastic

deformation in NLTE processes will enhance grain refinement, further amplifying
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Figure 3.12: Plastic equivalent strain distribution of incipiently parallel to <111>

orientation copper single crystal during one pass of LTE process (left) with a cross-

sectional view (right).

plastic strains.

Figure 3.13: Plastic equivalent strain distribution of incipiently parallel to <100>

orientation copper single crystal during one pass of NLTE process (left) with a cross-

sectional view (right).

To demonstrate the kinetic and kinematic investigations of the LTE and NLTE pro-

cesses, two representative elements from the workpieces have been chosen: one from

the central section and another from the outer section of the specimen. Figure 3.15

visually emphasizes these selected elements.

The change of the reaction forces and boundary conditions according to the process

time plays a vital role in SPD processes. During the process, loading directions,

deformation modes, and the orientation of reaction forces on contact surfaces shift.

Consequently, shear strain rates can vary due to these dynamic boundary conditions.

Under the influence of dynamic strain rates, the anisotropic nature of a single crystal’s

flow stress can alter. While geometric factors tend to remain unaffected by strain rate

changes, the motion of dislocations, interaction processes, and texture can exhibit
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Figure 3.14: Plastic equivalent strain distribution of incipiently parallel to <111>

orientation copper single crystal during one pass of NLTE process (left) with a cross-

sectional view (right).

Figure 3.15: The analyzed elements, along with their local coordinates, are situated

at the center and periphery for the LTE process (left) and the NLTE process (right).
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heightened sensitivity to strain rate fluctuations. These factors ultimately influence

slip activity and microstructural evolution. Exploring the behavior of plastic defor-

mation under such conditions can be challenging due to the difficulty of observing

isolated dislocation groups and measuring microstructure evolution.

In fcc metals, twelve distinct 111 slip systems play a role in plastic deformation.

Nevertheless, The slip systems with identical Schmid factors do not always contribute

equally to the deformation process. As dislocations form, aggregate, and arrange

themselves into structures of lower energy, the internal stress state evolves. Local

internal forces display heterogeneity and may either facilitate or impede dislocation

glide on specific slip systems, regardless of their Schmid factors ([124]).

Rather than relying solely on Schmid factors and microstructural observations, anisotropy

is best evaluated through the lens of slip activity. Slip activity refers to the count and

distribution of active slip systems ([125]; [126]). These active slip systems are of-

ten indicated by dense slip lines and slip bands appearing on the most active planes.

As strain rates increase, dislocation accumulation becomes more heterogeneous, and

microstructures acquire a more directional character. This results in the formation of

slip bands on the most active planes. The heightened heterogeneity amplifies changes

in flow stress due to alterations in loading direction, especially as strain rate increases

([127];[128]). Figures 3.16 through 3.19 present shear strain variations over LTE

process time, categorized by slip planes and the initial orientation of single copper

crystals. These variations are analyzed for the workpieces’ center and periphery ele-

ments, focusing on slip directions. Among the curves, the green, black, and red curves

correspond to the center element, while the blue, pink, and yellow curves represent

the periphery element.

In the case of an incipiently parallel to <100> orientation single copper crystal, the

maximum shear strain values occur at <-111> and <111> slip planes, along with the

[110] and [10-1] directions, respectively, with a magnitude of 0.2. Conversely, for an

initially <111> oriented single copper crystal, the peak shear strain value is achieved

on <1-11> and <11-1> slip planes.

Notably, the most active shear plane and direction during the LTE process for the

incipiently parallel to <111> orientation SC copper, in the periphery element, is the

71



Figure 3.16: Shear Strain evolution of -111 slip plane according to slip directions of

<100> and <111> oriented single copper crystal

Figure 3.17: Shear Strain evolution of 1-11 slip plane according to slip directions of

<100> and <111> oriented single copper crystal

Figure 3.18: Shear Strain evolution of 11-1 slip plane according to slip directions of

<100> and <111> oriented single copper crystal

Figure 3.19: Shear Strain evolution of 111 slip plane according to slip directions of

<100> and <111> oriented single copper crystal
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shear plane <11-1> with the [10-1] shear direction, as illustrated in Figure 3.18. In

contrast, less activated slip directions are evident for the initially <111> oriented sin-

gle copper crystal’s <-111> slip plane, as depicted in Figure 3.16.

Figures 3.20 to 3.23 depict the evolution of shear strains over the processing time of

the NLTE process, categorized by shear plane, shear direction, and the initial orien-

tations of a single copper crystal. These figures analyze the workpieces’ center and

periphery elements, focusing on shear directions similar to the LTE process.

For incipiently directed <100> orientation single copper crystal, the maximum shear

strain value occurs at <11-1> and <111> slip planes, accompanied by the [101] and

[10-1] directions, respectively, with a shear strain magnitude of 0.3. In the case of

an initially <111> oriented single copper crystal, the maximum shear strain values

are observed on <-111>, <1-11>, and <111> slip planes, along with [101], [110], and

[101] directions, respectively.

These figures reveal that the most activated slip system belongs to the <-111> slip

plane for the center element of an incipiently parallel to <111> orientation SC copper,

as indicated in Figure 3.20. Conversely, the less activated slip system is associated

with the 11-1 slip plane for the center element of an incipiently parallel to <111>

orientation SC copper, as demonstrated in Figure 3.23. The NLTE process exhibits

a more active shear system and higher shear strain values than the LTE process. Ad-

ditionally, the phenomenon of strain reversal can be observed in the initially <111>

oriented single copper crystal’s <11-1> slip plane and [101] direction, as seen in Fig-

ure 3.22.

The stacking fault energy (SFE) significantly influences the resulting crystallographic

texture in FCC materials and their alloys. The value of SFE is contingent on the

material type and is influenced by the presence and ratio of alloying elements. For

instance, pure nickel (Ni) and aluminum (Al) possess very high SFEs, exceeding

4200mJ/m2, while pure copper (Cu) exhibits an intermediate SFE, typically around

50 to 60 mJ/m2. Introducing alloying elements frequently reduces the SFE to values

below 20 mJ/m2. This characteristic of the SFE plays a crucial role in determining the

primary deformation mechanism during plastic deformation. Specifically, materials

with high to moderate SFE values tend to undergo deformation primarily through
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Figure 3.20: Shear Strain evolution of -111 slip plane according to slip directions of

incipiently directed to <100> and <111> orientation single copper crystal

Figure 3.21: Shear Strain evolution of 1-11 slip plane according to slip directions of

incipiently directed to <100> and <111> orientation single copper crystal
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Figure 3.22: Shear Strain evolution of 11-1 slip plane according to slip directions of

incipiently directed to <100> and <111> orientation oriented single copper crystal

Figure 3.23: Shear Strain evolution of 111 slip plane according to slip directions of

incipiently directed to <100> and <111> orientation oriented single copper crystal
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Table 3.4: Texture components and pole figures for face-centered cubic (FCC) mate-

rials according to [111], [110], and [100] plane respectively and initial orientation of

single copper crystal ([129])

.

Components

Name

Directions Bunge Euler

Angles(φ1 ϕ

φ2)

Pole Figures of Components [111]

[110] [100]

Cube [001]<100> (0) (0) (0)

Goss [011]<100> (0) (45) (0)

Brass [011]<211> (35) (45) (0)

Copper [211]<111> (90) (35) (45)

S [123]<634> (60) (32) (65)
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dislocation slip. In contrast, those with lower SFE values activate mechanisms such as

twinning, leading to shear band formation. Both these mechanisms can significantly

influence the deformation texture.

It is essential to recognize that using ideal components in inverse pole figures (IPFs)

and orientation distribution functions (ODFs) to describe texture evolution may be

insufficient. Instead, textures can be represented as a spread of orientations, form-

ing continuous orientation tubes across orientation space. The elemental textures of

FCC metals, such as Cube, Copper, Brass, Goss, and S orientations (Table 3.4), play

a crucial role in comprehending the final texture of SC copper after deformation.

These texture components provide insights into the mechanical behaviors, physical

and chemical properties, and overall performance of materials in engineering appli-

cations.

The control and understanding of texture evolution are crucial for developing new

materials ([130]). In FCC materials featuring a high to medium SFE, grains typi-

cally experience rotation towards copper-type textures as deformation intensifies, and

the primary deformation mechanism that prevails throughout the entire deformation

process is dislocation slip. The SFE value plays a pivotal role in determining the

primary mechanisms of plastic deformation. In metals characterized by a high SFE,

like aluminum and copper, slip remains the dominant deformation mode, developing

a rolling texture consisting of copper, brass, and S texture components. In mate-

rials characterized by a low SFE, copper-oriented grains initially aggregate during

the early stages of deformation. Nevertheless, as the loading process persists, these

grains gradually undergo rotation toward brass-type textures, ultimately becoming

the predominant texture after experiencing substantial deformations. The texture ob-

served in low SFE metals, characterized by a significant brass component and a minor

Goss orientation, is commonly called an alloy-type texture ([131]). In summary, the

stacking fault energy profoundly influences deformation mechanisms and subsequent

texture evolution in FCC materials, ultimately impacting their mechanical properties

and applicability in engineering applications.

After the initial pass of both the LTE and NLTE processes, the outcomes for the cen-

tral and peripheral elements are depicted in Figure 3.24 and Figure 3.25, respectively.
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Figure 3.24: <111> Section pole figures of central elements (left) and peripheral el-

ements (right) of a single crystal copper specimen after the LTE process. The blue

points represent the incipiently directed <100> orientation (top) and <111> orienta-

tion (bottom).

Figure 3.25: <111> Section pole figures of central elements (left) and peripheral ele-

ments (right) of a single crystal copper specimen after the NLTE process. The blue

points represent the incipiently directed <100> orientation (top) and <111> orienta-

tion (bottom).
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The initial orientation distributions exhibit significant variations after a single pass

for each process. The orientation distribution in the pole figures after the LTE pro-

cess is reminiscent of the main orientation pole figures associated with copper and

S-textures. Similarly, the center and periphery elements of an incipiently directed to

<100> orientation SC copper specimen show characteristics of the cube and S-texture

after the NLTE process. Conversely, for incipiently directed to <111> orientation SC

copper workpieces, the center and periphery elements exhibit orientation distributions

resembling copper and S-textures after the NLTE process.

These pole figures indicate that both LTE and NLTE processes subject the elements of

a single copper specimen to shear deformation, with dislocation slip being the dom-

inant deformation mechanism in both cases. Moreover, following a single pass, the

orientation distributions for central and peripheral elements exhibit greater alignment

in the NLTE process compared to the LTE process. Comparing these results with

the initial orientations reveals that both center and periphery elements rotate about 45

degrees along the extrusion axis.

ODF is characterized by defining the X and Y directions as the transverse direction

(TD) and the extrusion direction (ED), respectively. In this study, a copper-type sam-

ple symmetry is employed. Five primary texture components (Cube, Brass, S, Goss,

and Copper) are used in the analysis and presented in Figure 3.26. The texture evo-

lution of the NLTE process is predicted and contrasted with that of the LTE process.

Figures 3.27 and 3.28 illustrate the ODFs of ψ2 angles at 0◦, 45◦, and 60◦ for the

corresponding positions. Specifically, Figures (a) and (b) display the initially <100>

oriented SC copper ODF results for center and periphery elements, while Figures (c)

and (d) showcase the predicted ODF results for the initially <111> oriented single

copper crystal’s center and periphery elements, respectively.

ODFs offer a valuable means of enhancing our comprehension of the texture evolu-

tion following the first pass of LTE and NLTE processes. Since both LTE and NLTE

processes are grounded in a shear deformation, analyzing ODF sections concerning

the main textures can yield valuable insights. After a single pass of the LTE pro-

cess, the ODFs for the center and periphery elements exhibit discernible distinctions

when compared to each other, regardless of whether the initial orientation is <100> or
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(a)

(b)

(c)

(d)

(e)

Figure 3.26: Comparison of ODF (00, 450, 600 section) obtained by texture compo-

nents a) Cube, b) Goss, c) Brass, d) Copper and e) S-texture

<111>. Figure 3.27 presents a comparative view of the ODF results obtained from

the LTE CPFEM analysis of a single copper specimen after a single pass. Compar-

ing these ODF results with the primary texture components shown in Figure.3.27, the

central and peripheral elements display significant Copper and S components in the

case of an initially <100> oriented SC copper specimen. Conversely, for an initially

<111> oriented SC copper specimen, the Copper and S component textures gradually

weaken from the center to the periphery elements. In contrast, the Goss and Brass

texture components gain strength.

Recent research has focused on understanding the influence of crystallographic tex-

ture on fatigue resistance. A significant fatigue performance was observed in Goss

grains of an Al-Cu-Mg alloy, whereas Brass grains exhibited decreased resistance to

fatigue crack propagation. The study demonstrated that a higher Goss/Brass volume

fraction ratio enhanced fracture toughness in the Al-Cu-Mg alloy ([132]). The ODF

CPFEM results for incipiently parallel directed to <100> and <111> orientation SC

copper specimens are depicted in Figure 3.28. Upon comparing these results with the
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(a)

(b)

(c)

(d)

Figure 3.27: Comparison of ODF (00, 450, 600 section) obtained by CPFEM predic-

tion of single crystal copper specimens a)center element initially oriented <100>, b)

periphery elements initially oriented <100>, c)center element initially oriented <111>

and d)periphery element initially oriented <111> after LTE process

main texture components displayed in Figure 3.26, it becomes evident that the major

components for both center and periphery elements correspond to the cube texture

components.

The evolution of cube texture in FCC materials is a subject of special attention due to

its crucial role in preferential growth during recrystallization heat treatments of cold-

rolled sheets. This texture anisotropy contributes to the formation of defects during

deep-drawing processes ([133]). In the case of copper, the appearance of shear bands

in the deformed structure provides alternative nuclei for recrystallization, exhibiting

varying orientations with some inclination towards retained rolling texture compo-

nents. These shear bands also disrupt the cube-oriented bands within the deformed

structure, diminishing their favorability as nucleation sites. Consequently, the cube

texture experiences significant weakening after recrystallization ([134]).

The propensity for shear banding is heavily reliant on the initial grain size of the ma-

terial, thereby enabling the control of cube texture strength through this parameter.

Fine initial grain sizes refine the spacing of oriented bands, leading to more closely
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(a)

(b)

(c)

(d)

Figure 3.28: Comparison of ODF (00, 450, 600 section) obtained by CPFEM predic-

tion of single crystal copper specimens a)center element initially oriented <100>, b)

periphery elements initially oriented <100>, c)center element initially oriented <111>

and d)periphery element initially oriented <111> after NLTE process

spaced cube bands. This not only facilitates the development of cube grains but also

enhances the "orientation pinning" effect for other competing orientations, as exem-

plified in aluminum and discussed by Doherty et al. ([135]).

For initially <111> oriented SC copper specimens, both center and periphery elements

exhibit strong S-textures following the NLTE process for a single pass. In metals with

high SFE, such as aluminum and copper, slip is the dominant deformation mode, and

the rolling texture comprises copper, brass, and S-texture components with nearly

equal intensities.

3.4 Conclusion

In this study, numerical simulations are employed to explore the extrusion process of

individual single-crystal copper workpieces, encompassing both the LTE and NLTE

mechanisms, while considering two distinct initial orientations of the workpieces. By

adopting this methodology, a thorough and intricate comparison of the effectiveness
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of grain refinement, utilizing crystal plasticity finite element analysis, is conducted for

these two severe plastic deformation techniques, marking the first instance of such an

analysis in the literature.

This investigation’s initial results underscore the NLTE process’s benefits concerning

punch force and deformation distribution. While the LTE process increases strain

evolution from the central to the peripheral elements of the workpiece, the NLTE pro-

cess experiences a more uniform distribution of plastic strain. Additionally, in shear

deformation zones, the orientation distribution in the NLTE process appears more

consistent than in the LTE process. The NLTE process demonstrates more active

shear systems and elevated shear strain values than the LTE process. Consequently,

the workpiece undergoes more extensive plastic deformation during the NLTE pro-

cess. Therefore, it is expected that the NLTE process leads to greater grain refinement

in the workpiece. Furthermore, strain reversal can be investigated specifically at the

[11-1] slip plane and in the <101> direction. Moreover, the initial crystal orientation

influences the ultimate orientation outcomes of the processes. The NLTE process

exhibits more active shear systems and higher levels of shear strain than the LTE pro-

cess. Additionally, the NLTE process changes crystal orientations through rotations

along the extrusion direction.

The influence of back pressure and friction coefficient on severe plastic deformation

processes and microstructure is well-established. However, due to computational lim-

itations associated with using the implicit UMAT code in this study, considering the

friction coefficient and back-pressure load might have been insufficient. We plan to

perform more comprehensive analyses employing an explicit methodology within the

crystal plasticity framework to mitigate this constraint. Subsequently, the acquired re-

sults will be further compared with experimental observations. This next phase of our

research will yield a more precise comprehension of how these parameters affect the

simulation results.

82



CHAPTER 4

EXPLICIT FINITE ELEMENT METHOD OF CRYSTAL PLASTICITY

4.1 Introduction

FEM provides researchers and engineers with the capability to simulate and visualize

the behavior of materials undergoing deformation in SPD processes. It allows for

manipulating process variables and parameters to study their effects and optimize the

outcomes of SPD techniques. This level of control and understanding is crucial for

enhancing the efficiency and effectiveness of these processes. There are two main

types of solvers commonly used in FEM simulations for metal forming processes:

implicit and explicit algorithms. Implicit solvers are well-suited for problems involv-

ing slow and steady deformation processes, while explicit solvers are more suitable

for simulations involving rapid and dynamic changes. Researchers have utilized both

types of solvers to investigate various aspects of SPD processes, from the mechanical

response of materials to the microstructural changes that occur during deformation.

The integration of FEM with computational techniques has opened up new avenues

for studying and improving SPD processes, leading to enhanced material proper-

ties and optimized processing routes. By accurately simulating and analyzing these

processes, researchers can gain insights into the underlying mechanisms and guide

the development of advanced materials with tailored properties. Implicit solvers are

suitable for problems with slow and steady deformations. They might struggle with

highly discontinuous nonlinearities, such as frequent changes in contact and frictional

sliding. As the size of the simulation model increases, memory usage and CPU costs

per iteration also increase. Convergence difficulties can arise due to sudden changes

in contact conditions. Explicit solvers are advantageous for analyzing large three-

dimensional contact problems commonly encountered in metal forming simulations.
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They can handle highly discontinuous nonlinearities. However, they have unstable

algorithms. The time step must be smaller than a critical time step, as determined by

stability considerations. This critical time step is usually small compared to the du-

ration of the forming process. The Explicit Method is well-suited for short-duration

processes. It can handle large and complex simulations with contact and friction

and is particularly useful for dynamic and transient behaviors. It offers insights into

short-time events. It can be used for simulations involving high velocities or artifi-

cially increased material density. In metal forming simulations, both methods have

their merits and limitations. While implicit methods are more stable and better suited

for long-term processes, explicit methods are more suitable for short-term, dynamic,

and highly nonlinear processes. Researchers often choose the method that aligns best

with the specific characteristics of the process they are simulating and the trade-offs

between accuracy and computational efficiency. Industrial manufacturing needs to

keep in check and predict the material mechanical properties of products through-

out the material processing phase, requiring better predictive and physically-based

models to intervene in the processing. The texture and anisotropy, and their impact

on the mechanical properties of the products, are the key parameters for investiga-

tion. The CPFEM analysis provides a coherent explanation for deforming processes.

Metal forming simulation with CPFEM can be performed using implicit and explicit

algorithms. The implicit CPFEM method can experience numerical difficulties when

simulating nonlinear, highly discontinuous, and high-speed dynamic processes. Most

metal-forming simulations with CPFEM need explicit algorithms for stable analysis

increments due to contact nonlinearities and frictional discontinuities. One of the

main drawbacks of using crystal plasticity in large-scale finite element simulations is

the high computational cost due to the stress update algorithm. Implicit and explicit

CPFEM formulation advantages and disadvantages are discussed in previous works

([136],[137]). Additionally, the literature explores various explicit CPFEM formula-

tions and algorithms. For example, crystal plasticity explicit formulation was derived

using the Euler integration scheme (e.g., [138]). In another example, a framework

for numerical integration of crystal elastoplastic constitutive equations compatible

with explicit finite element codes presents the results of numerous calculations us-

ing a physics-based rate and temperature-dependent model of a copper and the effect

of elastic unloading, elastic crystal anisotropy, and deformation-induced lattice ro-
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tation were emphasized ([73]). Moreover, an effective computational algorithm for

rate-independent crystal plasticity based on a single crystal yield surface was ap-

plied to tube hydroforming and cutting plane algorithm ([139]). Furthermore, severe

numerical instability in the integration of rate-dependent crystal plasticity (RDCP)

models is one of the main problems for implementing RDCP into the finite element

method (FEM), especially for simulating dynamic/transient forming processes con-

taining complicated contact conditions under considerable step lengths, large strains,

and high strain rates. An implicit model was deduced with the primary unknowns of

shear strain increments of slip systems under the corotational coordinate system. The

subroutine VUMAT was developed for implementing the RDCP model in ABAQUS/-

Explicit ([140]). Forby, a crystal plasticity scheme for explicit time integration codes

was also developed based on a forward Euler algorithm ([141]). In addition, simu-

lations of the deep drawing of cylindrical cups from as-rolled OFHC-copper blanks

were carried out using an explicit finite element formulation ([142]). Besides, an

explicit integration scheme for hypo-elastic viscoplastic crystal plasticity was pro-

posed. It was found that the hypo-elastic implementation was only slightly faster and

had similar accuracy as the hyper-elastic formulation ([143]). On the side, an effi-

cient and robust constitutive explicit algorithm was proposed, and an implicit update

algorithm into an explicit form was tested ([144]). Lastly, a hypoelastic–plastic for-

mulation of porous crystal plasticity with a regularized version of Schmid’s law was

proposed. The equation describing the effect of the voids on plasticity was modi-

fied to allow for an explicit analytical solution for the effective resolved shear stress

([145]).

In this study, a rate-dependent new crystal plasticity user subroutine to define material

behavior (VUMAT) algorithm is developed with the explicit solver of the Abaqus FE

commercial program.
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Figure 4.1: Kinematics of elastic and plastic deformation of single crystals

4.2 Explicit CPFEM Formulation

4.2.1 Kinematics

The material constitutive response of single crystals can be modeled by consider-

ing crystallographic slip mechanisms ([146],[147]). The total deformation gradient

(F = R∗U ), where R∗ represents rigid body rotation and U represents the right

stretch tensor, is multiplicatively decomposed into elastic (F e) and plastic (F P ) com-

ponents ([148]) (Eq.4.1). Additionally, the elastic part of the deformation (F e) can be

expressed as the multiplication of the left stretch tensor (V e) and the rotation tensor

(Re).

F = F eF p (4.1)

In the Abaqus explicit formulation, the total rotation tensor (R∗) represents rigid

body rotation, which is formulated using the Green-McInnis-Naghdi rate ([149]). Un-

der the assumption of plastic deformation, the plastic component of the deformation

gradient does not affect the rigid body rotation of a single crystal. Thus, the elastic

part of the rotation (Re) can be considered equal to the total rotation (R∗) of the

deformation.

F = R∗U = V eR∗F p (4.2)
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The resolved shear stress τα acting on the αth slip system in the undeformed lattice

can be defined as the work conjugate to the slip rate (γ̇α). Then, by considering the

plastic power per unit volume, it can be defined as (Eq.4.3) ([150]).

ω̇ = τ : Dp =
n∑

α=1

ταγ̇α (4.3)

where τ is the Kirchhoff stress and Dp is the plastic rate of deformation tensor in the

current configuration. Equation 4.3 can be written in the current configuration from

Figure 4.1 Us and Equation 4.4;

τα = ñα · τ · s̃α (4.4)

In the intermediate configuration (U0) shown in Figure 4.1, Equation 4.4 can be writ-

ten as Equation 4.5 in the n th iteration number.

ñα · τ · s̃α = ñα
0F

eT
n F e

nS
e0
n F eT

n F e−T
n s̃α0 (4.5)

which is equal to ;

ταn =
α∑

k=1

Ce0
n Se0

n s̃α0 ⊗ ñα
0 (4.6)

where Ce0
n in Equation 4.6 is the elastic right Cauchy-Green strain tensor and defined

as Equation 4.7.

Ce0
n = F e

n
TF e

n (4.7)

Se0
n is the Piola-Second Kirchhoff stress (PK2) which can be calculated from Equa-

tion 1.36 in Chapter 1 and Ce0
n Se0

n is the Mandel stress ([151],[152]) on the interme-

diate state U0 in Figure 4.1. s̃α0 ⊗ ñα
0 is the tensor product of the slip direction and

nominal direction of initial slip system directions, which can be found by multiply-

ing the slip system (sα, nα) with the Bunge-formulated Euler angles (α, β, γ) from

Equation 4.8. The rotation tensor Q0 can be written as Equation 4.9 ([153]).

s̃α0 = Q0s
α, ñα

0 = Q0n
α (4.8)
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Q0 =



cos(α) cos(γ)−
cos(β) sin(α) sin(γ)

cos(γ) sin(α)+

cos(β) cos(α) sin(γ)
sin(β) sin(γ)

− sin(γ) cos(α)−
cos(β) sin(α) cos(γ)

− sin(γ) sin(α)+

cos(α) cos(γ) cos(β)
cos(γ) sin(β)

sin(α) sin(β) − cos(α) sin(β) cos(β)


(4.9)

The initial orientation matrix Q0 depends on the Euler angles (α, β, γ). The trans-

formation matrix Q according to the reference frame of the corotational lattice frame

is updated by Equation 4.10 ([154],[155]). Euler angles of the single crystal during

deformation can be found from Q and are used to represent the final texture.

Q = R∗Q0 (4.10)

Slip plane directions, and normals are illustrated in Figure 1.7 and Table 1.3 in Chap-

ter 1.

4.2.2 Power Law Type Flow Model

The slip rates and evolution of internal variables must be specified to complete the

constitutive model of elastic and plastic deformation of a single crystal material. Sev-

eral flow and hardening models have been proposed in the literature. A phenomeno-

logical power-law type model and another physical-based model are commonly used.

The power-law type rate-dependent formulation, which relates the slip rate on each

slip system to the current yield stress τα and the slip resistance gα, is given in Equa-

tion 4.11 ([156]).

γ̇αn = γ̇0
∣∣τα

n

gαn

∣∣msign(ταn) (4.11)

where γ̇0 is the reference shearing rate, and the exponentm is the strain rate sensitivity

coefficient. This flow model is straightforward and easy to implement in the user

subroutine due to the simplicity of the formulation and ease of calibrating the model

parameters.
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4.2.3 Hardening Model

The slip resistance gα is defined in Equation 4.12. The critical resolved shear stress

ταc is initially equal to g0. The hardening moduli hαβ represent the rate of strain

hardening on slip system α due to slip on slip system β. This occurrence of self and

latent hardening is phenomenologically described by Equation 4.13 ([115]).

ġα =
12∑
k=1

hαβ|γ̇β| (4.12)

hαβ = qh(γ) (4.13)

The saturation-type model are introduced in equation 4.14.([157],[158])

hαβ = h0[q + (1− q)δαβ](1− gβ/gsat)
asign(1− gβ

gsat
) (4.14)

where δαβ = 1 for α = β and 0 otherwise; h0, gsat, and a are the material parameters,

representing the reference self-hardening coefficient, the saturation values of slip re-

sistance, and the hardening exponent, respectively. q represents the latent hardening

parameter.

The hyperbolic secant formulation in Chapter 3, Equation 3.8 is an optional harden-

ing model.

4.2.4 Plastic Component of Deformation Gradient

In the field of crystal plasticity, it is understood that the primary mechanism driv-

ing plastic deformation is the movement of dislocations through the crystal lattice.

This dislocation motion is restricted to specific crystal planes and directions dictated

by the material’s crystallographic structure. Notably, plastic flow does not alter the

underlying crystal structure of the metal. In addition to plastic deformation, elastic

deformation can occur where no dislocation movement is involved. Elastic deforma-

tion results from the crystal lattice distortion without causing permanent changes to

the crystal structure.

Plastic deformation is initiated by the process of shear or slip denoted as γα on specific

slip systems. These slip systems are characterized by vectors s and n, representing
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the unit vector along the slip direction and the unit normal vector to the slip plane in

the intermediate configuration U0, as illustrated in Figure 4.1. The equation provided

in Equation 4.15 defines the velocity gradient.

L = Ḟ F−1 (4.15)

with Equation 4.1 into the above formula, straightforward differentiation using the

product rule gives the following additive decomposition of the velocity gradient

L = Le + F eLp(F e)−1 (4.16)

where Le and Lp are, respectively, the elastic and plastic components of the velocity

gradient. As defined in the above expression, the plastic component of the velocity

gradient is defined in the intermediate configuration. Therefore, the second term cor-

responds to a pushforward to the current configuration. Plastic deformation is caused

by dislocation slip along multiple slip systems. The plastic component of deforma-

tion gradient Lp can be obtained as the sum of the shear rates corresponding to each

slip system, γ̇α according to Equation 4.17.

Lp =
α∑

k=1

γ̇αn s̃
α
0 ⊗ ñα

0 (4.17)

by combining Equation 4.15 and Equation 4.17 we get Equation 4.18,

Ḟ p = (
α∑

k=1

γ̇αn s̃
α
0 ⊗ ñα

0 )F
p (4.18)

Equation 4.18 defines an Ordinary Differential Equation with the unknown being the

tensor function F p. The solution of a 1st order ODE form is equal to Equation 4.19

F p
n+1 = exp(

α∑
k=1

γ̇αn s̃
α
0 ⊗ ñα

0 )F
p
n (4.19)

This exponential form can be written as Equation 4.20 from series

F p
n+1 = (I +∆t

α∑
k=1

γ̇αn s̃
α
0 ⊗ ñα

0 )F
p
n (4.20)

4.2.5 Elastic Component of Deformation Gradient

The intermediate configuration described byU0 in Figure 4.1 is generally not uniquely

determined since an arbitrary rigid body rotation can be superimposed, still leaving
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it unstressed. To overcome the uniqueness problem, a total rigid body rotation can

be applied to the plastic component of the deformation gradient, and the elastic left

stretch tensor can be found from Equation 4.21, and the elastic component of the

deformation gradient can be found from Equation 4.22.

V e
n+1 = Fn+1(R

∗F p)−1 (4.21)

F e
n+1 = V e

n+1R
∗ (4.22)

4.2.6 Corotational Stress Rate

The Green-Naghdi stress rate σ∆G can be defined as the pushforward of the time

derivative of the corotational stress σ◦. One can construct objective rates by pulling

back and pushing forward with the rotation tensor R only since the rotation causes

the stress rates to be non-objective. To define the time derivative of the corotational

Cauchy stress, we need to calculate the term R∗T σ̇R∗, where R∗ is the orthogo-

nal rotation tensor. Whereas the Cauchy stress rate is related to the second Piola-

Kirchhoff (PK2) stress, and the PK2 stress rate can be found from the multiplica-

tion of the rotated elastic modulus (Equation 4.23) according to initial orientations

C̃ = Qc
0CQc

0
T with the material strain rate tensor, elastic Green-Lagrange strain

rate from Equation 4.25, and Equation 4.26, Qc
0 is the transformed fourth order ini-

tial rotational orientation tensor. ([71],[72]) and represented in Equation 4.24.

C =



C11 C12 C12 0 0 0

C12 C11 C12 0 0 0

C12 C12 C11 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C44


(4.23)
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(4.24)

Ėe
n+1 =

1

2
[(Ḟ e

n+1)
TF e

n+1 + (F e
n+1)

T Ḟ e
n+1] (4.25)

Ṡe0
n+1 = C̃ : Ėe

n+1 (4.26)

The corotational stress is defined on the current configuration from Fig. 4.1. The ma-

terial derivative of the material PK2 stress tensor, Ṡ, is objective. The corotational

stress rate can be regarded as the push forward of the PK2 stress rate from the ref-

erence configuration through the elastic part of the right stretch Ue, scaled by Je−1.

The corotational stress can be written as Equation 4.27.

σ◦ = R∗TσR∗ (4.27)

The time derivative of the corotational stress can be calculated as,

σ̇◦ = ˙R∗TσR∗ +R∗T σ̇R∗ +R∗TσṘ∗ (4.28)

From the second Piola–Kirchhoff stress rate, the Kirchhoff stress rate of a push-

forward operation can determine the defined current state ([159],[160]),

τ̇n+1 = F e
n+1Ṡ

e0
n+1F

eT
n+1 (4.29)

From the Kirchhoff stress rate, the Cauchy stress can be defined on the current con-

figuration (Us) according to

τ̇n+1 = Jeσ̇ (4.30)

By employing Equation 4.29, Equation 4.30, and Equation 4.2, we can derive the

second term of the time derivative of the corotational stress

R∗T σ̇R∗ =
1

detF e
n+1

Ue
n+1Ṡ

e0
n+1U

e
n+1 (4.31)

Ue
n+1 = R∗TF e

n+1 (4.32)
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Rigid body rotation R∗ is formulated as the Green-Naghdi rate. For a rigid body

rotation, the first and third terms of Equation 4.28 are the rate caused by the rigid

body spin, so the second term is that part caused by other effects (in the case of stress,

the rate associated with the constitutive response), called the corotational rate of σ

([149]).

σ̇ = σ▽ +Ωσn − σnΩ (4.33)

σ̇∆t = ∆σ▽ +RσnR
T (4.34)

in which σ▽ is the rate of objective, corotational stress, or the rate associated with

the constitutive response ([58]). Skew symmetric angular velocity tensor Ω can be

found from Equation 4.35.

Ω = Ṙ∗R∗T (4.35)

The Cauchy stress σn, at the start of the increment, has already been rotated ([149]),

so the rigid body rotation of σn is not carried out. Thus, the stress update for the

spatial configuration Us can be found as from Equation 4.36.

σn+1 = σn + σ̇∆t (4.36)

4.2.7 Shear Rate Evolution Procedure

The shear rates can be determined from Equation 4.11 by utilizing the initial incre-

ment values. To address this issue, the following residual equations for ∆γ can be

formulated:

Rα(∆γα) = ∆γα −∆tγ̇α(ταn+1, g
α
n+1) = 0 (4.37)

Utilizing the full Newton-Raphson scheme in the solution process for the system of

nonlinear Equation 4.37, we linearize Equation 4.37 resulting in:

R(∆γk) + J(∆γk)δγ = 0 (4.38)
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where δγ represents the corrector vector, and J corresponds to the Jacobian matrix

involved in the return-mapping procedure. Solving Equation 4.38 enables us to cal-

culate the corrector vector:

δγ = −[J(∆γk)]−1R(∆γk) (4.39)

From the Equation ∆γk is the trial values

∆γk+1 = ∆γk + δγ (4.40)

The Newton-Raphson iteration continues until the residual becomes sufficiently small.

Convergence of the solution is considered achieved when a specific convergence cri-

terion involving the residual norm is satisfied.

||R(∆γk+1)|| < Tolerance (4.41)

The individual terms of the exact Jacobian used in the scheme for solving the residual

equations are obtained by differentiating Rα(∆γα) concerning each variable ∆γβ .

Jαβ =
∂Rα(∆γα)

∂∆γβ
= δαβ−∆t

∂γ̇α

∂∆γβ
= δαβ−∆t

[∂γ̇α
∂τα

∂τα

∂∆γβ
+
∂γ̇α

∂gα
∂gα

∂∆γβ
]

(4.42)

∂γ̇α(ταn+1, g
α
n+1)

∂ταn+1

= m
γ̇0∆t

gαn+1

∣∣ταn+1

γαn+1

∣∣m−1 (4.43)

∂γ̇α(ταn+1, g
α
n+1)

∂gαn+1

= −sign(ταn+1)m
γ̇0∆t

gαn+1

∣∣ταn+1

γαn+1

∣∣m−1 (4.44)

∂gαn+1

∂∆γβ
= hαβsign(∆γ

β) (4.45)

∂ταn+1

∂∆γβ
= −

[
((m0 ⊗ s0)

βTF p−T
n F TFF p−1+

F p−TF TFF p−1
n (m0 ⊗ s0)

β)Se0
n+1+

1

2
Ce0

n+1C̃ : ((m0 ⊗ s0)
βTF p−T

n F TFF p−1+

F p−TF TFF p−1
n (m0 ⊗ s0)

β)
]
: (m0 ⊗ s0)

α (4.46)

94



4.2.8 Algorithm of Explicit Subroutine (VUMAT)

Initial orientations,material elastic constants, material parameters,Fn, Fn+1, F
e
n, F

p
n , R

∗,etc...

ταn calculations from Eq. 4.6

γαn calculations from Eq. 4.11

Lp and F p
n+1 calculations from Eq.4.17 and 4.20

F e
n+1 calculations from Eq. 4.22

Ėn+1 and Ṡn+1 calculations from Eq.4.25 and 4.26

γαn+1 calculations from Eq.4.11

Itrn.

number≤
10 and

R(∆γα) ≤
tolerance

Eq.4.37

σ̇ calculations from

Eq.4.33 and Update

Internal variables

δγ =

−[J(∆γk)]−1R(∆γk)

∆γk+1 = ∆γk + δγ

Itrn. number>10

use fisrt γα values

yes

no
no

Figure 4.2: Algorithm of explicit subroutine user defined material (VUMAT)
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4.3 Explicit User Defined Material (VUMAT) Code Verification Studies

4.3.1 Model Validation Under Basic Boundary Conditions

Tensile test, simple shear test, and pure shear test simulations are carried out to check

the consistency of the explicit algorithm with experimental results ([161]) and the

UMAT code written by Huang (see Chapter 3). The boundary conditions are treated

as shown in Figure 4.3 ([162], [163]). Material parameters of single crystal copper,

taken from the literature ([164]), are compared with [100] and [111] directed single

copper crystal test data. Material parameters are presented in Table 4.1. The compar-

ison of CPFEM simulations and test data curves for [100] and [111] directed single

crystals are illustrated in Figure 4.4. The CPFEM results show that the test data are

compatible with VUMAT and UMAT simulation results for tension and pure shear

boundary conditions. However, in simple shear boundary conditions, there is incon-

sistency with the UMAT code. One of the main reasons for this situation is explained

in Chapter 1 and illustrated in Figure 1.13.

Table 4.1: Material calibration parameters for copper single crystal.

C11 C12 C44 τcr h0

170000 MPa 124000 MPa 75400 MPa 2.5 MPa 200 MPa

gsat γ̇0 m q a

150 MPa 0.001 s−1 83.333 1.4 2.25

Figure 4.3: Tension boundary conditions (left), simple shear boundary conditions

(mid) and pure shear boundary conditions (right)
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Figure 4.4: Single copper crystal UMAT and VUMAT CPFEM simulation results vs.

experiment results.
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4.3.2 Model Validation with Digital Image Correlation Experiments

This study explores the influence of different strain paths on polycrystalline aluminum

alloy 6061-T6 deformation behavior at the microstructure scale. We aim to under-

stand how the material responds to various loading conditions and how its behavior

compares with experimental observations. We employ implicit and explicit CPFEM

to simulate the deformation process to achieve this. The crystal plasticity model pa-

rameters are carefully calibrated to ensure the simulations accurately reproduce the

experimental results. This involves fine-tuning the model to capture the material’s

response under different strain paths accurately. Through this calibration process, we

aim to establish a strong correlation between the predictions of the CPFEM models

and the actual experimental data.

However, the work does not stop at calibration. Once the models are tuned to match

the experimental observations, we analyze the results further to identify areas for im-

provement. This includes investigating discrepancies between the model predictions

and experimental outcomes and exploring potential refinements to the crystal plastic-

ity model parameters or formulation.

Overall, this research contributes to a deeper understanding of how strain paths im-

pact polycrystalline aluminum alloy 6061-T6 deformation behavior. By comparing

experimental data with CPFEM simulations, we not only validate the accuracy of the

models but also gain insights into the underlying mechanisms governing the mate-

rial’s response. This combined approach allows us to replicate experimental observa-

tions, enhance our understanding of the material’s behavior, and potentially refine the

crystal plasticity model for improved accuracy in future simulations.

4.3.2.1 Experimental Procedure

The Aluminum 6061-T6 material is tested using a biaxial test apparatus (see Fig.

4.5). The biaxial apparatus uses cruciform-shaped samples, which are deformed un-

der uniaxial and equibiaxial tension conditions, to represent different strain paths.

The micro-scale Digital Image Correlation (DIC) method maps strain distributions at

the microstructure scale during deformation. Ncorr v1.2, an open-source MATLAB-
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based software, is used for 2D-DIC analysis. The parameters are set to 80 and 8

pixels for subset size and spacing, respectively. The imaging unit for DIC consists

of a Basler piA2400 - 17gm (5 MP, 2/3” Sony ICX625 CCD sensor) camera and a

Navitar UltraZoom 6000 lens, including a 2X adapter, a 10X Mitutoyo objective, and

coaxial LED illumination. The imaging configuration is set to 20X magnification to

observe the specimen at the micro-scale, resulting in a field of view of 432 x 324 µm²

and a resolution of 0.176 x 0.157 µm/pixel ([165]).

The pattern necessary for correlation is prepared by electro-etching and spraying.

Etching is essential for revealing grain boundaries, while grain boundaries and other

etching features provide additional contrast for correlation. However, etching alone

is insufficient for successful correlation, as the interior of the grains remained fea-

tureless and lacked contrast. Subsequently, sample surfaces are sprayed with TiO2

nanoparticles, creating contrast in the grains as micron-sized dark particles. Care

must be taken when applying this spraying method, as excessive particle spraying

can lead to particle segregation at the grain boundaries, rendering the grain bound-

aries invisible and making it difficult to distinguish between grains.

In this study, aluminum alloys are stretched under uniaxial tension conditions using

a biaxial tension test apparatus employing cruciform specimens. Electron Back Scat-

ter Diffraction (EBSD) analysis is conducted to determine the texture of the samples.

The specimens are deformed until a fracture occurs, and DIC, during testing, provides

strain distribution maps at the microstructure scale. The Aluminum 6061 T6 alloy

is also deformed under uniaxial tension up to 0.09 average equivalent strain, and the

corresponding DIC and EBSD results are shown in Figure 4.6. The test is stopped

before fracture to correctly identify the grains with strain localizations. Despite the

relatively low average strain, some grains develop intense localizations. Under uni-

axial tension conditions, the equivalent strain reaches a maximum value of 0.16 in

localized regions. Adjacent to these localizations, the equivalent strain decreases to

0.04, resulting in sharp contrasts in the immediate neighbors. The minimum equiva-

lent strain is 0.02, occurring elsewhere in the test region. Consistent with observations

in the literature, strain localizes at grain boundaries and triple junctions rather than in

the grain interiors. The orientations of grains neighboring the strain-localized grain

boundaries differ from each other. There appears to be no preferred orientation for
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Figure 4.5: Dimensions of the cruciform sample and the dimensions of the test region

(in mm)

Figure 4.6: EBSD (left) and DIC (right) results of Aluminum 6061 T6 after uniaxial

tension.

localizations; however, it is possible to find at least one grain with a (012) orientation

near the localized regions.
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4.3.2.2 Finite Element Model Definitions

The determination and modeling of microstructure follow the procedure described

above. A finite element (FE) model with dimensions X , Y , and Z of 430 µm× 330

µm× 30 µm, containing nearly 150 grains, is employed to study the strain distribu-

tion in the Representative Volume Element (RVE) due to tension loading. The EBSD

model is first transferred to the CATIA V5 3D design commercial program, and using

the generative surface design and part design interface, the 3D microstructure model

is created. Dream 3D software is also used to create the 3D microstructure model

from EBSD experiment data, as shown in Figure 4.7.

Figure 4.7: 3D Microstructural models of EBSD experiments (bottom) Dream 3D

(top left) and CATIA V5 (top right)

Due to the mesh quality and visualization performance of Catia V5, the 3D mi-

crostructure model, which is designed in this program, is used to perform CPFEM

analysis. The model is meshed with 161,956 linear C3D8R hexahedral mesh ele-

ments. The 3D mesh model of the CATIA V5 design is shown in Figure 4.8, and

mesh parameters are provided in Table 4.2.

A hybrid model is created, considering that the boundary conditions are brought to the
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Figure 4.8: FEA model 3D mesh model of CATIA V5 microstructural design

Table 4.2: 3D microstructure mesh model parameters

Model Element Type Element

Family

Number

of Ele-

ments

Uniaxial

Tension 3D

Microstruc-

ture

C3D8R linear

hexahedral

3D Stress 161956

same conditions as the tensile test, and the strain distribution is not homogeneously

distributed on all sides of the test apparatus used. The test apparatus is created using

CATIA V5, and the region observed with EBSD is modeled microstructurally in the

middle of this test apparatus (Figure 4.9). Boundary conditions applied to the model

are presented in Figure 4.10, and mesh parameters are shown in Table 4.3.

The polycrystalline apparatus material is modeled using von Mises Plasticity and the

stress-strain curve values of Aluminum 6061 T6 material. The stress-strain curve is

illustrated in Fig. 4.11. Material parameters for CPFEM analysis are obtained using

a randomly distributed representative volume element (RVE) cube with 1000 orien-

tations (Figure 4.12). Tension boundary conditions are applied to the microstructural

model, with displacement as shown in Figure 4.12. The required values of the struc-

tural material parameters of the crystal plasticity (CP) model are given in Table 4.4.
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Figure 4.9: FEA 3D hybrid model (top) and mesh model of CATIA V5 (bottom)

microstructural design

Figure 4.10: Boundary Conditions of FEA 3D hybrid model
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Table 4.3: 3D Hybrid model and microstructure mesh model parameters

Model Element Type Element

Family

Number

of Ele-

ments

Tension

Test Appa-

ratus

C3D8R linear

hexahedral

3D Stress 21972

Uniaxial

Tension 3D

Microstruc-

ture

C3D8R linear

hexahedral

3D Stress 161956
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Figure 4.11: The experimental stress-strain curve of aluminum 6061 T6 and CPFEM

model parameter calibration

4.3.2.3 Discussion of DIC Experiments and CPFEM Results

This study presents a comprehensive methodology for integrating microstructure mor-

phology and texture with mechanical strain fields using implicit and explicit ap-

proaches. The foundation of this methodology lies in bridging experimental charac-

terization of microstructures obtained through in-situ and ex-situ mechanical testing
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Figure 4.12: Calibration cube (RVE) (left) and Uniaxial Loading of Random Oriented

CP Model Boundary Conditions (right)

Table 4.4: Single crystal aluminum 6061 T6 VUMAT model parameters

Model Aluminum

6061 T6

C11 C12 C44 τ0

Vumat 112850

MPa

43404

MPa

21550

MPa

125

MPa

h0 τs γ̇0 m q

100 MPa 140

MPa

0.1s−1 17 1.4

with local strain field measurements and finite element simulations at the grain scale.

The workflow begins with generating a microstructure map using orientation imaging

microscopy. This map is then utilized to create a meshed geometry suitable for finite

element calculations. These calculations incorporate a constitutive law incorporat-

ing the crystallographic orientation of each grain, as determined by the orientation

imaging microscopy.

Both implicit (UMAT) and explicit (VUMAT) crystal plasticity algorithms are uti-

lized to obtain numerical simulation results. These results are subsequently compared

to experimental strain field data obtained through digital image correlation (DIC) at

the grain scale. This investigation’s focus material is Aluminum 6061 T6, which is

characterized by a face-centered cubic crystal lattice structure.
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The preliminary stages involve optical microscopy and Electron Back Scatter Diffrac-

tion (EBSD) analyses to construct a microstructural map of the region under inves-

tigation for DIC measurements. DIC is then employed to measure the kinematics of

the representative microstructural volume, revealing maximum strain values of ap-

proximately 0.2.

In the simulation process, the mesh employed is based on the initial mesh used for

DIC analyses. However, the crystal plasticity law required for the finite element code

operates in three dimensions (3D). A 2D mesh is extruded perpendicular to the ob-

served surface to address this, effectively creating a 3D microstructure representation.

This approach is chosen for its ability to provide a relatively realistic simulation of

the underlying volume of the experimental microstructure, which is more accurate

compared to alternative methods like Voronoi tessellations.

It’s important to note that the thickness of the extruded mesh in the perpendicular di-

rection is chosen to match the characteristic length of the microstructure. This choice

is based on the observation that the mesh thickness has minimal influence on the pat-

tern of strain localization. Therefore, by extruding the mesh to a distance equal to

its characteristic length, the simulation captures the behavior of the microstructure

realistically. Crystal plasticity theory accounts for the anisotropic behavior of indi-

Figure 4.13: Uniaxial Experiment-1 von Mises Stress (MPa) values of microstructure

for UMAT (left) and VUMAT CPFEM (right) analyses

vidual grains based on their crystallographic orientation. This enables the prediction

of non-uniform stress and strain distributions, offering insights into the influence of

deformation mechanisms on localized deformation and failure.

Figures 4.13 and 4.14 illustrate the stress distribution within the microstructure of uni-

axially loaded experiments, as determined through implicit and explicit algorithmic
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approaches. Remarkably, the results from these two methods exhibit good agreement.

Stress concentrations are frequently observed at grain boundaries, which can lead

to various effects. In some cases, these stress concentrations trigger the activation of

slip bands within the same grain, causing localized plastic deformation. Alternatively,

stress concentration at grain boundaries can facilitate the slip transfer between neigh-

boring grains, inducing plastic deformation in those adjacent grains. Consequently,

the most significant stress localization often occurs at the interfaces between differ-

ent grains within the microstructure. This phenomenon has profound implications for

material behavior and can significantly influence various mechanical properties.

Figure 4.14: Uniaxial Experiment-2 von Mises Stress (MPa) values of microstructure

for UMAT (left) and VUMAT CPFEM (right) analyses

Figure 4.15: Uniaxial Experiment-1 Strain values of microstructure for UMAT (left)

and VUMAT CPFEM (right) analyses

Strain localization is a widespread phenomenon observed across various loading con-

ditions, including uniaxial and multiaxial loading, monotonic and cyclic loading,

and even high-speed deformation scenarios. It occurs in diverse materials, including

ductile single crystals, polycrystalline materials with different grain sizes (including

nanocrystalline materials), and metallic glasses. Strain localization can manifest at
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various length scales, ranging from macroscopic to mesoscale and microscale. These

localizations typically take two primary forms, stationary and propagative, arising

from the breakdown of uniform deformation and closely associated with non-uniform

deformation patterns at the dislocation scale [166].

Figures 4.15 and 4.16 depict the phenomenon of strain localization in two distinct

microstructures. Deformation is relatively uniform and low in the microstructure,

characterized by grains oriented along (101) directions. However, grains with (101)

orientations exhibit significant variations in deformation under uniaxial tension, with

some grains accumulating substantial strain. These observations align with theoret-

ical predictions indicating that (101) orientations are more resistant to deformation

[167, 168]. Under uniaxial tension, strain tends to localize near the grain boundaries

adjacent to the (012) oriented grain, with additional concentration within the grain

interior. This grain possesses a (001) orientation, which is not conducive to slip in

face-centered cubic materials. The explicit (VUMAT) and implicit (UMAT) results

demonstrate agreement, indicating similar strain values. This study’s findings offer

valuable insights into the complex behavior of strain localization, its dependence on

crystallographic orientations, and the compatibility of numerical simulations with ex-

perimental observations.

Figure 4.16: Uniaxial Experiment-2 Strain values of microstructure for UMAT (left)

and VUMAT CPFEM (right) analyses

Figure 4.17 and Figure 4.18 compare experimental DIC results and predicted strain

localization from CPFEM models. Initially, the modeling results demonstrate rea-

sonable agreement in capturing the trend of strain localization observed in both the

microstructure experiment and the CPFEM predictions. However, notable differences

exist between the DIC results and CPFEM predictions. CPFEM predictions exhibit
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Figure 4.17: Uniaxial Experiment-1 DIC results (left) and CPFEM predicted results

for VUMAT CPFEM (right) analyses

more pronounced strain localization in certain zones than the DIC results, particularly

in regions with the highest localization. It’s essential to acknowledge that establish-

ing a one-to-one correspondence between experiments and simulations is challenging.

Various factors contribute to the observed differences. One significant reason is the

potential development of sub-grains in specific regions, which are not accounted for

in the simulations. The methodology employed in this study primarily focuses on

surface and near-surface behavior, neglecting finer-scale microstructural features be-

low the surface that could influence strain localization. These findings underscore the

complexity of modeling strain localization and highlight the approach’s limitations

in capturing all microstructural intricacies. While the initial results are promising,

further refinements and adjustments in the modeling approach may be necessary to

achieve closer alignment with experimental observations.

Figure 4.18: Uniaxial Experiment-2 DIC results (left) and CPFEM predicted results

for VUMAT CPFEM (right) analyses

Choosing appropriate experimental boundary conditions is crucial for accurately cap-

turing substrate effects and obtaining a valid representation of strain patterns in nu-
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merical simulations ([143]). Realistic boundary conditions are essential to ensure that

the simulated behavior of the material closely resembles its actual response, thereby

enhancing the alignment between crystal plasticity-based numerical predictions and

observed strain measurements obtained through techniques like DIC. To achieve this

enhanced realism, a model of the test sample is constructed, considering the actual

boundary conditions of the experimental setup. The microstructure model is posi-

tioned within the test sample, assuming that the region under investigation within the

experimental conditions is aligned with the test sample’s middle. Figure 4.19 com-

pares the von Mises stress distribution of the specimen with that of the microstructure

as modeled. Upon examination of the two different applied boundary conditions,

differences in stress distributions become evident. In the hybrid-modeled microstruc-

ture, which considers the actual boundary conditions, more stress accumulation is

observed at the grain boundaries compared to the simplified RVE model with tension

boundary conditions. This disparity underscores the impact of realistic boundary con-

ditions on stress distribution predictions. The hybrid approach, which incorporates

the experimental setup and associated boundary conditions, accurately represents the

material’s stress and strain patterns. This enhanced modeling approach is particularly

crucial when investigating strain localization and deformation behavior within com-

plex microstructures subjected to experimental loading conditions.

A comparison of experimental strain measurements with results obtained from the

hybrid numerical simulation model based on crystal plasticity reveals good agree-

ment for most grains regarding strain patterns. The hybrid model, which considers

realistic boundary conditions, provides a more accurate representation of the exper-

imental setup, enabling it to capture strain patterns observed in most grains with

similar surface grain morphology conditions. However, discrepancies are observed

in some instances, particularly near grain boundaries. In certain cases, the hybrid

model’s predictions may not accurately capture strain localization in some grains,

grain boundaries, or triple junction points. Several factors could contribute to these

discrepancies, such as complex deformation interactions near grain boundaries, the

presence of dislocation structures, and the influence of microstructural features not

explicitly considered in the model. When comparing the results of the hybrid model

to those of the simplified RVE model with the DIC experiment (Figure 4.20), it be-

comes evident that excessive strain localizations observed in the RVE model are re-
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Figure 4.19: Uniaxial Experiment-2 hybrid model von Mises Stress values of VU-

MAT CPFEM analyses (left) and tension boundary condition result (right)

duced in intensity in the hybrid model. This improvement suggests a closer alignment

with results obtained from the DIC test, indicating that incorporating more realistic

boundary conditions and experimental setup information enhances the accuracy of

crystal plasticity-based numerical simulations, particularly in capturing strain local-

ization phenomena.

4.3.3 Conclusion

Under uniaxial tension, strain localization manifests at grain boundaries and within

grain interiors. Grains oriented along (012) directions are commonly found adjacent

to these localized regions, accumulating significantly higher strain values up to three

times more than the average. This observation aligns with the understanding that

specific crystallographic orientations are predisposed to deformation localization due

to their compatibility with slip systems. Importantly, CPFEM allows for predicting

how strain paths influence localization behavior, offering valuable insights for assess-

ing material formability. The comparison between experimental strain measurements

and numerical simulation results from the hybrid model (considering the same surface

grain morphology conditions) reveals strong agreement for individual grains. This
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Figure 4.20: Uniaxial Experiment-2 hybrid model (bottom) and microstructural

(right) model CPFEM predicted results for VUMAT CPFEM analyses vs. DIC ex-

periment results (left)

highlights the importance of employing realistic experimental boundary conditions

when validating CPFEM predictions against techniques like DIC. The consistency

between experimental data and simulation results demonstrates the hybrid model’s ef-

fectiveness in capturing the complex phenomenon of strain localization under varying

conditions, including strain path dependence. In conclusion, integrating experimental

characterization, crystal plasticity modeling, and realistic boundary conditions offers

valuable insights into the micro-scale deformation behavior of Aluminum 6061-T6.

Both implicit (UMAT) and developed explicit (VUMAT) crystal plasticity algorithms

yield consistent numerical results, facilitating the understanding of strain localiza-

tion, its sensitivity to strain paths, and its interaction with specific crystallographic

orientations. The alignment between experimental and simulated results underscores

CPFEM’s potential for predicting strain localization and its dependence on various

factors, thereby contributing to assessing material behavior and formability. How-

ever, it’s essential to acknowledge that even with such improvements, there may still

be limitations in predicting strain localization in all scenarios due to the complex and

multifaceted nature of the phenomenon.
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CHAPTER 5

INVESTIGATION OF NON-LINEAR TWIST EXTRUSION WITH

EXPLICIT FINITE ELEMENT METHOD USING CRYSTAL PLASTICITY

5.1 Introduction

In light of material science and technology advancements, reliable experimental data

on microstructural plasticity have become increasingly accessible. These data are

crucial for comprehensive research into metal-forming processes, understanding lo-

cal phenomena, and identifying macroscopic models. In industrial manufacturing,

predicting material mechanical properties throughout the material processing phase

demands improved predictive and physically-based models to influence processing.

The influence of texture and anisotropy on the mechanical properties of products is a

key area of investigation. Copper (Cu) has traditionally served as the primary mate-

rial for thermal management and electrical conduction across diverse industrial fields

owing to its superb thermal and electrical conductivity. Refining the grain size leads

to a notable enhancement in hardness and mechanical characteristics ([169]). Com-

prehending the material’s behavior throughout various processing stages facilitates

the customization of mechanical properties and the creation of innovative materials

adaptable for diverse applications.

Dynamic effects inherently influence the behavior of materials undergoing deforma-

tion within metal-forming conditions. Implicit finite element (FE) methods may en-

counter numerical challenges when simulating highly nonlinear, discontinuous, and

rapidly evolving dynamic processes ([170]). The iterative nature of implicit methods

can lead to convergence difficulties in analyses involving materials with pronounced

nonlinear behaviors, such as the crystal plasticity (CP) constitutive models ([171]).
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Explicit methods, on the other hand, are equipped with robust contact algorithms that

simplify the resolution of dynamic effects like frictional contact and other dynamic

phenomena associated with the process. This study developed a novel crystal plastic-

ity algorithm, considering the rate-dependent behavior, to be employed in conjunction

with the explicit solver of the Abaqus finite element software.

In this study, using the explicit crystal plasticity finite element method (CPFEM),

which is developed in Chapter 4, the impact of dynamic friction coefficients on tex-

ture evolution following the NLTE process is meticulously investigated, and the re-

sults are compared with experimental findings to ascertain the model’s accuracy and

reliability. This work enhances our understanding of the NLTE process, its influence

on texture evolution, and its alignment with experimental observations. The single

copper crystal is produced by using the Bridgman method. The initial orientation of a

single copper crystal is determined in electron backscatter diffraction (EBSD) exper-

iments. The texture determined by the EBSD experiment is used in CPFEM analysis.

The texture evolution of a single copper crystal specimen following the NLTE process

is simulated and compared with the experimental results.

5.2 Finite Element Model Definition

NLTE 3D mold model inner extrusion surfaces are extracted from the geometry and

converted into a 2D surface model. This conversion is done to reduce analysis time

and improve the mesh quality of the mold model (Fig. 5.1). The mold model and

punch are treated as rigid bodies with a ρ = 7800kgm−3 density. Encastre boundary

conditions (u1=u2=u3=R1=R2=R3=0) are applied to the rigid body reference point

(center of mass) of the mold geometry, and velocity boundary conditions are applied

to the rigid body reference point of the punch geometry.

The cylindrical sample has a diameter of 10 mm and a length of 20 mm. To mitigate

distortion issues, we meshed the sample using 900 linear hexahedral C3D8R elements

(Table 5.1), considering the dilatational wave speed and the deformation speed ratio.

The initial Euler Angle orientations of the sample are detailed in Table 5.2.
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Figure 5.1: FEA model of NLTE process

A velocity boundary condition is applied to the rigid punch from its reference point,

while motion is constrained by slot boundary conditions with constraints of u2 =

u1 = R1 = R2 = R3 = 0. The rigid punch is meshed using linear hexahedral

C3D8R elements. We apply explicit general contact interaction properties and use a

tangential contact algorithm for the explicit CPFEM analyses.

The simulations are conducted for three different friction coefficients: frictionless

(µ = 0), µ = 0.01, and µ = 0.05 ([172]). This investigation aims to analyze the

impact of the friction coefficient on the initial orientation distribution after the NLTE

process.

A mass scale algorithm with a quantity of four is applied to the entire model to ensure

robust step increments in the NLTE explicit CPFEM simulations. A back pressure of

200 MPa is applied to the bottom surface area of the samples, opposing the extrusion

direction, to maintain the billet’s circular shape ([99]). Additionally, a gravity load is

applied to the entire model.

Tie interaction properties are assigned to the surfaces between the polycrystalline cop-

per and single-crystal copper models. The polycrystalline copper is modeled using

von Mises Plasticity with the stress-strain curve values. (Fig. 5.2).
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Table 5.1: FEM mesh model parameters of simulated NLTE process.

Model Element

Type

Element

Family

Number

of Ele-

ments

Model

Type

NLTE Mold Linear

Triangular-

S3R

2D Stress 60707 Rigid

NLTE Punch Explicit-

Hexahedral-

C3D8R

3D Stress 864 Rigid

NLTE Specimen Explicit-

Hexahedral-

C3D8R

3D Stress 900 Deformable

(CP)

Table 5.2: Initial orientations and pole figure of single crystal copper specimen

Sample Name Initial Orientation Bunge Euler Angles (φ1 ϕ φ2) and Pole

Figures of Initial Orientation

Distribution of [111] symme-

try planes on 111 pole figures

Single copper crystal (110.2) (67.3) (203.5)

5.2.1 Calibration of Crystal Plasticity Model

This section determines the material parameters for single-crystal copper through a

homogenization approach. Due to inconsistent experimental data available for tensile

tests on single crystal copper in the literature, stress-strain data from polycrystalline

copper are used to calibrate the mechanical properties of single crystal copper, as

illustrated in Figure 5.3. To achieve this, tensile boundary conditions are applied

to a representative volume element (RVE) cube comprising 500 grains with random

116



Figure 5.2: Stress-strain curve of polycrystalline copper material ([90]).

orientations, as depicted in Figure 5.4. The boundary conditions imposed on the RVE

under tensile loading are shown in Figure 5.5. Table 5.3 shows the parameters of a

single copper crystal. The homogenization procedure is comprehensively explained

in Chapter 3.

Figure 5.3: Homogenized curve vs. experiment

Table 5.3: Single crystal copper VUMAT model parameters

C11 C12 C44 τcr h0

168000 MPa 121400 MPa 75400 MPa 25 MPa 147 MPa

gsat γ̇0 m q a

143 MPa 0.001 s−1 17 1.4 1.75
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Figure 5.4: 500 grain representative volume element

Figure 5.5: Applied boundary conditions

5.3 Experimental Procedure

The Bridgman method, designed for controlled crystal growth, is employed to pro-

duce single copper crystals. The core principle behind crystal growth using the Bridg-

man technique involves directional solidification, which is accomplished by transfer-

ring molten material (melt) from a hot region to a colder region within a furnace. A

seed crystal is positioned at the bottom of the crucible to ensure specific crystallo-

graphic orientations.

The experimental procedure begins by placing the crucible containing the polycrys-

talline charge and the seed crystal into the growth chamber. Subsequently, the cham-

ber is evacuated using a vacuum pump and refilled with an inert gas, gradually raising

the furnace temperature. Throughout this stage, the melt inside the crucible under-

goes homogenization, driven by natural convection and diffusion within the melt it-
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self, eliminating the need for forced convection.

Fig. 5.6 presents a schematic representation of the Bridgman method for single crys-

tal production. In this method, the furnace is heated to a temperature of 1453 K,

and the pulling speed, which determines how quickly the furnace is moved, is set

at approximately 10 mm/h. This carefully controlled process enables the growth of

single-crystal materials with the desired properties and orientations.

Figure 5.6: The schematic representation of the production of a single crystal with

the Bridgman method (left) and produced single copper crystal sample (right).

The Markov-offline technique uses single copper crystals and a polycrystalline copper

sample to determine their orientations. An NLTE experiment is conducted at room

temperature with a punch speed of 1 mm/s. The experimental setup and the final state

of the NLTE process are illustrated in Fig. 5.7. This technique enables the investiga-

tion and analysis of the material behavior and orientation changes resulting from the

NLTE process.

The samples underwent a series of preparation steps before the Electron Backscatter

Diffraction (EBSD) experiments. Initially, the samples were cut using a wire cutter

and then progressively refined using fine grades of emery paper (400, 600, 800, 1000,

2400, 4200). Subsequently, they were polished using a polishing wheel with diamond

paste of particle sizes 5 µm, 3 µm, and 1.5 µm to achieve a mirror-like finish. The final

step involved etching the samples with an appropriate etchant. These prepared sam-

ples were then subjected to Electron Backscatter Diffraction (EBSD) experiments.

The experimental procedures are summarized and depicted in Fig. 5.8. This series of
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Figure 5.7: Picture of experimental NLTE process (left) and experiment set up

(right).

steps ensured the preparation of samples suitable for detailed microstructural analy-

sis.

Figure 5.8: The schematic representation of experimental procedures
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5.4 Results and Discussion

The simulation of the NLTE process for the single copper crystal specimen is per-

formed using the explicit crystal plasticity model discussed earlier. The predicted

results obtained through CPFEM are compared to the experimental outcomes for

specimens with the same initial orientation. However, before delving into comparing

results, it’s essential to determine whether the explicit analysis solution is sufficiently

close to quasi-static conditions to be considered acceptable. Stability is crucial in

explicit dynamic analysis, especially for quasi-static metal forming processes. Time

and mass scaling are introduced to reduce the computational time required for solv-

ing. However, it is imperative to exercise caution when applying these factors, as they

can compromise solution accuracy. Extremely high punch speeds can yield unrealistic

results. When the loading rate is increased to model a quasi-static problem efficiently,

the material strain rates calculated in the simulation become artificially high due to

the scaling factor applied to the loading rate. This can lead to erroneous solutions,

particularly when considering strain rate sensitivity. Applying mass scaling to the fi-

nite element model can help alleviate issues related to computational time. This study

uses a mass scaling factor of four to the entire model in explicit CPFEM analyses for

all friction conditions. Energy balance equations can be employed to assess whether

a simulation is yielding an appropriate quasi-static response. One common approach

is to compare kinetic energy history with internal energy, which is widely accepted

in the literature. In metal forming analyses, a significant portion of internal energy

arises from plastic deformation. For an acceptable quasi-static solution, the kinetic

energy should represent only a small fraction of the internal energy, typically no more

than 1−5% ([149]). The evolution of internal and kinetic energy concerning analysis

time is illustrated in Fig. 5.9 for three different friction coefficients. Upon comparing

Fig. 5.9, it becomes evident that the kinetic energy remains a small fraction (less than

1%) of the internal energy throughout the analysis, except at the beginning. This ob-

servation meets the criterion that kinetic energy should be significantly smaller than

internal energy, indicating an acceptable quasi-static solution. Kinetic energy, much

smaller than internal energy, holds for both punch speeds of 25 mm/s and 50 mm/s.

Figure 5.10 illustrates this change by displaying the variations in kinetic energy (KE),

internal energy (IE), and plastic dissipation energy (PD). It is worth noting that the

121



model’s total energy (Etotal) remains relatively constant throughout the simulation.

The completion times for the analyses are provided in Table 5.4, considering the vari-

ation in punch speeds. These considerations ensure that the explicit dynamic analysis

solution is stable and quasi-static, providing a reliable basis for comparing CPFEM

predictions with experimental results.

Figure 5.9: Comparison of internal and kinetic energies according to the punch speed

25 mm/s (top) and 50 mm/s (bottom)

Figure 5.10: Comparison of whole model energies throughout the NLTE process

The simulation results unveil distinctive behaviors for NLTE processes with three

different friction coefficients, although they all exhibit similar overall trends in NLTE

processing time. Figure 5.11 illustrates the variation of punch force normalized by

the cross-sectional area of the specimen, providing a clearer understanding of these
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Table 5.4: NLTE processes analysis time concerning different punch speeds.

Model Punch speed CPU Time Approximate

analysis comple-

tion in days

VUMAT CP 25 mm/s 400 h:13 min:50 s 17 days

VUMAT CP 50 mm/s 186 h:48 min:00 s 8 days

VUMAT CP 300 mm/s 33 h:30 min:26 s 2 days

behaviors.

The analysis of the punch force evolution reveals a distinct pattern. The load is ini-

tially increased as the workpiece head enters the twist zone. Subsequently, the work-

piece advances through the twist zone while maintaining a steady increase in force.

This force continues to rise consistently until the conclusion of the process. These

observations align with the major events discussed in a previous report ([99]).

Furthermore, the punch pressure values increase with higher friction coefficients.

Specifically, there is an approximate 20% difference in the reaction forces between

the frictionless state (µ = 0) and µ = 0.01. This difference becomes more pro-

nounced when the friction coefficient is elevated to µ = 0.05, resulting in nearly five

times higher punch pressure values throughout the process. These variations under-

score the substantial impact of friction on the NLTE process’s overall behavior. The

evolution of punch force during the NLTE process demonstrates consistent patterns

across different friction coefficients. The presence of friction influences the specific

behavior. The friction coefficient directly impacts the punch pressure values, resulting

in significant variations in reaction forces among different friction conditions.

A comparison of von Mises stress contours in the longitudinal plane and sectional

views of the workpieces for two friction conditions is shown in Figs. 5.12 and 5.13.

These figures provide insight into the distribution and magnitude of Von Mises stress

within the workpiece.

In the transverse section, the von Mises stress exhibits a pattern of increasing values
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Figure 5.11: Comparison of punch pressure with respect to friction coefficients (µ=0,

µ=0.01, µ=0.05)

Figure 5.12: Von Mises Stress (MPa) distribution on undeformed view (left) and

section view (right) for µ=0.01 friction coefficient

from the center of the billet toward the peripheral regions. In the longitudinal plane,

the highest stress concentrations are observed after the completion of the NLTE pro-

cesses. The frictional conditions at the contact surfaces between the mold and the

workpiece notably influence stress distribution.

The contours of von Mises stress in the longitudinal plane, and the sectional views

of the workpieces provide valuable insights into stress distribution and accumulation.

The friction coefficient strongly influences stress patterns, with higher friction values

leading to increased stress concentrations at contact surfaces and lower friction values

promoting more uniform stress distribution in the specimen’s central region.

Accumulated plastic strain is a critical factor in forming processes, as it represents

the sum of plastic strain increments and plays a role in preventing unstable fractures

or plastic collapse. Excessive accumulated plastic strain can reduce the ductility and

toughness of materials. The rate of accumulated plastic strain can be linked to the rate
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Figure 5.13: Von Mises Stress (MPa) distribution on undeformed view (left) and

section view (right) for µ=0.05 friction coefficient

Figure 5.14: Accumulated plastic strain distribution on undeformed view (left) and

section view (right) for µ=0.01 friction coefficient

of plastic deformation using the formula ϵ̇ap =
√

2
3
(Dp : Dp), where Dp represents

the rate of plastic deformation tensor ([173]).

The distribution of accumulated plastic strain within the workpiece is depicted in

Fig.5.14 and Fig.5.15, along with sectional views. Typically, the area around the

axis of the workpiece displays an average magnitude of accumulated plastic strain.

Notably, the highest accumulation of plastic strain occurs on the contact surfaces be-

tween the mold and the workpiece. Moreover, a uniform distribution of accumulated

plastic strain is observed from the center toward the periphery of the workpiece.

Comparing the two friction coefficient values, variations in the distribution of ac-

cumulated plastic strain become apparent. In particular, as the friction coefficient

increases from µ = 0.01 to µ = 0.05, there is a noticeable increase in the amount of

accumulated plastic strain. This indicates that the selection of the friction coefficient

substantially impacts the development of plastic strain within the workpiece, with

higher friction coefficients resulting in more significant plastic strain accumulation.

Accumulated plastic strain represents the cumulative effect of plastic deformation
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within the workpiece, with higher strain accumulation typically observed at contact

surfaces and a generally uniform distribution from the center to the periphery. The

friction coefficient plays a pivotal role in determining the magnitude and distribution

of accumulated plastic strain, with higher friction coefficients leading to higher levels

of plastic strain accumulation.

Figure 5.15: Accumulated plastic strain distribution on undeformed view (left) and

section view (right) for µ=0.05 friction coefficient

Figure 5.16: Inspection sections (left) and elements (right) of specimen

The analysis of deformation behavior and texture evolution in the single copper crys-

tal involved examining specific regions and elements of the specimen, as shown in

Fig. 5.16. Modifications were made to the mold’s channel design in the twist section

during the NLTE process to address challenges like strain reversal and rigid body

rotation commonly associated with twist extrusion processes.

In situations involving rigid body rotation, the movement of elements can be approx-

imated as pure rotation. This simplification leads to the time derivative of the stretch

tensor (U̇ ) being equal to zero (U̇ = 0). As a result, the magnitude of the time deriva-

tive of the stretch tensor should also be zero (|U̇ | = 0) when rigid body rotation is

occurring.
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Figure 5.17 displays the norm of the time derivative of the stretch tensor for both

center and periphery elements of the specimen, considering different friction coeffi-

cients as a function of the process time. As expected under the assumption of rigid

body rotation, the analyses conducted during the NLTE process period show values

very close to zero for the norm of the time derivative of the stretch tensor. However,

it’s worth noting that while no strict rigid body rotation was observed in any case,

there are instances where values very close to rigid body rotation are observed during

specific time intervals. Specifically, these occurrences are observed between 1.5 to 2

seconds and 3 to 4 seconds in the simulations. The NLTE method includes adjust-

ments to the mold’s channel design to reduce unwanted effects such as strain reversal

and rigid body rotation typically associated with twist extrusion. Although strict,

rigid body rotation is not observed in the simulations, there are moments when values

closely resembling rigid body rotation occur during specific time intervals within the

NLTE process.

Figure 5.17: Comparison of rigid body rotation of center and periphery elements

concerning friction coefficients (µ=0, µ=0.01, µ=0.05)

Twelve 111 slip systems contribute to plastic deformation in face-centered cubic met-

als like copper. Fig. 5.18 compares the evolution of plastic slip in all twelve slip

systems for two different friction coefficients. This analysis covers both center and

periphery elements for each slip system family. This analysis aims to investigate the

strain reversal behavior of a single copper crystal during its initial pass and identify

the most active shear systems. The evolution of plastic slip over the NLTE processing

time is depicted in the figure to demonstrate this behavior visually. For both friction

coefficients, it is observed that the most active slip system plane and direction for
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both center and peripheral elements are 111 and <01-1>, respectively. As the friction

coefficient increases, there is a corresponding increase in the strain values for all slip

system families. Among the twelve slip systems, the least active shear system for the

central element was observed to be the 111 plane. Notably, shear strain reversals are

observed during the NLTE process time. These reversals are noted in the 11-1 and

111 planes between 3 to 3.5 seconds. The analysis investigates the behavior of shear

strain evolution in all twelve 111 slip systems for different friction coefficients. The

results reveal the most active slip systems and demonstrate the occurrence of shear

strain reversals during specific time intervals in the NLTE process. The orien-

Figure 5.18: Plastic slip evolution through NLTE process time according to center

element, periphery element, and friction coefficients.
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tation of metallic crystals after plastic deformation is influenced by various factors,

including chemical composition, working temperature, initial texture, and the defor-

mation history. However, two dominant factors significantly affect the development

of deformation textures: the crystal structure of the metal and the nature of plastic

deformation, which includes the deformation mode and its magnitude. In most met-

als, plastic deformation at room temperature is accommodated by slip or twinning in

systems that involve specific crystal planes and directions.

The stacking fault energy (SFE), particularly the specific SFE related to the partial

dislocations in a dissociated perfect dislocation, strongly influences the nature of slip

in face-centered cubic (FCC) metals and alloys. This energy has a substantial impact

on both wire and sheet textures. The stacking fault energy plays a crucial role in de-

termining the predominant mechanisms of plastic deformation. In metals with high

SFE, such as aluminum and copper, slip becomes the dominant deformation mode.

The resulting rolling texture comprises components like copper, brass, and S textures,

each with nearly equal intensities.

During plastic deformation, individual grains in polycrystalline materials undergo

fragmentation into regions with different orientations. This fragmentation can arise

due to intrinsic grain instability or boundary conditions neighboring grains impose.

Grain subdivision holds significant importance for metal-forming processes because

it profoundly influences the evolution of microstructure and texture, mechanical prop-

erties, and the plastic anisotropy of the material.

Severe plastic deformation (SPD) leads to grain subdivision, which has scientific and

technological implications. In scientific research, grain subdivision is studied to un-

derstand the behavior of materials under extreme plastic deformation conditions and

its impact on properties. On the technological side, SPD-induced grain refinement

in the nano-size scale is investigated to achieve bulk metal grain refinement, offering

potential improvements in material properties and performance.

Texture in crystalline materials can often be represented by a combination of discrete

texture components along with a random background component. In the case of face-

centered cubic (FCC) metals, several important texture components play a significant

role in shaping the overall texture, including the Cube, Brass, Goss, Copper, and S-

texture components (Table.5.5). These main texture components can be characterized

using Euler angles and pole figures. Euler angles describe the crystal orientation of a
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reference frame. Pole figures are two-dimensional stereographic projections that de-

pict the distribution of pole density concerning pole orientation on a selected crystal

plane [hkl]. These main texture components can be used to assess the texture evo-

lution of a single copper specimen after undergoing an NLTE process. For instance,

the initial pole figure of the sample can be associated with Shear and Brass texture

components (Table.5.6). After undergoing the NLTE process, both experimental and

predicted pole figures indicate that the center and periphery sections of the specimen

rotate in the same direction. Analyzing the distribution of the 111 planes on 111 pole

figures provides a visual representation of how the orientations of the Euler angles

have changed in space. The results suggest that reducing the friction coefficient be-

tween the mold and the specimen leads to a more minor rotation of the Euler angles

for both sections. Conversely, increasing the friction coefficient results in more ex-

tensive rotations in orientations for both sections.
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Table 5.5: Main texture components for face-centered cubic (FCC) materials ([129])

.

Components

Name

Directions Bunge Euler

Angles(φ1 ϕ φ2)

Pole Figures of Components

Cube [001]<100> (0) (0) (0)

Goss [011]<100> (0) (45) (0)

Brass [011]<211> (35) (45) (0)

Copper [211]<111> (90) (35) (45)

S [123]<634> (60) (32) (65)

Shear [111]<110> (0) (54.74) (45)
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Table 5.6: Experiment and CPFEM results of after NLTE process for one pass final

orientations and pole figure of single crystal copper specimen according to the friction

coefficients µ=0.01 and µ=0.05

Sample Name Final orientation represented by Bunge Euler

Angles (φ1 ϕ φ2) and (111) (110) and (100)

pole figures

Distribution of [111] symmetry

planes on 111 pole figures

Single copper crystal center section

experimental Pole Figure

(145.183) (85.9) (232.031)

Single copper crystal periphery sec-

tion experimental Pole Figure

(153.033) (82.3) (229.212)

Single copper crystal center section

predicted Pole Figure µ=0.01

(103.849, 74.0036, 199.886)

Single copper crystal periphery sec-

tion predicted Pole Figure µ=0.01

(106.725, 80.8892, 196.131)

Single copper crystal center section

predicted Pole Figure µ=0.05

(101.811,75.6,239.707)

Single copper crystal periphery sec-

tion predicted Pole Figure µ=0.05

(107.428,84.0542,240.637)
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Table 5.7: φ2 =00, 450 and 650 sections of ODF showing main texture components of

FCC crystals

Sample Name ODF Figures of FCC Components (00, 450, 650)

Brass ODF

Copper ODF

Goss ODF

Cube ODF

S ODF

Shear ODF

Comparing experimental results with CPFEM predicted outcomes, the final orienta-

tion can be characterized as a combination of S-texture and Copper texture after the

NLTE process. The intensity of the S-type texture implies that slip was the dominant

deformation mode during the NLTE process. In summary, the texture evolution in

single copper specimens undergoing the NLTE process can be evaluated using main

texture components, and the results reveal insights into the dominant deformation

mechanisms.

Pole figures provide valuable insights into the texture of a material, but they have

limitations in providing a complete and quantitative description. These limitations

can be overcome by using the crystallite orientation distribution function (ODF), a

three-dimensional representation describing the frequency of occurrence of particu-

lar orientations in an orientation space defined by three Euler angles. These angles

represent a sequence of rotations required to align a crystallite’s crystallographic axes
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with the specimen axes. The ODF encompasses the rotation sets corresponding to all

crystallites in the material, providing a more comprehensive description of texture.

The comparison of ODFs obtained from the main FCC texture components is shown

in Table 5.7. Additionally, Table 5.8 illustrates experimental and CPFEM-predicted

Euler angles for the ODF, both before and after the NLTE process, categorized into

ODF sections (ϕ2 = 00, 450, 650) for a single copper crystal specimen. The texture

spectrum from zero to fifty defines the dominance of center and peripheral elements’

texture components.

The initial texture of the sample is characterized by Goss, Brass, Shear, and Copper

components, which are common rolling textures in FCC metals. These texture com-

ponents’ predicted volume fraction distributions and the corresponding Euler angles

are displayed in Fig.5.19 and Table5.8, respectively. The copper texture exhibits the

highest intensity among them. After one pass of the NLTE process, both experimen-

tal and CPFEM-predicted results indicate a weakening of the copper texture and an

enhancement of the S texture. The severe plastic deformation of the copper specimen

resulted in a weak Copper Cube texture and reduced orientation density values. This

suggests the potential occurrence of dynamic recrystallization. The friction coeffi-

cient played a crucial role in the evolution of texture. An increase in friction leads to

increased strain and a transition from Goss to Brass textures. More significant defor-

mations result in the formation of Brass and S textures. When comparing different

friction coefficients, it is observed that Shear and S textures underwent substantial

changes under shear deformation. Higher friction coefficients promote the accumu-

lated plastic strain and activated slip systems during the NLTE process, leading to

changes in texture.

In Figure. 5.19, the volume fractions of the main predicted texture components after

the NLTE process are displayed, along with quantitative statistics of texture evolution

for two different friction coefficients: µ = 0.01 and µ = 0.05. Under µ = 0.01

friction coefficient conditions, the content of Brass and S textures increase from low

to medium, as depicted in Fig. 5.19. On the other hand, when the friction coefficient

increases to µ = 0.05, the Goss texture is transformed into Brass texture, while the

content of the Shear texture decreases. In particular, the content of Brass and Goss

textures changes, while the content of Copper and Cube textures shows less signifi-

cant variations.
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Table 5.8: Experiment and CPFEM ODF results of after one pass NLTE process

for single crystal copper specimen according to the friction coefficients µ=0.01 and

µ=0.05

Sample Name ODF sections of φ2 =00, 450 and 650 comparing experiments and final orientations

Single copper crystal ini-

tial ODF

Single copper crystal after

NLTE process center sec-

tion experimental ODF

Single copper crystal af-

ter NLTE process periph-

ery section experimental

ODF

Single copper crystal cen-

ter µ=0.01 predicted ODF

Single copper crystal pe-

riphery µ=0.01 predicted

ODF

Single copper crystal cen-

ter µ=0.05 predicted ODF

Single copper crystal pe-

riphery µ=0.05 predicted

ODF
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Figure 5.19: Main texture components predicted volume fractions after NLTE process

according to friction coefficients µ=0.01 (top) µ=0.05 (bottom)

Notably, the texture components and their contents exhibit marked differences be-

tween the µ = 0.01 and µ = 0.05 friction coefficient conditions. The initial shear

texture primarily decreases with slip deformation, and its intensity is transformed into

S-texture content. It’s essential to consider that the ratio of Goss/Brass volume frac-

tions decreases as the friction coefficient increases. This reduction in the Goss/Brass

ratio is associated with reduced crack resistance and fracture toughness of the speci-

men, as discussed in previous research studies ([132]). Furthermore, the main defor-

mation texture transitions from Copper, Goss, and S textures to Brass and S textures

with increased strain. These observations align with findings from previous research

([174], [175], [176]). In conclusion, the volume fractions of different texture compo-

nents and their evolution provide insights into the complex interplay between friction

coefficient, strain, and resulting texture transformations in the single copper crystal

subjected to the NLTE process.
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5.5 Conclusion

In this study, explicit simulations of single-crystal copper workpiece extrusion us-

ing NLTE processes with varying friction coefficients are conducted to investigate

the impact of the friction coefficient on the NLTE process. The results revealed that

the friction coefficient influences factors such as punch force, rigid body rotation of

the single-crystal copper specimen, shear strain, and microstructure evolution. Fur-

thermore, texture analysis and examination of the main texture components’ contents

after the NLTE process indicated that increasing the friction coefficient between the

mold and workpiece decreases fracture toughness. Additionally, an increase in fric-

tion coefficient leads to higher punch forces, and a more homogeneous plastic strain

distribution is observed after one pass of the single crystal copper specimen through

the NLTE process. Plastic slip is expected to occur primarily in the specimen’s pe-

riphery section. In contrast, on the (11-1) slip plane, there is more plastic slip in the

specimen’s center section. Furthermore, strain reversals mainly occur in this plane

through the NLTE process. The study also identifies specific time intervals during the

NLTE process (especially around 3 to 3.5 seconds) when the time derivative of stretch

values decreases. This decrease in the time derivative of stretch values leads to the ro-

tational motion of deformation approaches rigid body rotation. Consequently, strain

reversals on the slip plane are observed within these time intervals. To mitigate these

strain reversals, a revised NLTE mold design is proposed, where the ellipsoidal twist

sections’ minor and the major axis of the NLTE process coincides with the principal

major and minor axes of the ellipsoidal deformed shape of the single crystal copper

specimen. This design modification aims to increase the stretch value and prevent

strain reversals during the NLTE process. Comparisons between experimental and

CPFEM-predicted texture results show good qualitative agreement. The last orien-

tation pole figures for the center and periphery elements are found to be the same,

rotating by the same amount and direction. This suggests that the center and periph-

ery sections of the specimen underwent homogeneous deformation. However, slight

discrepancies are observed between the predicted and experimental last orientation

results. To improve the quantitative accuracy of the model, finer element sizes in

the RVE mesh and decreased process punch speeds in simulations can be employed.

However, these adjustments will increase analysis time.
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CHAPTER 6

CRYSTAL PLASTICITY FINITE ELEMENT ANALYSIS OF TEXTURE

EVOLUTION AND HETEROGENEITY IN EQUAL CHANNEL ANGULAR

PRESSING OF NIOBIUM SINGLE CRYSTAL

6.1 Introduction

Crystals display both plastic and elastic anisotropy. Plastic deformation predomi-

nantly occurs on particular slip systems, resulting in orientation-dependent direc-

tional strength. The Schmid and Taylor factors are commonly utilized to quantify

this orientation dependence. The Schmid factor considers isostress conditions to en-

sure equilibrium, whereas the Taylor factor considers isostrain conditions for com-

patibility ([177]). Both factors connect macroscopic yield stress and critical resolved

shear stress on a slip system. The directional modulus characterizes the elastic re-

sponse. For a specific crystal orientation, the Taylor factor is directly proportional

to the work needed for unit deformation, representing relative yield strength across

different orientations. A higher Taylor factor indicates increased resistance to defor-

mation for that particular orientation. This relationship applies to various orientations

and has been confirmed through empirical measurements ([178]). The Taylor factor

has a solid connection to stacking fault energy (SFE) and the ratio of critical resolved

shear stresses for twinning and slipping in face-centered cubic (FCC) metals ([179]).

Specifically, the Taylor factor quantifies the ratio of the sum of shear rate magnitudes

of slip systems to the effective deformation rate ([180]).

Niobium (Nb) is a versatile metal with many engineering applications, often used as

an alloy. Its utilization spans various industries, including producing superconducting

radio frequency cavities, heat shields for space missions, and even biological applica-
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tions. Nb and its alloys exhibit desirable qualities for engineering applications, such

as high-temperature strength, resistance to thermal creep, formability, low neutron

absorption, and compatibility with alkali metals. The advantageous combination of

these properties positions niobium alloys as structural elements in nuclear reactors

and makes them valuable in fields such as microelectronics, aerospace, and the au-

tomotive industry. Significantly, niobium is favored in fabricating superconducting

wires, rocket boosters, sodium vapor lamps, and superconductors. Due to its pivotal

role in diverse applications, its response to deformation is of utmost significance to

industry researchers. Adopting the equal channel angular pressing (ECAP) technique

can alter niobium’s microstructure and characteristics, thus expanding its potential

applications. Crystal plasticity models offer effective frameworks for predicting the

stress-strain response of crystalline materials. With their twelve slip systems, FCC

crystals have been extensively studied, facilitating the use of crystal plasticity models.

Conversely, BCC crystals feature more slip systems (forty-eight), which complicates

identifying crystal parameters for each slip system within a family. This study repre-

sents a significant advancement by conducting ECAP simulations on single crystals

of Nb. It explores three diverse deformation paths to uncover the heterogeneity asso-

ciated with an ECAP pass and its effects on the treated specimen. Using an explicit

crystal plasticity finite element method (CPFEM) model, the investigation examines

two distinct directions and three separate slip systems, investigating the mechanical

response of Nb single crystals. The analysis includes evaluating shear activity to es-

tablish correlations between primary slip systems and the expected texture evolution.

A crucial parameter, the Taylor factor (M), which encapsulates the average grain ori-

entations across all grains within the specimen, is examined in conjunction with the

texture analysis of Nb single crystals. This research elucidates the complex relation-

ship between deformation properties and subsequent texture development in single

niobium crystals by investigating three deformation pathways within the ECAP pro-

cess.
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6.2 Finite Element Model Definitions

CPFEM simulations for a single-pass ECAP are conducted using the commercial fi-

nite element software ABAQUS. Figure 6.1 displays the technical drawing of the

conventional ECAP mold, which is simplified to a 3D ’L’ shape model to reduce

analysis time. Additionally, a 2D schematic cut-section drawing of the square and

rounded channels of the ECAP die is presented in Figure 6.1. The ECAP mold fea-

tures a channel intersection corner with a filled radius of r = 2 mm and an outer

curvature fillet radius of r = 0.5 mm. The channel intersection angle is 90◦. The inlet

section of the mold is a square with dimensions of 4.1 mm×4.1mm, while the outlet

section of the mold has a 4 mm× 4mm cross-section.

Figure 6.1: Mechanical drawing of ECAP mold

Figure 6.2 presents the 3D CAD model of the ECAP mold, along with the finite el-

ement (FE) mesh model used in the analysis. The mesh properties employed in the

CPFEM model are outlined in Table 6.1. The sample is discretized using 2560 linear

hexahedral C3D8R elements, chosen based on dilatational wave speed and deforma-

tion speed ratios to mitigate distortion issues. The rigid punch is meshed with 504

linear hexahedral C3D8R elements. The ECAP mold is meshed using 381,163 linear

tetrahedral elements. Both the ECAP mold and punch models are treated as rigid

bodies. Encastre boundary conditions (u1 = u2 = u3 = R1 = R2 = R3 = 0) are

applied to the mold through a rigid body reference point. The square workpiece’s

cross-sectional area measures 16 mm2 (4mm× 4mm), with a length of 50 mm.
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Figure 6.2: FEA model of ECAP process

Table 6.1: CPFEM mesh model parameters of simulated ECAP process.

Model Element

Type

Element

Family

Number

of Ele-

ments

Model

Type

ECAP

Mold

Linear

Tetrahedral-

C3D4

3D Stress 381163 Rigid

ECAP

Punch

Explicit-

Hexahedral-

C3D8R

3D Stress 735 Rigid

ECAP

Polycrystal

Workpiece

Explicit-

Hexahedral-

C3D8R

3D Stress 758462 Deformable

(von Mises

Plasticity)

ECAP

Specimen

Explicit-

Hexahedral-

C3D8R

3D Stress 2560 Deformable

(CP)

In the explicit CPFEM analyses, a general contact interaction property focuses on tan-

gential contact algorithms. The Coulomb friction coefficient (µ = 0.05) describes the

contact between the die and the workpiece. Additionally, a gravity load is imposed on

the entire model to mimic the effect of gravity during the analysis. To ensure the va-
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lidity of the analysis, the examination of the finite element results is restricted to a 25

mm section located in the middle of the deformed billets. This choice aims to mitigate

potential distortions stemming from end effects. Three distinct deformation paths are

employed in the simulation to investigate strain homogeneity comprehensively.

6.3 Constitutive Material Model Definitions

The polycrystalline material is modeled with von Mises Plasticity using stress-strain

curve values specific to niobium (Nb) material. The stress-strain curve is illustrated

in Fig. 6.3.
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Figure 6.3: The experimental stress-strain curve of Niobium ([181])

The explicit algorithm of the CPFEM analysis is employed for performing ECAP

(a) Tensile boundary condi-

tions ([162]) (b) Simulation results vs. Expriment data ([182])

Figure 6.4: Applied boundary conditions and tensile test simulations
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simulations (Chapter 4). Tensile test simulations are conducted to assess the consis-

tency of the explicit algorithm with experimental results. Tensile boundary conditions

are applied to the boundaries, and displacement boundary conditions are imposed on

the single crystal cube, as depicted in Figure 6.4a. Slip systems of BCC materials

are shown in Table 1.4. Material parameters are set based on experimental data from

tensile tests conducted on crystal orientations parallel to the <110> directions, and

comparisons were made with test data from <100> and <111> crystal orientations of

single niobium crystals. The material parameters are provided in Table 6.2 and Table

6.3. The comparison between CPFEM simulations and test data curves for <100> and

<111> crystal orientations is shown in Figure 6.4b.

Table 6.2: Elastic constants of Single crystal Nb for VUMAT model parameters

Material C11

(MPa)

C12

(MPa)

C44

(MPa)

Niobium

(Nb)

246000 134000 28700

Table 6.3: Single crystal Nb VUMAT model parameters

Slip

Sys-

tems

τ0

(MPa)

h0

(MPa)

τs

(MPa)

γ̇0 (s−1) m q

(110)

[111]

10 55 20 0.001 17 1.4

(112)

[111]

10 43 33 0.001 17 1.4

(110)&

(112)

[111]

10 50 25 0.001 17 1.4
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6.4 CPFEM Results and Discussion

CPFEM simulations are conducted for two distinct initial crystal orientations (par-

allel to <100> and parallel to <111> directions) and three different slip systems of

Nb single crystals in the context of BCC materials: (110)[111], (112)[111], and

(110)(112)[111]. The first two systems encompass twelve slip systems each, while

the third system includes twenty-four slip systems. These two orientations are as-

signed separately to investigate how initial orientations impact the workpiece’s kinet-

ics, kinematics, and texture evolution during the ECAP process. A constant friction

coefficient of 0.05 is maintained throughout all simulations between the workpiece

and the mold. The same boundary conditions are applied to all simulations to consis-

tently compare the effects of different initial orientations and slip systems on a single

ECAP pass of the Nb single crystal specimen. Figure 6.5 shows that the kinetic en-

ergy remains a small fraction (less than 1%) of the internal energy throughout the

analysis, except at the beginning. This observation meets the criterion that kinetic

energy should be significantly smaller than internal energy, indicating an acceptable

quasi-static solution.

Figure 6.5: Comparison of internal and kinetic energies during ECAP process

Figure 6.6 illustrates this change by displaying the variations in strain energy (SE),

and plastic dissipation energy (PD). It is worth noting that the model’s total energy

(Etotal) remains relatively constant throughout the simulation.
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Figure 6.6: Comparison of whole model energies throughout the ECAP process

Figure 6.7: Punch Pressure (MPa) according to ECAP process time, initial

orientations (<100> and<111>) and slip systems ((110)[111], (112)[111] and

(110)[111]&(112)[111])

The evolution of punch pressure during the ECAP process is determined by dividing

the punch force by the cross-sectional area of the sample, which is 16 mm2. Fig. 6.7

illustrates the punch pressure versus ECAP process time curves for two distinct initial
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orientations and three different slip systems. As depicted in the figure, the pressing

force progressively increases with the movement of the punch until it stabilizes. This

force level is necessary to facilitate the extrusion of the sample through the first bend,

a phenomenon also observed in prior research ([183], [184]). The initial orientation

is a crucial factor influencing the pressing load, significantly impacting the punching

force observed when transitioning from the <100> to the <111> initial orientation for

each slip system. Specifically, the maximum pressing load is 16 kN when the initial

orientation is parallel to the <100> direction and the slip system is (112)[111]. In

contrast, when the initial orientation is parallel to the <111> direction and involves

twenty-four slip systems, the pressing load significantly drops to 4 kN, merely one-

fourth of the load associated with the <100> initial orientation. Among the twelve

slip systems, the [112] planes’ slip system yields the highest punch force during the

entire ECAP process. The CPFEM simulations yield intricate insights into the dis-

Figure 6.8: The von Mises stress (MPa) distribution after one ECAP pass of initially

<100> directed single crystal Nb according to slip systems (110)[111], (112)[111]

and (110)[111]&(112)[111]

tribution of stress and strain and the interactions between grains at different stages of

the ECAP process. The distribution of Von Mises stress within the Nb single crystal

following one ECAP pass has been visualized. Notably, the highest stress distribution

occurs in the plastic deformation zone of the ECAP process for all simulation condi-

tions, particularly when the workpiece faces simple shear boundary conditions within

the ECAP mold. Conversely, the minimum Von Mises stress distribution is observed

at the tip section of the workpiece. When comparing the systems with twelve and
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twenty-four slip systems, it is evident that the stress distribution decreases as the num-

ber of slip systems increases. Additionally, there is a noticeable difference in stress

distribution between the top and bottom surfaces of the workpiece. The top surface

displays a more homogeneous stress distribution than the bottom section, indicating

a possible influence of the initial orientation and slip systems on stress patterns dur-

ing the ECAP process. Furthermore, the initial orientation and the number of slip

Figure 6.9: The von Mises stress (MPa) distribution after one ECAP pass of initially

<111> directed single crystal Nb according to slip systems (110)[111], (112)[111]

and (110)[111]&(112)[111]

systems significantly impact the stress distribution. Fig. 6.8 displays the Von Mises

stress distribution after one ECAP pass for an initially <100>-oriented single crystal

Nb, considering the slip systems (110)[111], (112)[111], and (110)[111]&(112)[111].

Notably, the Von Mises stress distribution decreases as the punch force increases in

the ECAP process. The simulations with twenty-four slip systems exhibit lower stress

values, indicating a potential benefit in terms of stress distribution. Comparatively,

Fig. 6.9 illustrates the Von Mises stress distribution (in MPa) after one ECAP pass for

an initially <111> oriented single crystal Nb, also considering the same slip systems.

Shifting the initial orientation to <111> leads to a drastic increase in stress values

compared to the <100> simulation results. The stress distribution appears more in-

homogeneous for the initially <111> oriented single crystal specimen. Introducing

the (112) planes’ slip system increases Von Mises stress, particularly on the top and

plastic deformation zone surfaces. Interestingly, the stress distribution at the tip of the

workpiece appears to be more homogenous in initially <100> oriented single crystal
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Nb ECAP simulations. Plastic equivalent strain (PEEQ) values were calculated as

Figure 6.10: The Plastic Equivalent strain (PEEQ) distribution after one ECAP pass

of initially <100> directed single crystal Nb according to slip systems (110)[111],

(112)[111] and (110)[111]&(112)[111]

in Eq. 6.1([185]),

PEEQ =

√
2

3
(ϵ̇p : ϵ̇p) (6.1)

The distribution of PEEQ values in the upper region of the niobium sample reveals

notable homogeneity, as these values remain approximately constant across all ele-

ments. Conversely, the strain distribution in the lower portion of the specimen exhibits

heterogeneity, where each element maintains a consistent effective strain value. This

trend persists along the axial direction of the billet, displaying a relatively uniform

strain distribution, except for the initial section where steady-state deformation has

not yet been established. Effective strain distribution along the billet height exhibits

a distinct pattern commonly observed in ECAP processes that utilize dies with ex-

ternal curvature. A gap between the workpiece and the die introduces an external

curvature effect to the process, contributing to a decrease in shear strain levels in the

outer regions of the deformation zone. The material near the billet’s inner corner

undergoes more pronounced strains and strain gradients than the material near the

outer corner. The heightened deformation near the inner corner leads to increased

compressive forces acting on the material adjacent to the right-hand side interface of

the entry channel. Consequently, this results in higher levels of frictional stress at

the right-hand side interface and a notable plastic strain rate in that particular region.

The initial orientation exerts a significant influence on the distribution of PEEQ val-
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Figure 6.11: The plastic equivalent strain (PEEQ) distribution after one ECAP pass

of initially <111> directed single crystal Nb according to slip systems (110)[111],

(112)[111] and (110)[111]&(112)[111]

ues, and these values vary based on the initial orientation and the number of slip

systems. Fig.6.10 depicts the PEEQ distribution after a single ECAP pass for an ini-

tially <100>-oriented single crystal Nb, considering slip system families (110)[111],

(112)[111], and (110)[111]&(112)[111]. As the punch force increases, there is a cor-

responding increase in the PEEQ value for the (112) slip system family. The highest

PEEQ value, reaching 1.9, is observed in this slip system family, while the lowest

PEEQ value can be seen in the case of <100> orientation and the (110) slip system.

The outcomes of simulations conducted on a single Nb crystal initially oriented par-

allel to <111> direction are illustrated in Fig.6.11. In these simulations, the crystal’s

orientation is such that the [111] slip direction aligns with the die’s ideal shear di-

rections, and the [111] slip direction is parallel to the shear direction. The trend in

these simulations indicates a gradual decrease in PEEQ values as the punch force de-

creases across all the simulated scenarios. An interesting contrast to the simulations

involving <100>-oriented Nb crystals is observed in simulations with <111>-oriented

crystals. In these simulations, the highest PEEQ values are observed in the (110)[111]

slip system, while the (112)[111] slip system exhibits the lowest PEEQ values. This

observation suggests variations in plastic strain distribution and deformation behavior

between the two crystal orientations. The PEEQ strain distribution along the width

direction, considering the three different deformation paths, two different initial ori-

entations, and three different slip systems, is illustrated in Figure 6.12. The PEEQ
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Figure 6.12: The plastic equivalent strain (PEEQ) distribution after one ECAP pass

of single crystal Nb according to initial orientations (<100> and<111>), slip systems

((110)[111], (112)[111] and (110)[111]&(112)[111]) and deformation path (A,B,C)

values rapidly increase as the workpiece enters the plastic deformation zone, evolv-

ing until the turn’s end. Afterward, the PEEQ values stabilize, and the strain values

remain relatively constant. Among the deformation paths, point A, located near the

top surface of the workpiece, exhibits the highest PEEQ values throughout the ECAP

process. In contrast, the lowest PEEQ values are observed at deformation path point

C, near the ECAP mold’s bottom surface. The distribution of equivalent strain rates

across different specimen regions is notably heterogeneous. The maximum equivalent

strain rate is observed near the inner die corner, where intense deformation occurs.

The central area of the specimen also shows higher strain rates than the outer die

corner, where rigid rotation effects are more dominant.

The analysis of PEEQ values reveals intriguing trends in the relationship between

deformation paths, slip systems, and initial orientations. In the case of deformation

paths A and B, the (112) slip system exhibits the highest PEEQ values, implying that

this slip system contributes significantly to plastic deformation in these paths. On

the other hand, for deformation path C, the (110) slip system family demonstrates

the highest PEEQ values, indicating its dominant role in this path. Interestingly, de-

formation path B appears less sensitive to initial orientations and slip system family

variations, as evidenced by the relatively consistent PEEQ value distribution. This
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observation implies that deformation path B may have a more consistent material re-

sponse regardless of the crystal orientation and slip systems involved. These findings

underscore the intricate and multifaceted nature of the deformation process, where

the interplay between various factors, such as deformation path, slip systems, and ini-

tial orientations, influences the material’s plastic response and distribution of plastic

strain. Such insights are invaluable for understanding and optimizing material behav-

ior in complex deformation processes like ECAP.

(110)[111] (112)[111] (110)[111]&(112)[111]
0,0

0,5

1,0

1,5

2,0

2,5

In
ho

m
og

en
ei
ty

Slip Systems

 <100>
 <111>

Figure 6.13: Strain inhomogeneity after one ECAP pass of single crystal Nb accord-

ing to initial orientations (<100> and<111>) and slip systems ((110)[111], (112)[111]

and (110)[111]&(112)[111])

The deformation modes cannot be directly measured experimentally. They are ex-

plored using a CPFEM approach, which offers the advantage of capturing the inho-

mogeneous distribution of strain and stress. The degree of strain inhomogeneity can

be estimated using Equation 6.2, as proposed by [186].

SHi =
PEEQmax − PEEQmin

PEEQAvg

(6.2)

The Equation 6.2 calculates the strain inhomogeneity index, where SHi represents

the strain inhomogeneity index, PEEQmin denotes the minimum equivalent plastic

strain, PEEQmax stands for the maximum equivalent plastic strain, and PEEQAvg
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indicates the average PEEQ. The strain inhomogeneity index and the coefficient of

variation of equivalent plastic strain, according to initial orientation and slip system

family predictions, are illustrated in Fig. 6.13. In the visualization, the blue color

represents the initially oriented <100> crystal, while the orange color symbolizes the

initially oriented <111> Nb single crystal for one ECAP pass. A lower value of the in-

dex indicates better homogeneity. The twenty-four slip system exhibits a lower inho-

mogeneity index for both initial orientations, with the minimum inhomogeneity index

observed in the <111> initial orientation. These results suggest that the heterogeneity

of through-thickness equivalent strain in the Z-direction is also orientation-dependent.

To investigate the impact of slip systems and initial orientation on the evolution of

crystallographic orientation within niobium single crystals, the study focuses on three

specific locations along the deformation path: Positions A, B, and C. These positions

correspond to different sections within the sample, with positions A at the upper part,

B in the middle, and C at the bottom. Despite undergoing a rotation in its crystallo-

graphic orientation from the initial state, the material retains its single-crystal struc-

ture throughout this analysis. The experimental results reveal distinct pole figures

from positions A and B, displaying a rotated orientation compared to the initial orien-

tation. In contrast, the initial orientation is less evident at position C. Remarkably, the

simulation results closely mirror these experimental observations. The simulated pole

figures exhibit the rotated and initial orientations, aligning almost perfectly with the

corresponding positions on the experimental pole figures. This remarkable agreement

between the simulated and experimental outcomes, consistent with previous studies

([187], [188]), validates the accuracy and reliability of the CPFEM model developed

in this study for predicting texture evolution. The analysis of pole figures (Table 6.4)

highlights the significant influence of the selected ECAP deformation path and the

initial orientation on crystallographic orientation evolution. Pole figures indicate that

orientations remain relatively stable before and after passing through the plastic de-

formation zone. This observation is consistent with previous research ([189]), which

emphasizes the persistence of lattice orientation throughout the ECAP process. The

dominance of a single primary slip mechanism reinforces the concept that lattice ori-

entation remains largely unchanged after the material experiences plastic deformation

within the defined zone ([172]). The investigation into rigid body rotation for defor-
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Table 6.4: CPFEM predicted pole figures throughout the process of one ECAP pass

of single crystal Nb according to initial orientations (<100> and<111>) , slip systems

((110)[111], (112)[111] and (110)[111]&(112)[111]) and deformation path (A,B,C)

Slip Sys-

tem

initial

pole

figure

A0 A′ B0 B′ C0 C ′

< 100 >

[110]

< 100 >

[112]

< 111 >

[110]

< 111 >

[112]

< 100 >

[110]&[112]

< 111 >

[110]&[112]
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mation paths A, B, and C is presented in Figure 6.14. In cases where the motion of

elements involves rigid body rotation, the time derivative of the stretch tensor can be

assumed to be zero (U̇ = 0). Consequently, the norm of the time derivative of the

stretch tensor should be zero (|U̇ | = 0) to satisfy the condition of rigid body rota-

tion. Figure 6.14 illustrates the norm of the time derivative of the stretch tensor for

different deformation path points as a function of process time, considering various

initial orientations and slip systems. The Taylor factor indicates how well a crys-

Figure 6.14: Rigid body rotation after one ECAP pass of single crystal Nb according

to initial orientations (<100> and<111>), slip systems ((110)[111], (112)[111] and

(110)[111]&(112)[111]) and deformation path (A,B,C)

tal’s orientation aligns with the applied deformation. It is commonly used to correlate

the flow stress (σ) observed in a polycrystalline material with the critical resolved

shear stress (CRSS) (τ ) within the constituent single crystals. This factor represents

an average orientation measure influenced by the material’s texture and the crystallo-

graphic characteristics of assumed slip systems. When analyzing stress-strain curves,

the Taylor factor is also employed to express the macroscopic strain as the sum of

crystallographic shears. Consequently, the strain hardening slope in polycrystals is

proportional to M2, making it sensitive to the assumed value of M . The strain hard-

ening rate in single crystals, when divided by M2, offers valuable insights into defor-

mation mechanisms and constitutive relationships for polycrystal simulations ([190]).

Moreover, the Taylor factor is closely linked to the Stacking Fault Energy (SFE) in

155



the twinning and slipping mechanisms of metals ([191]).

In practice, the Taylor model provides a connection between the equivalent strain rate

ϵ̇p and the sum of resolved shear strain rates γ̇. Here, γ̇ is the algebraic sum of the

determined shear strain rates γ̇α for each slip system, where α represents a specific

slip system. The relationship is expressed as ϵ̇ = γ̇/M , where ϵ̇ is the equivalent

strain rate, and M is the Taylor factor.

While the Taylor factor isn’t directly measurable through experiments, it can be com-

puted or estimated using crystal plasticity models. The CPFEM analysis calculates

the Taylor factor using equation 6.3. This equation establishes a connection between

the equivalent strain rate and the resolved shear strain rates within the crystal’s slip

systems, shedding light on the material’s response and deformation behavior ([192]).

TaylorFactor(M) =
∑
α

|γ̇α|△t
ϵ̇peff△t

(6.3)

The evolution of the Taylor Factor in the ECAP process of single-pass single-crystal

niobium is illustrated in Figure 6.15. The crystal’s initial orientation influences this

evolution, the chosen slip systems, and the specific deformation path employed.

As the niobium single crystal undergoes plastic deformation within the ECAP pro-

cess, the Taylor Factor (M) initially experiences a gradual increase, continuing until

it reaches a peak value. After getting this maximum, the Taylor Factor undergoes a

sharp decrease, persisting until the end of the process, particularly within the rigid

body rotation zone of the ECAP process.

The maximum values of the Taylor Factor (M) for the niobium crystal are determined

based on the crystal’s initial orientation and the chosen slip systems. These maxi-

mum values are summarized and presented in a tabulated form in Table 6.5. This

information provides insight into the crystal’s mechanical behavior and deformation

characteristics throughout the ECAP process, which are influenced by slip systems,

initial orientation, and the specific deformation path. In BCC structured materials,

such as those encountered in conventional rolling processes, the 111 orientation is

often associated with a relatively high Taylor Factor of around 3.5. This high Taylor

Factor indicates a strong orientation for accommodating deformation, making the 111

orientation particularly favorable for plastic deformation. On the other hand, in BCC
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structured materials undergoing plane strain compression, the rotated Goss (110) ori-

entation tends to exhibit an even higher peak Taylor Factor of approximately 4.24

([193]). These observed trends in Taylor Factors are consistent with the predictions

made by our CPFEM simulations in this study.

It’s important to clarify that reducing the Taylor or Schmid factors does not necessar-

ily imply material softening. Instead, grains with higher Taylor Factors experience

more significant stress reduction during deformation. A decrease in the Taylor Factor

suggests that the grain’s orientation has shifted towards more favorable slip condi-

tions. Smaller Taylor Factor values indicate orientations more conducive to deforma-

tion, as they require lower stress levels for plastic deformation to occur. The crystals

with smaller Taylor Factors tend to deform more quickly than those with larger values

([194]). Conversely, an increase in the Taylor Factor is associated with higher energy

accumulation due to deformation ([195]).

These observations highlight the intricate relationship between crystal orientation,

Taylor Factors, and the ease of plastic deformation in materials The Taylor Factor

Figure 6.15: Taylor Factor distribution after one ECAP pass of single crystal

Nb according to initial orientations (<100> and<111>), slip systems ((110)[111],

(112)[111] and (110)[111]&(112)[111]) and deformation path (A,B,C)

values shown in Figure 6.15 demonstrate only minor fluctuations concerning various

deformation paths. This observation suggests that the specific choice of deformation
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path during the ECAP process has a relatively limited impact on the Taylor Factor val-

ues. In contrast, more significant variations in the Taylor Factor values are attributable

to disparities in the initial orientation of the crystal and the selected slip system. These

factors appear to have a more substantial influence on the Taylor Factor values than

the choice of deformation path.

From Figure 6.15, it is evident that the Taylor Factor values vary based on the initial

crystal orientation, the chosen slip systems, and the deformation path. Specifically,

for a single crystal of niobium initially oriented along the <100> direction, the high-

est Taylor Factor is observed when coupled with the (110) slip plane and [111] slip

direction within the plastic deformation zone. In contrast, a single crystal of nio-

bium initially oriented along the <111> direction exhibits lower Taylor Factor values

throughout the process, particularly when coupled with the [110] and [110][112] slip

plane systems.

Interestingly, the trend of Taylor Factor softening is more pronounced in single crys-

tal niobium oriented along the <111> direction. This can be attributed to the <111>

direction aligning with the shear direction, leading to micro-shear banding and geo-

metric softening effects. Additionally, the simulation results show that even towards

the end of the process, a single crystal of niobium initially oriented along the <100>

direction retains higher Taylor Factor values than the <111> orientation. These find-

ings align with earlier studies that have reported similar trends in BCC structured ma-

terials, especially those with <111> oriented grains ([196], [197]). Maximum Taylor

factors are also presented in Table 6.5.

Table 6.5: CPFEM predicted maximum Taylor Factor (M) trough out the process

of one ECAP pass of single crystal Nb according to initial orientations (<100>

and<111>) and slip systems ((110)[111], (112)[111] and (110)[111]&(112)[111])

Slip Sys-

tem

< 100 >

[110]

< 100 >

[112]

< 111 >

[110]

< 111 >

[112]

< 100 >

[110][112]

< 111 >

[110][112]

Taylor

Factor (M)

4.21 3.87 3.58 3.47 3.82 3.45
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6.5 Conclusion

The explicit CPFEM model is utilized to conduct simulations of the texture evolution

and kinematics of single-crystal niobium material during a single pass of ECAP. This

study involves analyses for two distinct initial crystal orientations (<100> and <111>)

and three different slip systems ((110)[111], (123)[111], and (110)&(112)[111]).

The variations in initial orientation, shear systems, and deformation paths substan-

tially influence stress distribution within the workpiece, the development of plastic

equivalent strain, and the eventual formation of crystal orientation. Remarkably,

the plastic strain distribution exhibits the smallest values in the bottom region of the

ECAP process. This phenomenon can be attributed to the influence of the outer corner

angle of the ECAP die, which induces rigid body rotations and subsequently affects

the stress and strain distribution.

Regarding the Taylor factor, a more significant reduction is observed in the single

crystals oriented along the <111> direction and using the 24-slip system configura-

tion. The study also highlights that the softening degree is non-uniform and notably

influenced by the grain orientation and slip system employed. Specifically, the <111>

oriented crystals coupled with the 24 slip system exhibit a response with the potential

for slip band formation and greater homogeneity. Deformation twinning is expected

to occur in the dense direction of shear band formation and their intersections because

severe plastic deformation is more localized in these directions [198]. However, the

physical effects of the twinning mechanism are not included in the calculations in this

study.

Nevertheless, according to the simulation results, single crystals initially parallel to

the <111> direction experience more severe plastic deformation and exhibit more

Taylor softening than the other simulation results. These findings also align with

the results of the literature. Moreover, the predicted pole figures obtained from the

simulations, which are compatible with the experimental measurements reported in

the literature, underscore the accuracy and validity of the developed CPFEM model.
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CHAPTER 7

CONLUSION AND SUMMARY

This thesis investigates the production of ultrafine-grained (UFG) structures within

materials, allowing for the examination of the influence of mechanical properties. Se-

vere Plastic Deformation (SPD) production methods are explored at the macro and

mesoscale to determine the kinetics and kinematics of deformed metallic materials.

Consequently, process parameters for metallic workpieces and SPD production meth-

ods are identified. This study uses continuum-based micromechanic approaches to

cover the specimen’s texture evolution, plastic deformation response, and material

mechanical characteristics after deformation. It also uses experimental and simulated

microstructural properties under SPD process boundary conditions to decide on scien-

tific reviews. Chapter 2 introduces a novel torsional extrusion process called nonlin-

ear twist extrusion (NLTE). This section addresses the initial computational study of

the designed geometry for the new extrusion process. The results of the conventional

extrusion process, linear twist extrusion (LTE), are discussed in detail. Secondly, in

Chapter 3, implicit CPFEM user-defined material (UMAT) numerical simulations are

employed to explore the extrusion process of individual single-crystal copper work-

pieces, encompassing the LTE and NLTE mechanisms, while considering two distinct

initial orientations of the workpieces. By adopting this methodology, a thorough and

intricate comparison of the effectiveness of grain refinement, utilizing crystal plas-

ticity finite element analysis, is conducted for these two severe plastic deformation

techniques, marking the first instance of such an analysis in the literature. The main

parameters that impact processing, such as back pressure and friction, create con-

vergence problems in the simulations of Chapter 3. Thus, in Chapter 4, an explicit

CPFE model (VUMAT) is developed, and model verification studies are performed.

Furthermore, in Chapter 5, explicit simulations of single-crystal copper workpiece
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extrusion using NLTE processes with varying friction coefficients are conducted to

investigate the impact of the friction coefficient on the NLTE process and compared

with experimental results. Lastly, in Chapter 6, the explicit CPFEM model developed

in Chapter 4 is utilized to simulate the texture evolution and kinematics of single-

crystal niobium material during a single pass of ECAP. Two distinct initial crystal

orientations and three different slip systems are employed to analyze the ECAP pro-

cess of Nb single crystal. The main results from these studies are listed below.

• Results illustrated the advantages of the process in terms of punching force

and deformation distribution, where more effective strain evolution for grain

refinement had been obtained with less punch force in NLTE processes than in

LTE.

• Applied back pressure substantially influences the final geometry and evolution

of plastic strain.

• The NLTE process can produce more homogeneous grain refinement than the

traditional LTE process.

• Both implicit (UMAT) and developed explicit (VUMAT) crystal plasticity al-

gorithms yield consistent numerical results, facilitating the understanding of

strain localization, its sensitivity to strain paths, and its interaction with spe-

cific crystallographic orientations.

• The alignment between experimental and simulated results underscores CPFEM’s

potential for predicting strain localization and its dependence on various fac-

tors, thereby contributing to assessing material behavior and formability.

• The friction coefficient influences factors such as punch force, rigid body ro-

tation of the single-crystal copper specimen, shear strain, and microstructure

evolution.

• Texture analysis and examination of the main texture components’ contents

after the NLTE process indicated that increasing the friction coefficient between

the mold and workpiece decreases fracture toughness.
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• An increase in friction coefficient leads to higher punch forces, and a more

homogeneous plastic strain distribution is observed after one pass of the single

crystal copper specimen through the NLTE process.

• To mitigate the strain reversals, a revised NLTE mold design is proposed, where

the ellipsoidal twist sections’ minor and the major axis of the NLTE process

coincides with the principal major and minor axes of the ellipsoidal deformed

shape of the single crystal copper specimen.

• The variations in initial orientation, shear systems, and deformation paths sub-

stantially influence stress distribution within the workpiece, the development

of plastic equivalent strain, and the eventual formation of crystal orientation in

ECAP process.

• The outer corner angle of the ECAP die, which induces rigid body rotations

and subsequently affects the stress and strain distribution.

• Regarding the Taylor factor, a more significant reduction is observed in the

single crystals oriented along the <111> direction and using the 24-slip system

configuration.

• The softening degree is non-uniform and notably influenced by the grain orien-

tation and slip system employed in ECAP process.

• Specifically, the <111> oriented crystals coupled with the 24 slip system exhibit

a response with the potential for slip band formation and greater homogeneity.

• Comparisons between experimental and CPFEM-predicted texture results show

good qualitative agreement.
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tile failure of Inconel 718 during flow forming processand its numerical inves-

tigation,” Engineering Failure Analysis, vol. 152, no. 1, pp. 1–14, 2023.
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