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Abstract 

Equal channel angular pressing (ECAP) is a severe plastic deformation method 

which can produce ultrafine-grain material. Due to the characteristics of ECAP, 

those processed materials will exhibit asymmetric textures close to the simple-

shear texture and a complex microstructure containing ultrafine grains. The texture 

and microstructure will significantly influence the subsequent mechanical 

properties of ECAP’ed materials.  A tension-compression asymmetry, showing 

different yield strengths during tension and compression tests, is one example of 

resulting mechanical behaviour.  

The aim of this study is to develop a method to model the yield strength and strain 

hardening behaviour of the ultrafine-grained material, to predict the tension-

compression asymmetry, and to eventually develop an understanding of the 

relationship between the macroscopic mechanical behaviour and the 

microstructural development. 

In this work, the commercial purity aluminium AA1050 is studied. This material is 

processed by ECAP via different routes and different passes. The textures of the 

ECAP’ed AA1050 samples are measured by XRD. A series of mechanical tests are 

performed on the ECAP’ed aluminium, such as tensile tests, compression tests, and 

torsion tests. 

A modelling strategy is designed to simulate the mechanical behaviour of the 

ECAP’ed AA1050. The corresponding software consists of an implementation of 

the ALAMEL model to simulate the texture evolution, an implementation of a 

modified Estrin-Tóth model to simulate the development of dislocation cell 

structures, and a newly developed semi-phenomenological dislocation-based back-

stress model to describe the strain-path effect. 

This software is validated by modelling the yield strength and the strain hardening 

of the ECAP’ed AA1050 via route C and route Bc. Then it is applied on modelling 

the tension-compression asymmetry of ECAP’ed pure copper via route A. Besides, 

it is also used to model the mechanical behaviour during torsion tests of the 

ECAP’ed AA1050. 
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Samenvatting 

Equal channel angular pressing (ECAP) is een techniek waarbij ultra kleine korrels 

worden gegenereerd tijdens een extreem hoge koudvervorming. Omwille van de 

specifieke vervormingswijze (ECAP) vertonen deze materialen een asymmetrische 

textuur die nauw aansluit bij de textuur na eenvoudige afschuifvervorming en een 

complexe microstructuur met ultra fijne korrels. De textuur en de microstructuur 

van het materiaal na ECAP hebben een significante invloed op de mechanische 

eigenschappen. Een voorbeeld van een specifieke mechanische eigenschap is een 

trek-druk asymmetrie, waarbij een verschillende vloeigrens wordt opgemeten in 

trek en in druk.  

Het doel van deze studie is een model te ontwikkelen om de vloeigrens en 

vervormingsversteviging van ECAP materiaal te beschrijven, de trek-druk 

asymmetrie te voorspellen en om meer inzicht te verkrijgen in de relaties tussen het 

macroscopische mechanische gedrag en de microstructurele ontwikkelingen. 

In dit werk wordt een commercieel zuiver Aluminium type AA1050 bestudeerd. 

Dit materiaal wordt vervormd in een ECAP matrijs volgens diverse routes en met 

verschillende ECAP passen. De texturen van deze materialen worden gemeten 

m.b.v. XRD en de mechanische eigenschappen worden bepaald m.b.v. diverse 

mechanische testen zoals trek-, druk- en torsietesten. 

Een modelleer strategie werd uitgewerkt om het mechanisch gedrag van 

geECAP’ed AA1050 te simuleren. De uitgewerkte software bestaat uit een 

implementatie van het ALAMEL model om de textuur te simuleren, de 

implementatie van een aangepaste versie van het Estrin-Tóth model om de 

ontwikkeling van de dislocatie-cel structuur te simuleren en een nieuw ontwikkeld 

semi-fenomenologisch dislocatie-gebaseerd tegenspannings model om de effecten 

van een verandering van vervormingspad te beschrijven.  

Deze software werd gevalideerd door het modelleren van de vloeispanning en de 

vervormingsversteviging van AA1050 geECAP’ed volgens routes C en Bc. Daarna 

werd het toegepast om de trek-druk asymmetrie van geECAP’ed zuiver Cu (route 

A) te modelleren. Terloops werd ook het mechanisch gedrag gemodelleerd van 

geECAP’ed AA1050 tijdens een torsie test. 
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Chapter 1 Introduction 

1.1 Aim of the research 

This research is in the framework of the Belgian Programme on Interuniversity 

Attraction Poles (IUAP) project p6/24 “Physics based multilevel mechanics of 

metals”, initiated by the Belgian Federal Science Policy Office (BELSPO). The 

work is entitled “Modelling the yield strength and strain hardening of ultrafine 

grained aluminium”. 

Within this doctoral work, a multi-scale modelling strategy will be developed to 

account for the yield strength and strain hardening behaviour of ultrafine grained 

aluminium. Hot-rolled commercial purity aluminium plate AA1050 is used as the 

studied material. The reason to choose this material is because: i) it is a one-phase 

material; ii) the main deformation mechanism is dislocation gliding; iii) a large 

amount of research has been done on the ECAP’ed AA1050 during the previous 

work by Dr. Poortmans (Poortmans, 2008) . In order to obtain an ultrafine grained 

microstructure, a severe plastic deformation method called “Equal Channel 

Angular Pressing” (ECAP) process is adopted. The ECAP process will not only 

introduce large strain into aluminium resulting in very fine grain size, but also 

make the aluminium show obvious strain-path-change effect in the subsequent 

mechanical tests. 

Several models, physical ones or phenomenological ones, have been developed to 

account for the mechanical behaviour of the ECAP’ed material. However, most of 

them put emphasis on a restricted set of physical aspects, such as grain size, or 

dislocation density, or plasticity anisotropy. Therefore, the main focus of this 

research is to find an appropriate modelling method to capture the microstructure 

evolution, ‘back-stress’ evolution and the texture evolution during the ECAP 

process in the same time.      

1.2 Outline of the text 

In Chapter 2, a broad literature is given to have a better understanding of the ECAP 

process. First, a brief introduction of the equal-channel angular pressing will be 

given in order to find what kind of parameters of the ECAP process can influence 

the processed material from a technical point of view. Then the review is going 

deeper to show the main characteristics of ECAP’ed material. The microstructure 

evolution (specific for FCC material) and the texture evolution during ECAP are 

discussed respectively. Besides, the very important concept of back-stress is 
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defined and explained also. Meanwhile, some existing models of microstructure, of 

texture and of back-stress are introduced and compared. 

Before developing the modelling strategy, the experimental results of the ultrafine-

grained aluminium AA1050 are presented in Chapter 3. First of all equipment used 

in this work will be presented. The hot-rolled AA1050 is processed both via route 

C and via route Bc by different passes. Then a series of tensile tests, compression 

tests and torsion tests are performed, on route C samples and on route Bc samples. 

The tension-compression asymmetry is found both in route C samples and in route 

Bc samples. In order to obtain accurate estimation of the different yield strength in 

tensile test and in compression test, the last section is focused on the identifying the 

yield strength of the ECAP’ed compress samples. 

The development of the new modelling strategy/framework is presented in Chapter 

4. In the first section, the hypothesis of the modelling strategy will be discussed. 

Then the framework of the whole strategy is introduced. Based on the modelling 

framework, three different models responsible for describing texture evolution, 

microstructure evolution and back-stress evolutions are combined. Especially for 

the back-stress evolution, a new dislocation-based back-stress model is developed 

to describe the tension-compression asymmetry. The way of implementation and 

assembling will also be discussed. 

Such a new developed modelling framework will be assessed in Chapter 5. The 

implemented ALAMEL model is first validated. Then the modelling strategy is 

applied on the ECAP’ed AA1050 to predict the mechanical behaviour of the 

subsequent mechanical tests. Through the comparison between the experimental 

results with the predicted value on the dislocation cell size, the dislocation densities, 

and the macroscopic strength, the developed modelling framework is proved to be 

able to simultaneously capture the microstructure and the macroscopic mechanical 

behaviour. 

In order to check whether the model is generally applicable, two other cases are 

studied in Chapter 6. The first case is to apply the modelling strategy to predict the 

microstructure and tension-compression asymmetry of ECAP’ed pure copper.  The 

second case is to use the model to predict the torque during the subsequent free-end 

torsion test on the ECAP’ed AA1050. 

In Chapter 7, a general conclusion of the work will be given, especially of the 

advantages and disadvantages of this model. Based on the conclusion, some 

possible research topics are suggested for future work. 

 



 

 

Chapter 2 Literature review  

 

The aim of this chapter is to provide the reader with background knowledge to 

understand what is happening to materials during the equal-channel angular 

pressing (ECAP) process. Normally, the ECAP process can be divided into three 

phases (Figure 2.1): i) before the process, the pre-processing will determine the 

initial property of the input material. ii) during the process, the microstructure and 

texture will evolve according to different ECAP routes and pass numbers. iii) after 

the process, the mechanical behaviour will depend on the resulting property of the 

material.  

 

Figure 2.1  Three phases during the Equal channel angular pressing. Texture and 

microstructure play important roles in the process.  

Therefore, this chapter is arranged in the following way: in Section 2.1, a brief 

introduction of equal-channel angular pressing is given; the microstructure 

evolution (specific for FCC material) during large strain and the corresponding 

dislocation-based models are discussed respectively in Section 2.2 and in Section 

2.3; the texture evolution during ECAP is discussed in Section 2.4 and in Section 

2.5 the available texture models are compared; finally, the very important concept 

of back-stress is defined and explained in Section 2.6.  

2.1 Equal-channel angular pressing 

Equal-channel angular pressing (ECAP), also known as equal-channel angular 

extrusion (ECAE), is an example of a severe plastic deformation method. This 

section will summarize all necessary information about ECAP.  
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2.1.1 Brief History and advantage of ECAP 

The first milestone came when Segal and co-workers (Segal et al., 1981) published 

a paper in English
1
, in which they described their brilliant idea of deforming metals 

in a redundant way by simple shear (see figure 2.2). This kind of deformation can 

introduce very high strain into metal billets. Unfortunately the scientific 

community did not pay much attention to their successful achievement. Then came 

the second milestone when Valiev and co-workers (Valiev et al., 1991) revealed 

the potential for using ECAP to produce ultrafine-grained metals and put emphasis 

on the unique properties resulting from the sub-micrometer microstructure. This 

triggered the intensive and ongoing research, development and application of the 

ECAP process during the last two decades. 

In a review article concerning ECAP, Valiev and Langdon (Valiev and Langdon, 

2006), considered that ECAP is more advanced than other SPD methods based on 

several reasons: first, the equipment of ECAP is simple and general, while the 

method is widely suitable for different alloys. Second, even after a sufficiently high 

strain, the as-pressed billets still have a reasonable homogeneity. Third, ECAP has 

the potential to produce fairly large billets, once scaled up it will be suitable for 

producing structural materials. 

2.1.2 Equipment of ECAP  

The ECAP equipment consists of two parts, namely the plunger and the die (see 

Figure 2.2). The function of the plunger is to push the material, press it through the 

channel and control the pressing speed. On the other hand, the die, which is made 

of very hard steel, consists of two channels (see Figure 2.3). These two channels 

have almost identical cross-section, of which the shape should be obviously the 

same as the one of the plunger, while the dimension could be slightly different. The 

channels are connected with each other at an angle Φ (Figure 2.4). When the 
sample is pressed through the intersection plane of the two channels (the so called 

shear plane), the material deforms by the means of simple shear and is pushed out 

of the die. For the sake of convenience, each section of the pressed sample in 

Figure 2.2 is given a name: The plane X is perpendicular to the extrusion direction 

(ED), the plane Z is perpendicular to the ingoing direction (ID) and the plane Y is 

perpendicular to the transverse direction (TD). The notation ED-ID-TD will be 

used throughout this text. 

                                                      
1
 The original patent was published in Russian: “V.M. Segal, USSR Patent No. 575892 

(1977)” 



Figure 2.2 Schematic illustration of one pass ECAP process: The plunger presses the sample 

through the die. The X, Y, Z notations represent corresponding planes which will be used in the 

following text. 

Figure 2.3  The material is deformed by a deformation mode called simple shearing on the 

shear plane.  

2.1.3 Geometry of the ECAP die and corresponding imposed strain

Once the ECAP die is constructed, the geometr

angle of intersection of the two channels 

curvature when the two parts of the c

of Φ is 0°~180°, but often equal to 90° o

curvature Ψ must be located in the range 0°≤
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Schematic illustration of one pass ECAP process: The plunger presses the sample 

through the die. The X, Y, Z notations represent corresponding planes which will be used in the 

following text. (Berbon et al., 1999) 

 

The material is deformed by a deformation mode called simple shearing on the 

shear plane.  (Nakashima et al., 2000) 

die and corresponding imposed strain 

Once the ECAP die is constructed, the geometrical parameters are invariant: the 

angle of intersection of the two channels Φ and the angle associated with the arc of 

curvature when the two parts of the channel intersect Ψ (see Figure 2.4). The range 

is 0°~180°, but often equal to 90° or less frequently to 120° and the arc of 

be located in the range 0°≤ Ψ ≤(180- Φ )°. 
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Figure 2.4 Schematic illustration of how the material deforms under the influence from the 

channel angle and the outer round angle: (a) Ψ=0 (b) Ψ=π-Φ and (c) 0<Ψ<π-Φ  (Iwahashi et al., 

1996) 

Remember that the aim of ECAP is to impose simple shear strain on the billets. 

According to Iwahashi’s geometrical analysis (Iwahashi et al., 1996), the simple 

shear strain is a function of the two angles: 

 2cot cosec
2 2 2 2

γ
Φ Ψ Φ Ψ   = + + Ψ +   

   
 (2.1) 

The above equation is valid under ideal conditions, which means that the sample 

inside the ECAP die is fully lubricated and the friction between the sample and the 
die can be ignored. In order to visually understand the relationship between the 

imposed strain and the die angles (Φ and Ψ), a graphical representation is shown in 
Figure 2.5. Note in Figure 2.5, the strain is represented by von Mises equivalent 
strain2, while the strain in equation (2.1) is in shear strain. One needs to divide the 

                                                      
2
 If it is not particularly mentioned, the equivalent strain in this thesis is always referred to 

von Mises equivalent strain. 



shear strain by √3 to get the equivalent strain.
channel angle is, the higher the imposed strain is, and the arc of curvature Ψ will 

have more effect on the imposed strain. 

Figure 2.5 The relationship between the imposed equivalent strain and t

2.1.4 The ECAP processing routes and 

Between one ECAP pass and the following one, there is a possibility to rotate the 

ECAP sample around its longitudinal axis. The rotation angle is generally chosen 

as 0°, 90° and 180°. Naturally, the so called 

certain specific patterns of rotation. There are four basic routes 

2000) which are schematically illustrated in 

pressed again without rotation; in route B

alternative directions between consecutive passes, for exampl

anticlockwise then clockwise again; on the contrary, in route B

rotated by 90° always in the same sense; in route C the rotation angle is always 

180°. 

Figure 2.6 Schematic illustrations of the ECAP route definitions, based on the sample 

angle. (Nakashima et al., 2000

2.1   Equal-channel angular pressing 
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to get the equivalent strain. It is very clear that the smaller the 

channel angle is, the higher the imposed strain is, and the arc of curvature Ψ will 

have more effect on the imposed strain.  

  

the imposed equivalent strain and the die angles. (Furuno 

et al., 2004) 

The ECAP processing routes and corresponding shear plane 

Between one ECAP pass and the following one, there is a possibility to rotate the 

ECAP sample around its longitudinal axis. The rotation angle is generally chosen 

as 0°, 90° and 180°. Naturally, the so called ECAP route is defined to refer to 

certain specific patterns of rotation. There are four basic routes (Nakashima et al., 

which are schematically illustrated in Figure 2.6: in route A the sample is 

pressed again without rotation; in route BA the sample is rotated by 90° in 

alternative directions between consecutive passes, for example, from clockwise to 

anticlockwise then clockwise again; on the contrary, in route BC the sample is 

rotated by 90° always in the same sense; in route C the rotation angle is always 

 

Schematic illustrations of the ECAP route definitions, based on the sample rotation 

Nakashima et al., 2000) 
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Different routes lead to different shear directions when the sample is deformed 

during ECAP. Lee (Lee and Langdon, 2000

direction/planes are for different passes via different routes (see 

obvious that this figure is difficult to understand. In order to make it easier to 

understand, the concept ‘virtual continuous ECAP process

Figure 2.7  Schematic illustration of the shear direction/planes for different passes via different 

routes (Lee and Langdon, 2000

The ECAP dies in the virtual continuous ECAP process are virtually connected 

with each other. The reason to call it ‘virtual’ is that it is normally impossible to 

use such a kind of die since the friction is too high to press the sample through i

Remember that in a conventional ECAP process, the sample is rotated after each 

pass. Instead of rotating the sample, the ECAP die is 

continuous ECAP process. These dies are shown in 

shear directions when the sample is deformed 

Lee and Langdon, 2000) figured out what the shear 

for different passes via different routes (see Figure 2.7). It is 

obvious that this figure is difficult to understand. In order to make it easier to 

virtual continuous ECAP process’ should be introduced.  

 

the shear direction/planes for different passes via different 

Lee and Langdon, 2000) 

The ECAP dies in the virtual continuous ECAP process are virtually connected 

The reason to call it ‘virtual’ is that it is normally impossible to 

use such a kind of die since the friction is too high to press the sample through it. 

Remember that in a conventional ECAP process, the sample is rotated after each 

ing the sample, the ECAP die is reverse-rotated in the virtual 

continuous ECAP process. These dies are shown in Figure 2.8. 



Figure 2.8 Schematic illustration of the virtual continuous ECAP die in the 3D space: from left 

to right, from top to bottom, they are route A, Route Ba, Route Bc, and Route C.

With the help of Figure 2.8 and comparing with the corresponding ECAP route in 

Figure 2.7, the normal direction of the shearing plane i

changes differently in the same sample: in route A the shearing plane is 

intersecting at an angle of 90° with the previous one; in route B

between each shearing plane is 60° (or 120° according to 

2006)). In route C the shearing planes intersect with each other at an angle of 180°. 

However, the shear is reversed in route B

strain is more or less recovered. They are called 

contrary, the strain is cumulatively built up in route A and route B

2.1.5 Parameters in ECAP and their corresponding influence

One can change the pressing speed, the pressing temperature and the back

to control the properties of the ECAP’ed samples.

The influence of the pressing speed has been reported in 

Yamaguchi et al., 1999, Kim et al., 2003

more equilibrated microstructures 

easily, while the grain size does not significantly change 

When using a very high pressing  speed of 18 mm/s on pure Al, the temperature of 

the sample will be abruptly raised due to internal heating, compared with no 

internal heating at lower speed (Yamaguchi et al., 1999

microstructures have no obvious difference 

2.1   Equal-channel angular pressing 
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Schematic illustration of the virtual continuous ECAP die in the 3D space: from left 

to right, from top to bottom, they are route A, Route Ba, Route Bc, and Route C. 

and comparing with the corresponding ECAP route in 

, the normal direction of the shearing plane in each consecutive pass 

changes differently in the same sample: in route A the shearing plane is 

intersecting at an angle of 90° with the previous one; in route BA and BC the angle 

between each shearing plane is 60° (or 120° according to (Valiev and Langdon, 

). In route C the shearing planes intersect with each other at an angle of 180°. 

However, the shear is reversed in route Bc and in route C, in which the shearing 

strain is more or less recovered. They are called redundant strain processes. On the 

ain is cumulatively built up in route A and route BA. 

Parameters in ECAP and their corresponding influence 

One can change the pressing speed, the pressing temperature and the back-pressure 

of the ECAP’ed samples. 

The influence of the pressing speed has been reported in (Berbon et al., 1999, 

Kim et al., 2003): The lower the pressing speed is, the 

 are obtained because recovery occurs more 

does not significantly change (Berbon et al., 1999). 

When using a very high pressing  speed of 18 mm/s on pure Al, the temperature of 

e will be abruptly raised due to internal heating, compared with no 

Yamaguchi et al., 1999). For titanium, the resulted 

microstructures have no obvious difference (Kim et al., 2003). 
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A higher pressing temperature ensures two major results according to Yamashita 
(Yamashita et al., 2000): increased grain size and a higher fraction of low-angle 
grain boundaries. These two changes are due to the faster recovery rate at the 

higher temperature, which leads to an increasing possibility of dislocation-
annihilation at the subgrain boundary. This conclusion has been validated by many 

experiments. Therefore Valiev and Langdon (Valiev and Langdon, 2006) 
suggested to perform the ECAP process at the lowest possible temperature to 
achieve the optimum ultrafine-grained microstructure. 

The aim of introducing a back-pressure is to increase the formability of the sample 
(Valiev et al., 2002), to ensure the uniformity of the metal flow and to eliminate the 

‘dead zone’ (Lapovok, 2004). In practice, the back-pressure is introduced by 
increasing the friction in the exit channel or by using a computer-controlled 
plunger inserted into the exit channel. 

2.2 Microstructure evolution of FCC material during ECAP 

It is well known that the number of the slip systems in face-centred cubic (FCC) 
materials (12 slip systems) is less than the one in body-centred cubic (BCC) 

materials (normally 24 slip systems, depending on whether the {123} planes is 
taken into account). In this thesis we will mainly focus on the evolution and 

modelling of FCC Aluminium. 

2.2.1 Definition of the dislocation structures 

Nowadays the intragranular dislocation structure is always discussed in terms of 

dislocation cells and dislocation cell blocks.  

2.2.1.1 Cells 

It is well known that during deformation dislocations will develop and self-
organize into the so called dislocation cell structures (see Figure 2.9d), creating 
cell walls with high dislocation density (ρ>1015 m-2) and cell interiors with low 

dislocation density (ρ<1014 m-2)  (Mughrabi, 1983b, Jackson, 1985). The cell size 
and cell shape largely depend on the amount of strain, and on material parameters, 

such as the stacking fault energy (SFE), resulting in different recovery behaviour. 
Besides, it is reported by many authors (Rauch and Schmitt, 1989, Schmitt et al., 
1985, Fernandes and Schmitt, 1983) that the dislocation structures are strongly 

dependent on the strain path, for instance, the dislocation structures will be 
dissolved and re-constructed during a reversal of the strain path. 

 



2.2   Microstructure

Figure 2.9 The development of dislocation structures in the classical stage of hardening

late stage I and (b) in stage II of a Cu single crystal deformed in single slip

and (d) are from a

2.2.1.2 Cell blocks 

At larger scale, the so called cell block structure

authors (Hansen et al., 2001, Hughes and 

Hansen, 1991). They found that, at low strains, the equiaxed cells are grouped into 

clusters and separated by dense dislocation walls (DDWs are 

dislocation rotation boundaries having a higher dislocation density) or double 

walled microbands (MBs are narrow bands composed of elongated cell structures 

with also high disorientation). They are schematically shown in 

large strain, the cell block structure even has the tendency of evolving into 

boundaries (LB), DDWs parallel with each other along the material flow direction.

At low strain the dimension of the cell block is equal to 3~5 

whereas at high strain the width of LB is nearly the width of 2~3 cells and the 

length of LB is close to the length of 10 cell

The DDWs and MBs are usually called geometrically necessary boundaries 

(GNBs). Within different cell blocks the active slip systems are different. On the 

other hand, the cell walls are called incidental dislocation boundaries (IDBs) due to 

their function of trapping mobile dislocations.

Microstructure evolution of FCC material during ECAP 
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The development of dislocation structures in the classical stage of hardening: (a) in 

stage I and (b) in stage II of a Cu single crystal deformed in single slip (Mughrabi, 1971), (c) 

and (d) are from a <110> crystal (Gottler, 1973). 

cell block structure has been discussed by many 

Hughes and Hansen, 1997, Kuhlmann-Wilsdorf and 

. They found that, at low strains, the equiaxed cells are grouped into 

ers and separated by dense dislocation walls (DDWs are rather sharp 

dislocation rotation boundaries having a higher dislocation density) or double 

walled microbands (MBs are narrow bands composed of elongated cell structures 

They are schematically shown in Figure 2.10. At 

large strain, the cell block structure even has the tendency of evolving into lamellar 

with each other along the material flow direction. 

At low strain the dimension of the cell block is equal to 3~5 equiaxed cells, 

whereas at high strain the width of LB is nearly the width of 2~3 cells and the 

length of LB is close to the length of 10 cells.  

The DDWs and MBs are usually called geometrically necessary boundaries 

(GNBs). Within different cell blocks the active slip systems are different. On the 

other hand, the cell walls are called incidental dislocation boundaries (IDBs) due to 

function of trapping mobile dislocations. 
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Figure 2.10 Schematic illustrations of the dislocation cell block structures after different strains 

(Hughes and Hansen, 1997) 

2.2.1.3 Low- and High-angle boundary 

The misorientation refers to the difference in lattice orientation on the two sides of 
grain boundaries or dislocation boundaries. It is continuously increasing with 

increasing strain. The critical misorientation angle is conventionally defined at 15° 
and divides boundaries into two categories, low-angle boundary (LAB, θ ≤15°) and 

high-angle boundary (HAB, θ>15°). When considering the energy of LABs and 
HABs, one always finds HABs keep a relatively higher energy level and mobility 

than LABs do (Badmos et al., 2003).  

The two kinds of categorized boundaries, LAB with HAB and GNB with IDB, do 
not actually have a one to one correspondence. It is shown that the cell boundaries 

or incidental dislocation boundaries always have a low angle of misorientation. On 
the other hand, the geometrically necessary boundaries do not always have a high 

misorientation angle. (Hansen et al., 2001, Hughes and Hansen, 1997, Kuhlmann-
Wilsdorf and Hansen, 1991, Liu and Hansen, 1995)     

There are two possible ways to measure the misorientation of the boundary, by 

using transmission electron microscopy (TEM) or by using the electron backscatter 
diffraction (EBSD) technique. The advantage of TEM is its high resolution and 

measurement accuracy, e.g., using SAED (Selected area electron diffraction) or 
Kikuchi patterns to identify the lattice orientation. On the contrary, EBSD has the 
limitation to identify only boundaries with a misorientation angle higher than 2°. 

Therefore, TEM is good at observing the microstructure of small regions with high 
accuracy, whereas EBSD is designed to be capable of scanning and analysing large 

regions with the advantage of automation. In literature, the cell and cell blocks are 
normally analysed using TEM, and most of the observation of LABs and HABs are 



2.2   Microstructure evolution of FCC material during ECAP 

 

13 

done using EBSD, few of them are measured through TEM for high accuracy 
analysis.  

2.2.1.4 Grain and subgrain size 

What does the term ‘grain’ means in the context of ‘ultrafine-grained materials’? 
Some authors (Iwahashi et al., 1998, Terhune et al., 2002) use ‘grain size’ to 

indicate the average width of equiaxed cells. Other authors (Cabibbo, 2010, 
Cabibbo et al., 2008) explicitly measure the individual spacing between HABs and 
the spacing between LABs, and report them both. According to the work from 

(Wagenhofer et al., 1999, McQueen et al., 1995), the ultimate limit of the spacing 
between HABs will converge to the cell size at very high strain (at least 12 to 16 

passes). In the author’s opinion, when using the term ‘grain size’, one should 
explicitly declare which kind of grain size it is. The current work is focused on the 
1 pass to 4 passes. The cell size (LAB) is always paid attention to. 

2.2.2 Microstructures of ECAP’ed aluminium 

As mentioned in Section 2.1.4, different ECAP routes and different ECAP pass 

numbers will result in different strain patterns, which will definitely lead to a 
different microstructure. Besides, different initial status of the material (single 

crystal or polycrystal) will also influence the final microstructure. In this 
subsection, the microstructures of ECAP’ed aluminium reported in literature are 
shortly described.   

2.2.2.1 Single crystal 

The investigations of ECAP’ed aluminium single crystals have been reported by 

(Fukuda et al., 2006, Fukuda et al., 2004, Furukawa et al., 2005). All these works 
are only focused on a single pass ECAP process. This makes it easy to identify the 
orientation of the crystal and compare with the final crystal orientation. 

Furthermore, the single crystal investigation is able to get rid of the influence of 
original grain boundaries and neighbour grains. Any microstructure change in the 

single crystal can be categorized as ‘intragranular’ changes. 

The intragranular microstructure in the TD plane of an aluminium single crystal 
which is pressed through a 90° die by a single pass is shown in Figure 2.11. One 

can clearly see ‘a relatively uniform array of elongated subgrains’ (lamellar 
boundaries containing cells inside) (Fukuda et al., 2006). The SAED patterns prove 

that all the boundaries have a low misorientation. The width between the lamellar 
boundaries is approximately 1.3µm. Note that the direction of the trace of the 
lamellar boundaries is parallel with the trace of the {110} plane.  
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Figure 2.11 TEM observation of the intragranular microstructure in the TD plane of an 

aluminium single crystal which is pressed through a 90° die by a single pass (Fukuda et al., 

2006) 

2.2.2.2 Polycrystal  

A TEM analysis of an ECAP processed polycrystal of pure aluminium has been 
reported by (Iwahashi et al., 1998). Note that Iwahashi and his co-workers used an 
ECAP die having Φ=90° and Ψ=20°. It is shown in Figure 2.12 that the processing 

route and the number of processing passes will significantly influence the 
microstructure. It is also noted that the microstructure is not homogeneous, neither 

in the ED-ID plane, the ID-TD plane nor in the TD-ED plane.  

What is the main difference between the microstructure of ECAP’ed single crystals 

and polycrystals? Compared with the Figure 2.11, the microstructure in the ED-ID 
plane of the polycrystalline aluminium clearly consists of bands of cells 
approximately oriented 45° to the extrusion direction (parallel with the shearing 

plane of the ECAP die having Φ=90°), which is on the contrary ~65° for a single 
crystal. It is because not only polycrystal aluminium has much more {111} planes 

parallel with the shearing direction which depends on the initial texture, but also 
the grain interaction will facilitate the rotation of grains/subgrains. On the other 
hand, both the subgrain boundaries for single crystal aluminium and for a 

polycrystal are proven to be low-angle boundaries via the analysis of the SAED 
patterns. Besides, the subgrain size is similar to the ones of the single crystal after 

one pass.: ~1.2-1.3µm (Terhune et al., 2002). 

For multiple-pass ECAP’ed pure aluminium, the visible microstructure differs with 
different route. Via route A, the shape of the subgrains and cells viewed on the TD-

ED plane and the ID-TD plane keeps the elongated shape parallel with TD and 
does not change too much compared to pass one. Even the subgrains viewed on the 
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ED-ID plane have a more or less elongated shape after four ECAP passes (see 
Figure 2.12). Via route BC, one will find that the microstructure has the tendency of 
evolving into equiaxed cells, which proves that BC leads to the most rapid 

evolution. That’s why route BC is recommended as ‘the optimum ECAP processing 
route as least for the pressing of pure aluminium’(Valiev and Langdon, 2006). Via 

route C, the situation is between the microstructure via route A and the one via 
route BC. It is reported that the reversal shear  more or less restores the original 
grain shape as seen in the first few even passes (Li et al., 2006). 

The large area analysis and comparison of low-angle boundaries and high-angle 
boundaries have been reported by many authors. In literature (Poortmans, 2008), 

Poortmans reported his EBSD observation of the ECAP processed commercially 
pure aluminium AA1050 processed via route C (see Figure 2.13). It is shown that 
the fraction of low-angle boundaries is starting from 83.5% in the hot-rolled state, 

decreasing to 76.9% after one pass and ending at 15.8% after sixteen passes (see 
Table 2.1). Similar observations have also been reported by (Mishin et al., 2003) 

for commercially pure aluminium AA1050. The (sub)grain size has a large 
reduction after one pass 1.6~2.5µm and saturated at ~1µm in the following passes.  

2.3 Dislocation-based modelling of work hardening 

In this section, the framework of modelling dislocation slip systems will be 
introduced and various dislocation-based models, designed specifically for large 
strains, will be compared and discussed.   

2.3.1 Activation criterion for the slip systems 

Dislocation slip is one of the primary plastic deformation mechanisms of metals. 

To describe this, slip systems consisting of the slip plane and the slip direction 
should be introduced. Generally the slip plane is the closed packed plane, 
especially for face-centred cubic (FCC) materials. One can use Miller indices to 

represent the slip system: for FCC materials, there are in total 12 slip systems, 4 
slip planes {111} and 3 slip directions <110> for each slip plane; for BCC 

materials, there are 24 slip systems. Besides the 12 slip systems of {111}<110>,  
there are another 12 slip systems of {112}<110>. Sometimes even the slip systems 
of {123}<110> are active (Bunge and Morris, 1982). Mathematically, the slip 

system is represented by the Schmid tensor M:  

 s n= ⊗M  (2.2) 

in which s is the slip direction vector and n is the vector normal to the slip plane. 
Note M is always normalized.   

For each slip system, the activation of dislocation motion during the plastic 

deformation depends on the resolved shear stress τ on this slip system. Once the 
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Pass 1 

               

 Route A Route BC Route C 

Pass 2 

   

Pass 3 

   

Pass 4 

   

Figure 2.12 Influence of the processing route and the number of processing passes on the 

microstructure. (Iwahashi et al., 1998) 



2.3   Dislocation

Figure 2.13 EBSD observations of the ECAP processed commercially pure aluminium AA1050 

processed via route C after different ECAP passes

Table 2.1 The fraction of the low angle grain boundary and grain size of the ECAP

via route C after different ECAP passes, which is investiga

ECAP 

Pass 

Hot-

rolled 
1 2 

LAB 

fraction 

83.5% in 

grain 
76.9% 60.6%

Grain size 

(µm) 
25-33 1.6-2.5 1.8

 

resolved shear stress τ exceeds the critical resolved shear stress (CRSS) 

slip system is considered as active. This law was proposed by Schmid in 1924 : 

 
i i i

CRSS CRSSτ τ τ− ≤ ≤ +  

where i represents a particular slip system.

However, not all the slip systems are 

dislocation motion is not the same on each slip system. As 

stress, the multiple slip system activation also depends on the crystal orientation. 

There are two ways to solve this problem. 
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of the ECAP processed commercially pure aluminium AA1050 

after different ECAP passes (Poortmans, 2008) 

grain boundary and grain size of the ECAP’ed AA1050 

via route C after different ECAP passes, which is investigated by EBSD (Poortmans, 2008) 

 4 8 12 16 

60.6% 66.3% 40% 23.4% 15.8% 

1.8-2.0 1.6-2.4 1.2 1.1 0.54-1 

resolved shear stress τ exceeds the critical resolved shear stress (CRSS) τCRSS, this 

slip system is considered as active. This law was proposed by Schmid in 1924 :  

(2.3) 

represents a particular slip system. 

However, not all the slip systems are simultaneously active, or in other words, the 

dislocation motion is not the same on each slip system. As like the resolved shear 

stress, the multiple slip system activation also depends on the crystal orientation. 

There are two ways to solve this problem. First, one can use the Taylor single 
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crystal plasticity model. Taylor proposed his well known energy criteria for 
determining the active slip systems: the combination of active slip systems should 
lead to the minimum internal power dissipation rate (Taylor, 1938): 

 mini i

CRSS

i

W τ γ= =∑� �  (2.4) 

where i represents the i-th slip system. If the ideal situation of equivalent CRSS is 
assumed, there are at least five slip systems activated during plastic deformation. 
From a mathematical point of view, this is a linear optimization problem. 

According to the theory of linear programming (Bronshtein et al., 2007), every 
linear programming problem, referred to as a primal problem, can be converted 

into a dual problem, which provides an upper bound to the optimal value of the 
primal problem. That means that there exists a maximization problem opposite to 
Taylor’s criteria. The dual problem is proposed by (Bishop and Hill, 1951), which 

assumed that the combined activation of the slip systems will result in the 
maximum external plastic power: 

 : maxW = =S D�  (2.5) 

in which S is the deviatoric stress tensor and D is the strain rate tensor. Solving 
these two problems by using the simplex method (Van Houtte and Aernoudt, 1975, 

Van Houtte and Aernoudt, 1974) will both lead to obtain the slip rate ��  for each 
slip systems and the corresponding stress state. These two criteria are equivalent 
and called the Taylor-Bishop-Hill (TBH) model. 

Beside the TBH approach to know which slip system is active, another approach 
named strain rate sensitivity model is also widely used. The widely accepted one is 

from (Asaro and Needleman, 1985). In Asaro’s paper, the deformation is 
considered as visco-plastic. There is no clear limit to distinguish the active slip 
systems from the inactive ones. Instead, all slip systems always slip at a rate which 

depends on the current stress and the critical resolved shear stress in the slip 
systems. For a certain slip system i, the slip rate is described as a function of the 

CRSS: 

 0 sign( )

m
i

i i

i

CRSS

τ
γ γ τ

τ
=� �  (2.6) 

In the equation above, τ is the resolved shear stress on the slip system i, and τCRSS is 

the critical shear stress of the slip system. The parameter ��� is a reference slip rate, 
and the exponent m characterizes the material strain rate sensitivity and the rate 
dependent limit is 1/m�0. When the strain rate sensitivity is low, the substitution 

of this approach by the TBH model overcomes the problem of non-uniqueness in 

selecting a set of active slip systems.  
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2.3.2 General framework of dislocation-based work hardening models 

The purpose of a work hardening model is to express the stress as a function of the 

strain: σ = f	ε� or τ = f	γ�. Firstly, how to design the model and give a correct 
description of the stress-strain behaviour depends on the investigated length scale. 

Macroscopically, the hardening equation is normally described as σ = f	ε�, linking 
the macroscopic stress with the macroscopic strain. On the contrary, when one 

investigates the hardening behaviour at the microscopic scale, the critical resolved 

shear stress is represented as a function of the amount of shear on the slip systems τ = f	γ�. 
Secondly, how to describe the hardening behaviour also depends on the choice of 

the modelling approach. There are generally two kinds of modelling approaches, 

phenomenological modelling and physics-based modelling. For the engineering 

application, the phenomenological way is preferred. Since the result from 

phenomenological is accurate enough for application, and for industry application 

and design, the safety factor is always used to cover all possible errors from the 

prediction and the reality, the hardening behaviour is always treated as a ‘black 

box’, and how the material is physically hardened is not considered. This kind of 

approach is relatively easy to implement. On the other hand, in order to reflect the 

real hardening mechanisms, one should consider more aspects, such as dislocation 

density, misorientation of the grain boundary, twinning, grain size and particles. 

The dislocation-based hardening models are the majority among these models. 

The general framework of hardening models is shown in Figure 2.14. It is shown 

that, when the physical approach is adopted, the main task of modelling is to give a 

physical description of the microstructure evolution with respect to the shear strain. 
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Figure 2.14 Two possible ways to model the hardening behaviour: (a) macroscopically, using a 

phenomenological model (black box model); (b) based on the microstructure, using dislocation 

density ρ, grain size d and misorientation of grain boundaries g to model the microscopic 

hardening, and through micro-macro transfer to get the macroscopic hardening behaviour. 

2.3.3 Overview of some important dislocation-based models 

2.3.3.1 Taylor’s flow-stress model and Hall-Petch relation 

Almost all dislocation-based models are partially based on Taylor’s flow-stress 

model (Taylor, 1934). In his model, the resolved flow stress is described as a 

function of the total forest dislocation density: 

 Gbτ α ρ=  (2.7) 

in which G is the shear modulus, b is the magnitude of the Burgers vector and α 
depends on temperature and material, and ρ is the dislocation density. 

Also one will not forget the famous Hall-Petch relation stating that the strength of  

metals is inversely proportional to the square root of the grain size: 

 0

y

y

k

d
σ σ= +  (2.8) 

where �� is the yielding strength, �� is the material constant for the starting stress 
for dislocation movement, �� is a coefficient and d is the average grain diameter. 
The so called Taylor factor M will be used to link the resolved shear stress to the 

yielding strength (Verlinden et al., 2007): 
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y Mσ τ=  (2.9) 

2.3.3.2 Kocks-Mecking model 

According to (2.7), the increase of the flow stress with strain is due to the storage 

of dislocations. Kocks and Mecking (Kocks, 1966, Kocks and Mecking, 2003) 

introduced the concept of ‘dislocation mean free path’ Λ, which is equal to: 

 
da

dL
Λ =  (2.10) 

where dL represents the length of dislocation stored per area da which the 
dislocation swept. And they proposed an equation for the accumulation rate of 

dislocation (with respect to strain): 

 
1d dL

d bda b

ρ
γ

= =
Λ
 (2.11) 

Considering that dynamic recovery will reduce the dislocation density, the change 
rate of the dislocation density 

 
r

d
d d

b

γ
ρ ρ= −

Λ
 (2.12) 

is controlled both by the accumulation and by the dynamic recovery represented by 

dρr. 

2.3.3.3 Estrin-Tόth model 

The microscopic dislocation-based model from Estrin and Tóth is able to describe 

the hardening behaviour of a cell-forming crystalline material at large strain (Estrin 
et al., 1998, Toth et al., 2002). So far, this model has been improved by taking into 

account the fragmentation of grains, e.g. the model from Alexandrov and 
Chembarisova (Alexandrov and Chembarisova, 2007), and the new model from 
Tóth and Estrin themselves (Toth et al., 2010). For simplicity, the conventional 

Estrin- Tóth model is used in this work. 

This model adopts the idea of describing the flow stress of a material containing a 

cell structure by the rule of mixture: 

 (1 )w cf fτ τ τ= + −  (2.13) 

where f  is the volume fraction of the cell wall, wτ  represents the flow stress of 

the cell wall and cτ  describes the flow stress of the cell interior. Based on the work 

of Kocks and Mecking [16], these two flow stress components are described in a 

strain rate sensitivity equation: 
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where r

wγ�  denotes the strain rate in the cell walls, by analogy with that in the cell 

interiors, r

cγ� . The r

wγ�  and the 
r

cγ�  are treated as identical with each other, and equal 

to the resolved shear rate r

sγ� . The parameter m is the strain rate sensitivity, 0γ�  is a 
reference shear strain rate; cρ  and wρ  are the dislocation density of the cell 

interior and the cell wall respectively. Their evolution laws can be described by the 

two following equations: 
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where *α  and *β  are geometrical parameters and m is inversely proportional to the 

absolute temperature. Both these evolution equations contain three terms, which 
contributes from different dislocation mechanisms. For the cell interior, the first 
mechanism is the creation of dislocations in the cell interior, the second one comes 

from the dislocation density loss, moving from cell interior to cell wall, and the last 
part is given by the mutual annihilation of dislocations with opposite sign. For cell 

walls, the first term comes from the dislocations generated at Frank-Read sources, 
the second term is the deposit from the dislocations moving from the cell interior, 
and the third part is also given by the dislocation mutual annihilation.  

Once the dislocation densities of the cell wall and of the cell interior are known, the 
total dislocation density can be calculated: 

 (1 )t w cf fρ ρ ρ= + −  (2.16) 

and the average cell size d  is linked with the total dislocation density: 

 
t

K
d

ρ
=  (2.17) 

where K is a proportionality constant. These two evolutions show how the model 
takes the average cell size into account. The most interesting idea of Estrin and 

Tóth’s model is that it introduces an evolution law of the volume fraction f  in 

order to describe the volume fraction of cell walls. The evolution law is expressed 
in an exponential way: 
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where 0f  is the initial value of the volume fraction of cell walls, f∞  is its 

saturation value at large strains. The quantity rγ� describes the rate of variation of 

f with resolved shear strain rγ . 

For simplicity, Estrin and Tóth assumed that all the dislocation cells within a grain 

are identical. In this way, a unique resolved shear strain rate (2.19) is prescribed to 
describe the same response of these cells to the external force.  
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∑� �  (2.19) 

where N defines the total number of the active slip systems and r

sγ�  the resolved 
shear rate on the slip systems. 

2.3.3.4 Peeters’ model 

Unlike Estrin and Toth’s consideration, Peeters (Peeters et al., 2001a, Peeters et al., 

2001b) put more emphasis on the cell block boundaries (CBB) when he 
investigated IF steel. He proposed a mesoscopic model, which contains 11 fitting 
variables, to describe the dislocation distribution in IF steel. Besides, this model 

even considered the polarity of the CBBs and the slip system activation during the 
reversal strain, making it able to predict the strain path change effect and resulted 

back-stress. Therefore, the details of this model will be introduced in 2.6.4.3. 

2.4 Texture evolution during ECAP (FCC case) 

Only the texture of ECAP’ed FCC material will be discussed in this section. Since 
the reference frames used to describe ECAP texture are different from paper to 

paper, it is firstly described. Then the texture of simple shear is introduced as a 
fundament to understand the ECAP texture.    

2.4.1 Reference frame 

In most publications, the macroscopic reference frame, ED-ID-TD is widely used 
in description and comparison of the ECAP texture. In spite of this macroscopic 

reference frame, a local reference frame is established on the shear plane. 
Remember that the deformation mode of ECAP is simple shearing. Because the 

velocity gradient tensor of simple shearing can be expressed very concisely in the 
local reference, the introduction of the local reference frame is to facilitate the 
representation of the velocity gradient tensor. 
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Suppose one uses an ECAP die with Φ=90° and without any arc of curvature 
(Ψ=0°), the macroscopic reference frame and the local reference will be established 
as in the Figure 2.15. 

 

Figure 2.15 Two reference systems of the ECAP die: 1-2-3 system is built on the slip plane, and 

ED-ID-TD system is established for the ECAP’ed sample. 

2.4.2 Ideal simple shear texture vs. the single pass ECAP texture 

When a rolling texture is investigated, one always compares it with the 

ideal/typical rolling texture. Analogously, it is very important to be familiar with 
the texture developed during ECAP. Since the ideal deformation mode during 
ECAP is simple shearing, it is logical to examine first the ideal simple shear texture 

(only consider FCC crystals). 

The ideal simple shear texture of FCC crystals has been investigated in (Toth et al., 

1989). It contains two partial fibres. A fibre contains A, A� , A�∗  and A�∗  ideal 
components, and it is defined as shear plane parallel with {111}. B fibre contains A, A�, B, B� and C components, and is defined as shear direction parallel with <110>. 
Figure 2.16 shows a typical FCC simple shear {111} pole figure containing A fibre 
and B fibre in. Note that there is an anti-clockwise rotation of 45° around the centre.  

ED 

ID 

TD 
1 

2 

3 



2.4

Figure 2.16 The comparison between the simple shear {111} pole figure (left) 

and the ECAP {111} pole figure (right) 

rotation around TD axis.

As shown in Figure 2.15, the ECAP texture is essentially a simple shear texture 

which is represented in the ED-ID-TD system instead of the 1

For the typical ECAP die with Φ=90°, the ECAP textur

anticlockwise rotating the pole figure 45° around TD 

of relationship between ideal simple shear texture and the single pass ECAP texture 

for FCC material is more obvious by representing it in Euler space (see 

(Beyerlein and Tóth, 2009): all the components in Euler space are shifted along 

by 45°. 

Figure 2.17 The comparison between the simple shear ODF with the ECAP ODF
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The comparison between the simple shear {111} pole figure (left) (Toth et al., 1989) 

and the ECAP {111} pole figure (right) (Li et al., 2005a). The difference is the pole figure 

rotation around TD axis. 

, the ECAP texture is essentially a simple shear texture 

TD system instead of the 1-2-3 reference system. 

For the typical ECAP die with Φ=90°, the ECAP texture can be obtained by 

anticlockwise rotating the pole figure 45° around TD (Li et al., 2005a). This kind 

of relationship between ideal simple shear texture and the single pass ECAP texture 

for FCC material is more obvious by representing it in Euler space (see Figure 2.17) 

: all the components in Euler space are shifted along φ1 

 

The comparison between the simple shear ODF with the ECAP ODF (Beyerlein and 

Tóth, 2009) 

3 reference system. 

) 
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2.4.3 Influence of the multiple-pass ECAP on texture 

Firstly, the multiple-pass ECAP texture is mainly dependent on the ECAP route 
and the number of ECAP passes. As mentioned in Section 2.1.4, the orientation of 

the shear plane is totally different in different routes. The mutual angle between 
each shear plane in route BA and route BC is 60°, and the shear plane will be 

coplanar only after every four passes. Therefore, there is no doubt that the texture 
in route BA and route BC, developed after more than one pass, is strongly dependent 
on the pass number. In route A, the situation becomes better: every two passes the 

shear plane will be coplanar, and the shear strain is accumulated on the same shear 
plane every two passes and there is no reverse strain. The TD axis in the 

macroscopic reference frame is retained in route A, which means that at least there 
exists texture symmetry around the TD axis and the symmetry is monoclinic. In 
route C, the shear plane is always retained, but the shear direction is reversed from 

pass to pass. Although the grain is more or less restored to its original shape during 
even passes (section 2.2.2.2), the texture after even passes (e.g. 2 passes or 4 passes) 

is not cyclic. The monoclinic symmetry can still be found in even-pass texture, 
which is similar to the one of the first pass. It is reviewed by (Beyerlein and Tóth, 

2009) that the shear-like texture after reversal shear is referred as a ‘retained’ 
texture. 

Secondly, the multiple-pass ECAP texture is also influenced by the stacking fault 

energy (SFE) of the material. In the case of FCC material, the SFE of pure 
aluminium is relatively high (167.5mJ/m2) and the SFE of pure copper is medium 

(78mJ/m2). By investigating the torsion texture (Kocks et al., 1998, Hughes et al., 
2000), it is found that the material with medium to high SFE has the tendency of 
aligning their slip direction <110> with the shear direction, resulting in a strong B 

fibre. For these components, the B component is always strengthened with 
increasing strain, whereas the C component will only be strengthened for the 

medium to high SFE material. The influence of the SFE on the torsion texture can 
help to understand the single pass ECAP texture, but multiple-passes ECAP 
involves strain-path changes instead of monotonic loading. 

2.5 Modelling the texture evolution in ECAP 

The deformation of a single crystal can be predicted by the TBH model (see 
Section 2.3.1) and the corresponding crystal spin can be calculated. The situation 

becomes more complex when a polycrystal is considered. The aim of this section is 
to give necessary information about how to predict the deformation texture of a 
polycrystal. 



2.5   Modelling the texture evolution in ECAP 

 

27 

2.5.1 Texture prediction: from single crystal to polycrystal 

With the help of Taylor’s single crystal plasticity model assuming the minimum 
internal energy dissipation (section 2.3.1), one can exactly predict how one crystal 

will behave under an external velocity gradient: i) the activation configuration of 
the slip systems, ii) the corresponding stress state and iii) the reorientation of the 

single crystal. 

When one considers the plastic deformation of a polycrystalline material, the 
problem becomes more complex. One of the most important problems is how to 

know the velocity gradient of one crystal inside a polycrystalline material. There 
are mainly two possible ways to solve it. The easier way is to make a specific 

analysis of the specific deformation conditions, for instance, by using finite 
element method (FEM). The shape of the sample is meshed, and the velocity 
gradient tensor could be approximately obtained throughout the sample. This type 

of work is specifically given the name ‘crystal plasticity finite element method 
(CPFEM)’ and has become a standard tool to study the strain heterogeneity on the 

microscopic level (Becker and Panchanadeeswaran, 1995, Barbe et al., 2001, Diard 
et al., 2005, Van Houtte et al., 2006, Zhao et al., 2008, Bieler et al., 2009, Dawson 

et al., 2003). However, most of the time, the situation is not that easy: the initial 
orientation of the grains is measured in a statistical way using X-ray diffraction 
(XRD) instead of using EBSD as used in CPFEM, then the measured texture is 

statically discretized into hundreds or even thousands of virtual grains, and the 
final texture is predicted based on assembling all crystal situations. Only the 

macroscopic deformation is known.  Then in such case a more statistical way was 
preferred: the microscopic velocity gradient is obtained based on certain 
relationship between the macroscopic deformation and the microscopic one. Most 

of the existing polycrystal texture models start from the proposal of an assumption. 
This is logical that 20 or 30 years ago the computer was not fast enough for the 

computation time cost of the complex FEM model such as CPFEM.  

2.5.2 Existing polycrystal models 

2.5.2.1 Sachs’ model 

Sachs proposed a criterion to determine whether one grain inside a polycrystalline 
material is yielded or not (Sachs, 1928). He assumed that each grain undergoes the 

same stress as the polycrystal does, and each grain is assumed to be activated in 
only one slip system. Sachs himself has already mentioned that his model is not 
able to ensure a strain-compatible deformation.    
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2.5.2.2 The full-constraint (FC) Taylor model 

In addition to his single crystal plasticity model, Taylor also proposed his theory of 
the polycrystal situation (Taylor, 1938, Van Houtte and Aernoudt, 1975, Van 

Houtte and Aernoudt, 1974): the plastic velocity gradient is constant throughout the 
whole material, in other words, the local microscopic velocity gradient is equal to 

the macroscopic one: 

 micro macro=L L  (2.20) 

The Taylor’s assumption results in violations of stress equilibrium at grain 

boundaries, while it ensures the strain compatibility. Unlike Sachs’ model, the 
homogeneous assumption of the velocity gradient instead of stress distribution 

leads to a successful prediction of the rolling texture. Besides, it has been found 
that the texture predicted by FC Taylor’s model is much sharper than the measured 

texture. This is believed to be due to its strict constraint, which hardly exists in 
practice.  

2.5.2.3 The Relaxed-Constraints (RC) Taylor model 

As mentioned above, the ideal and restrictive assumption of FC Taylor’s model is 
not logical and necessary. It tries to keep geometrical compatibility at the expense 

of stress equilibrium. In fact, in some cases, the strain compatibility can be violated.  
Those models are called Relaxed Constraints Taylor’s models. 

For example, in the case of a rolling process, the grains are elongated and flattened, 

and tend to align with the rolling plane. Based on this observation, some authors 
(Honeff and Mecking, 1981, Kocks and Chandra, 1982, Van Houtte, 1982) 

proposed to ‘relax’ the geometrical compatibility. As seen in Figure 2.18, there are 
normally two classical relaxation modes, the ‘lath’ mode which relaxes the shear 
strains on the RD-ND plane (the x1-x3 plane in Figure 2.18) and the ‘pancake’ 

mode which relaxes the strains in the TD-ND plane (the x2-x3 plane in Figure 2.18). 

 

Figure 2.18 Schematic illustration of the ‘lath’ relaxation mode (Van Houtte et al., 2005) 

Solving the RC Taylor’s model needs expressing the velocity gradients of n 

neighbour grains in the same reference frame, and introducing ‘virtual’ slip 
systems to relax the deformation: 
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where l is the local velocity gradient of one grain, L is the macroscopic one, ������ 
represents the slip rate on the ‘virtual’ slip system r, and ��� corresponds to the 
relaxation mode: 
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By doing so, this problem is transferred into a linear programming problem again. 
Using the Simplex algorithm, the slip rates on each slip system and on the virtual 
slip system are obtained. As a result, the homogeneous velocity gradient 

distribution is not violated for such a bundle of grains, but each grain has its own 
local velocity gradient.  

These two approaches were once believed to be a more accurate attempt of 
modelling the texture prediction of the rolling process. However, the RC Taylor’s 
models are not general but dedicated to certain deformation modes, which makes 

them not suitable for an arbitrary strain history. 

2.5.2.4 The grain interaction model 

The models above only focus on single grains and don’t take into account the effect 
of the interaction between adjacent crystals. That’s why the grain interaction type 
models have been investigated.  

• Taylor-type interaction model 

Based on the RC Taylor model, Van Houtte proposed the LAMEL model, by 
generalizing the relaxation mode (Van Houtte et al., 1999, Van Houtte et al., 2002). 

As for the pancake model, LAMEL has been developed for the rolling process and 
assumes that the grains tend to be elongated and flattened. In the LAMEL model, 
two grains are studied simultaneously as a bundle. Stress equilibrium at the 

boundary between the two grains is ensured, and the average plastic velocity 
gradient of these two grains is equal to the macroscopic one. All the relaxations 

that maintain the geometrical compatibility of the boundary between the two grains 
and keep the boundary plane parallel with the rolling plane are possible, such as the 

‘lath’ mode and the ‘pancake’ mode. The main difference between the RC Taylor’s 
models and the LAMEL model is the number of the relaxations: more than one 
strain in the RC Taylor models and above to three relaxations in the LAMEL 

model. The relaxations are treated as extra slip systems ������. All slip rates should 
be solved under the minimisation equation of plastic power: 
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Unlike the LAMEL model only designed for rolling of elongated grains, the Grain 
Interaction model (GIA) (Crumbach et al., 2001) extends the considered grain 

numbers and generalizes the applications. This model considers eight grains 
instead of two grains as a group. Within the eight-grain cluster, the strains are 

relaxed from grain to grain. The mismatch strains are artificially compensated by 
the existence of the geometrical necessary dislocations (GND). Both LAMEL 
model and GIA model are very good in the texture predictions of a rolling process, 

especially for steel. 

Recently, an Advanced LAMEL model has been developed (Van Houtte et al., 

2005). This model solves the generalization problem: the interface between two 
grains is no longer assumed to align with the rolling plane in ALAMEL. Van 

Houtte considered a more realistic situation: instead of a fixed orientation of the 
grain boundaries (parallel with ND in RC-Taylor and LAMEL), the orientation of 
the grain boundary will also rotate according to the deformation. In this way, the 

Advanced LAMEL model can be used in many different kinds of deformations.  

• Visco-plastic self-consistent (VPSC) models 

The visco-plastic self-consistent model (Lebensohn and Tome, 1993, Molinari et 

al., 1987) considers each grain as an ellipsoidal inclusion which is embedded into 
the Homogeneous Equivalent Medium (HEM). The property of the HEM is taken 
as an average of the whole polycrystalline material. Compared to the Taylor-type 

model, VPSC has ensured a more generalized relaxation constraint: the local stress 
and the local strain rate of each grain are permitted to deviate from the macroscopic 

ones. Using numerical iteration methods, the solution of slip rate for each grain is 
found when equilibrium between the grain and the surrounded HEM is satisfied. 
The link between the strain rate and stress is described by an interaction formula 

based on Eshelby’s work (Eshelby, 1957, Eshelby, 1959): 

 ( ) : ( )ξ− = − −σ d S d D  (2.24) 

where �	�� represents a certain constitutive law of the grain, S is the macroscopic 
stress and ξ is a fourth-order tensor called “interaction tensor”. The d is the local 
strain rate tensor and D is the macroscopic strain rate tensor.  

The self-consistent models require a rather long iterative solution procedure, 
because the convergence between the average of local strain rates and stresses and 

macroscopic ones should be reached. However, this kind of models takes both the 
effects of texture and grain morphology into account. 
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2.5.3 Modelling the texture evolution in ECAP 

2.5.3.1 General performance of the polycrystal model 

Beyerlein and Tóth (Beyerlein and Tóth, 2009) reviewed most literature 

concerning the ECAP texture simulation using the FC Taylor model and VPSC 
models. They gave several conclusions: 

i) One should use the normalized texture index �  of the orientation distribution 
function (ODF) to compare the predicted texture and the measured one: 
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in which the denominator term is the texture index T calculated from the 
experimental texture. 

ii)The FC Taylor model led to much sharper textures than the VPSC model 

compared to the measurement. This conclusion is valid for any other deformation 
method (mentioned in 2.5.2.2). 

iii) It was found that in order to obtain good ECAP texture prediction by using the 
VPSC model, one has to use the grain co-rotation (GCR) scheme (Tome et al., 
2002). Without GCR scheme, the VPSC model has a similar performance as the 

FC Taylor model (Li et al., 2006): Both of them are unable to predict the ECAP 
texture via route Bc due to its complex strain path, while for route C they 

performed better for odd-passes than for even-passes. 

2.5.3.2 Improving prediction 

If the polycrystal model is already chosen, what methods are able to improve the 

texture prediction? 

Firstly, the best solution is to have a better deformation model. Although the 

simple shear model is widely used for its simplicity and reasonable texture 
predictions, this ideal case does not always exist in the real ECAP processing 
conditions. Friction, inhomogeneous material and incomplete filling in the 

deformation zone, all of them will lead to a complex deformation field. Despite of 
using numerical analysis such as 2D or 3D FEM, two deformation models, namely 

the shear fan model and the analytical flow model, are strongly recommended by 
Beyerlein and Tóth (Beyerlein and Tóth, 2009). 
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Figure 2.19 Schematic illustration os the shear fan model (a) and the flow line model (b) (Tóth 

et al., 2004, Beyerlein and Tóth, 2009) 

A normalized velocity gradient was determined in the shear fan model, 
schematically illustrated in Figure 2.19(a) (Beyerlein and Tomé, 2004). This 
normalized velocity gradient is a function of α, β, Φ and Ψ: 
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in which !̅ is a material point position function of time. With the help of the shear 
fan model, the velocity gradient of a material point during the whole ECAP 

processing can be obtained. 

On the other hand, a continuous description of the deformation along a flow line 
proposed by (Tóth et al., 2004) is another way to analytically obtain the velocity 

gradient. The flow line function for a ECAP die with Φ=90° is: 

 ( ) ( ) ( )0
n n n

d x d y d xφ = − + − = −  (2.27) 

and the velocity gradient can be obtained from the velocity field: 
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The parameter n controls the description of the velocity gradient. Note that even n 
is large enough, the velocity gradient tensor is still locally different from the simple 

shear model. Only the macroscopic displacement gradient tensor is the same.    

2.6 Back-stress and corresponding models 

Starting from the strain-path change effect, this section will introduce the term 

back-stress both from a phenomenological and a physical point of view. 

2.6.1 Strain-path change effect 

As discussed in the section 2.2.1, different strain history will result in different 

dislocation structures, and pre-deformed microstructures will definitely influence 
the subsequent material straining. The influence from the different strain path is 

called strain-path change effect.  

In order to characterize such strain-path change, Schmitt (Schmitt et al., 1994) 

proposed the following parameter: 

 1 2

1 2
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P P

P P

ε ε
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ε ε
=  (2.29) 

where ε  is the strain rate tensor and its sub-index 1 or 2 indicates respectively the 
direction of the rate of deformation during the pre-strain and the subsequent 
deformation, and the superscript P refers the plastic deformation. Classical stain-

path changes include the monotonic strain (α = 1), the reverse (the Bauschinger 
effect) strain-path change (α = −1), and the orthogonal (the cross effect) strain-
path change (α = 0). 
The Bauschinger effect (Bauschinger, 1881) refers to a single observation: a 
specimen is pre-strained in one direction and yields at σ1. It is then strained in the 

opposite direction and yields at σ2. The reversal yielding strength σ2 will be smaller 
than the previous one σ1. 
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These anisotropic mechanical behaviours can be modelled by assuming that a 
certain kind of internal stress exists inside these materials. In the following sections 
we will try to explain this so-called ‘back stress’. 

2.6.2 Kinematic hardening and the sub-layer model 

In dealing with continuum mechanics plasticity problems, hardening can be 

subdivided in respectively isotropic hardening and kinematic hardening. In practice, 
a mixed hardening (a combination of the two) is often observed. 

When the deviatoric stress space is considered, the centre of the yield surface will 

always be located at the zero point during isotropic hardening. During plastic 
deformation, the yield surface is isotropically expanding, in other words, only the 

size of yield surface changes. 

For kinematic hardening, the centre of the yield surface will translate when viewed 
in the devitoric stress space. The yielding condition can be given as: 

 ( ) 0f − =σ X  (2.30) 

where the back stress tensor X is applied to control the amount of translation. This 

component is a function of the plastic deformation and must vanish in the 
undeformed or fully-annealed configuration. 

In order to describe the Bauschinger effect, the so called sub-layer model, first 

proposed by Masing (Masing, 1923, Masing, 1926) provides the fundamental 
framework for many kinematic hardening models designed to represent the 

relationship between the Bauschinger effect and the back stress. 

This model views a solid as being composed of a set of n elastic-plastic elements. 
Each element behaves linear elastic and ideal plastic. They are symmetric in 

tension and compression, and of the same dimensions, but each element has a 
different yield point (see Figure 2.20). The loading area of each element is defined 

as a.      
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Figure 2.20  Schematic illustration of the sub-layer model to explain the Bauschinger effect: (a) 

the material consists of n identical layers, of which the cross-section area a is the same; (b) 

Different layer materials show different yield strength; (c) the multi-layer material will show 

different yield strength (Asaro, 1975) 

Then the solid consisting of n elements is successively loaded in tension past two 
stress levels (Figure 2.20 (c)), namely σ1 at which point the weakest element yields 
and σ2 where the second element begins to yield. Unloading the solid, the residual 

stress of element 1 can be computed. 

 ( )1

Residual 2 1σ σ σ= − −  (2.31) 

If the loading stress reach a higher value σ3, the residual stresses of element 1 and 

of element 2 are 

 
( )
( )

1

Residual 3 1

2

Residual 3 2

σ σ σ

σ σ σ

= − −

= − −
 (2.32) 

If the solid is reversely loaded at this time, the material should yield at (Asaro, 

1975): 

 3 3 1 3 2 1 2 3( ) ( )Rσ σ σ σ σ σ σ σ σ= − − − − = + −  (2.33) 

The sub-layer model successfully explained why the yield strength is different 
during forward strain and reversal strain. At this point, one can realize that the term 

“back-stress” refers to the residual stress produced during plastic deformation. 

2.6.3 Phenomenological models including back-stress 

2.6.3.1 Armstrong and Frederick 

Armstrong and Frederick proposed their back-stress evolution equation (Armstrong 

and Frederick, 1966): 

1 2 3 4 n 

4 

3 

2 

1 

εσ  

σ  

1σ  

2σ  3σ  

Rσ  

(a) (b) (c) 

a 
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 1 2 vmc c ε= −X D X� �  (2.34) 

in which c1 and c2 are the material parameters, '�  is the change rate of the back-
stress tensor, D is the strain rate, ε�() is the equivalent von Mises strain rate. It is 
proved that this equation perfectly describes the Bauschinger effect, and more 

details about the Armstrong-Frederick model can be found in (Dettmer and Reese, 
2004). 

2.6.3.2 Teodosiu and Hu 

A phenomenological mixed-hardening model is from Teodosiu and Hu (Haddadi et 
al., 2006, Hu et al., 1992, Teodosiu and Hu, 1995), which is based on experimental 

observations (Rauch and Schmitt, 1989). First developed for IF steels for moderate 
strains, it has been extended to aluminium. Its flexibility is illustrated by the fact 

that it has been used for multi-phase materials like DP steels (Gardey et al., 2005, 
Haddadi et al., 2006). 

This hardening law adopts a set of four internal variables (R, X, P, S). R is a scalar 

variable and represents the isotropic hardening contributed from the statistically 
distributed dislocations. Its evolution is described by the equation 

 ( )R satR C R R λ= − ��  (2.35) 

where λ� is the plastic multiplier, satR  is the saturation value of R and RC  

characterizes the rate of approaching the saturation. 

The second-order dimensionless tensor P is associated with the polarity of the 

dislocation sheets. When the material is fully annealed, P should be equal to zero. 
During plastic deformation, P polarizes along the current strain rate mode 

N = p pD D , p
D  is the strain rate tensor.  The following equation describes the 

saturation behaviour of P: 

 ( )PC N λ= −P P
�

�  (2.36) 

where PC  controls the polarity rate and the change rate of tensor with respect to 

time is 
o

P . 

The back-stress X represents the kinematic hardening part, which is associated with 

the motion of less stable dislocations and the short-range interaction between 
dislocation and cell. For a fully annealed material, X is assumed to be equal to zero. 

During plastic deformation, its evolution is described as: 

 ( )X satC X N λ= −X X
�

�  (2.37) 
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where XC  represents the saturation rate of the back-stress. The scalar function 

satX  is the saturation value of the back-stress, depending on the dislocation sheet 

evolution. Thanks to this tensor X, the evolution of the back-stress can be predicted 
and compared with the experimental results. 

The evolution of dislocation sheets is described by the fourth-order tensor S , 

which consists of two parts, DS  and LS : 

 DS S N N= + ⊗LS  (2.38) 

where the strength DS  is a scalar associated with the active slip systems. The 

strength LS  is a tensor associated to the latent part of the dislocation structures. 

Two evolution equations are adopted for them: 

 [ ( ) ]D SD sat D DS C g S S hS λ= − −� �  (2.39) 

and 

 

Ln

SL

sat

C
S

λ
 

= −  
 

o
L

L L

S
S S �  (2.40) 

where SDC  and SLC  control the saturation rate of DS  and LS  respectively, and satS  

is the saturation value of DS . The scalar function g describes the work-hardening 

stagnation under reversed deformation and the scalar function h describes the 

micro-plastic stage. The term 

Ln

satS

 
 
 

LS
 is introduced in order to take into account 

the effect of the pre-deformation on the subsequent hardening. 

2.6.3.3 Van Boxel’s model 

Van Boxel’s model (Van Boxel, 2010) is more complex compared to Teodosiu and 

Hu’s model. This is because not only the hardening behavior is considered 
separately on each slip system, but also different strain path change situations have 
their own equations. Besides, Van Boxel introduced seven variables to adjust the 

model. The back-stress is also expressed on the slip system level as *+ − *,+ , 
which means the CRSS difference between the forward direction and the reversal 

direction. A brief introduction of the model is given in the following paragraph.   

In this model, the critical resolved shear stress (CRSS) is designed to 

interdependently evolve due to the adoption of the latent hardening concept. The 
reason to call it a phenomenological model is because the evolution equation of 
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CRSS *+ on the slip system α is a function of the hardening rate -+ instead of the 
dislocation density: 

 
ref

ref

d h

d h

α α
α τ

θ θ= =
Γ

 (2.41) 

where Γ is the total slip over the crystal and all variables noted as ref  corresponds 
to an average over the total slip system. 

The hardening rate in equation (2.41) leads to a different expression according to a 
different strain-path change situation: 

• Monotonic 

The anisotropic rate hα was inspired from Kock’s latent-hardening equation 

(Kocks, 1966): 

 

n

h H
β β

α αβ
α

β

τ γ
τ

 
=  Γ 
∑

�

�
 (2.42) 

in which, the value of the hardening matrix H depends on three different 

considerations, self-hardening and coplanar H//, intersection slip systems Hx and 
opposite glide direction H↔. 

• Softening if the slip system becomes less active 

Two intermediate variables were introduced to account for the anisotropy .+ 
and the polarity /+ . The variable .+  represents ‘the necessary slip rate to 
maintain the previous contributions to the anisotropy during further 
deformation’, and is always positive both for the forward slip direction and the 
backward slip direction of the slip system: 

 ( )1

d
b

d

α
α αλ

γ λ= −
Γ

�  (2.43) 

where b1  is an adjustable parameter. The variable /+  describes the current 
polarity of a certain slip system: 

 ( )1

0ref

cd

d

α
α απ

γ π
τ τ

= −
Γ −

�  (2.44) 

in which c1 is an adjustable parameter. 

When certain slip systems become less active during strain-path change, the 

hardening rate of the forward slip direction on these slip systems become: 
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2ref

ref ref

h l
b

h h

α α
αθ θ= −  (2.45) 

and the one of the backward slip direction becomes: 

 
2 2ref

ref ref n ref

h l l
b b

h h h

α α α α α
α τ τ

θ θ
τ

− − −
− −

= − +  (2.46) 

in the equations above, lα is like hα a factor which describes the anisotropy 

which is a function of the variable .+. The back-stress *+ − *,+ will, of course, 
influence the hardening behavior. 

• Hardening when slip is reversed 
When the slip is reversed (Van Boxel used the criterion /+�� + < 0 as condition), 
the hardening of the two slip directions on the slip system are described as: 

 ( )2 2

'

'

a

ref

ref

h l
c b

h h

α α
α α α

α

π
θ τ τ

γ
−= − −

�
 (2.47) 

 ( )2 2
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a

ref

ref

h l
c b

h h

α α
α α α

α

π
θ τ τ

γ
− −= − − −

�
 (2.48) 

where c2 is an adjustable parameter. 

As a short conclusion one can say that within Van Boxel’s model the back-stress is 

expressed on the slip system level and is designed to influence the hardening rate. 

2.6.4 Existing dislocation-based models about back-stress 

The source of the back-stress is normally divided into two categories: i) the first 

comes from the dislocation-dislocation interaction, including dislocation cells, cell 

walls, cell block boundaries and grain boundaries, which will act as obstacles to 

gliding dislocations resulting in plastic anisotropy. ii) the second category comes 

from the dislocation-particle interaction. Obviously, these particles refer to 

particles that cannot be penetrated by dislocations. They will provide enough 

elastic energy with wrapped dislocations to go backwards. In this subsection, only 

the first category will be discussed.  

2.6.4.1 Mughrabi’s model 

The sub-layer model (Masing, 1923) is so successful that, by using it, many 

researchers have made significant progress in several important areas in the field of 

crystal plasticity. One successful application comes from (Mughrabi, 1983a) and 

will be described below. Mughrabi considered the cell structure as two ‘layers’ 
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(parts)
3
. Here the cell structure is studied in a two-dimensional way, and simplified 

into a combination of 2 parallel dislocation walls and a channel (see Figure 2.21). 

The dislocation density in the cells is relatively low and increases in the polarized 

walls, as an example, the multipolar edge-dislocation wall structures observed in 

copper single crystals orientated for single slip that have been deformed cyclically 

at room temperature is analysed. The dislocation walls correspond to a high local 

dislocation density 
15 25 10w mρ −≈ × ,  and lie roughly perpendicular to the primary 

Burgers vector b  with an average wall-to-wall spacing 1.4cd mµ≈ . The 

dislocation walls normally occupy an area (or volume) fraction 0.1wf ≈ . The so-

called dislocation channel between the walls contains a much lower dislocation 

density 
13 13 21 10 to 2 10c mρ −≈ × × . Most dislocations inside the channel have a 

predominant screw character. 

 
Figure 2.21  A schematic diagram of the dislocation channel-wall structure 

According to the literature, dislocation multiplication and annihilation should reach 

steady-state, both in the channels and in the walls. There must be a constant 

dislocation flux through the channels and the walls in the fully plastic state. 

Mughrabi considers the specimen to behave like a composite consisting of a 

periodic array of two types of elements, the hard walls and the soft channels. Then 

a sub-layer type model is applied. This assumption eventually associates the 

microstructure with the macroscopic behaviour, and reveals that the term “back 

                                                      
3
 Mughrabi also proposed a 1D (layer) version and a 2D (grid) version 

b

channel 

c
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stress” refers to the long range internal stress produced by different dislocation 

dislocation densities. 

2.6.4.2 Sauzay’s model 

If one wants to understand Sauzay’s model, it is necessary to have some basic 

knowledge of using the self-consistent scheme to treat the plasticity problems. 

Kröner (Kröner, 1961): ‘referring to the problem of an inclusion within an infinite 

matrix, each grain of a polycrystal is successively regarded as an inclusion within 

the matrix of all other grains; the behaviour of the polycrystal is then calculated by 

some adequate average process over all grains’(Berveiller and Zaoui, 1978) . 

Mathematically, it is described as: 

 ( )( )2 1G β− = − −σ Σ ε Ε  (2.49) 

with 

 
( )
( )

2 4 5

15 1

ν
β

ν
−

=
−

 (2.50) 

Here σ and ε are the stress tensor and the strain tensor of the ‘embedded’ grain, Σ 

and Ε are the average stress tensor and the average strain tensor of the matrix, G is 

the shear modulus and β is a function of Poisson coefficient ν. The left side of (2.49) 

is the internal stress between the grain and the matrix. It is found that the Kröner 

model for plasticity leads to incompatibility and so large internal stress. 

Later, Berveiller and Zaoui (Berveiller and Zaoui, 1978) proposed that the 

overestimation of the internal stress is due to the only consideration of the elastic 

interaction between the grain and the matrix. The plastic accommodation (or plastic 

interaction) must be taken into account by replacing the shear modulus with an 

appropriate value, which has the same order of G in the beginning of plasticity and 

decrease with the plastic strain: 

 ' accomG F G=  (2.51) 

 where 

 

1

3
1

2

eq

accom

eq

F G

−
 Ε

≈ +  Σ 
 (2.52) 

The Faccom is a scalar function so called ‘plastic accommodation factor’. With the 

help of this scalar function, the internal stress between the grain and the matrix is 

not overestimated any more. Furthermore, the strain compatibility is also assured. 

Now let’s come back to Sauzay’s model.  
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Sauzay’s work is based on the work from (Lemoine et al., 1994). In both of their 

works, the cell wall is assumed elastic and the cell interior is assumed elasto-plastic. 

One dislocation cell is considered ‘embedded’ in the matrix. Like Kröner’s way, 

Lemoine gave the intragranular back-stress of the cell interior (internal stress of 

third order) equation by only considering the elastic interaction between the 

embedded two-phase dislocation cell and the matrix: 

 ( )2 (1 ) p p

cG β= − −X ε Ε  (2.53) 

in which f is the volume fraction of the cell wall. The relationship between the 

plastic strain of the cell interior 
p

cε  and the average plastic strain E
p
 of the matrix is: 

 ( )1 f= −p p

cΕ ε  (2.54) 

since the cell wall is elastic. Identically, the model from Lemoine overestimated the 

back-stress since only the elastic interaction is considered between the embedded 

cell and the matrix.    

Sauzay (Sauzay, 2008) adopted the idea from (Berveiller and Zaoui, 1978), saying 

the plastic accommodation should be taken into account: 

 ( )2 (1 )accomF G β= − −p p

cX ε Ε  (2.55) 

According to results from Sauzay, the prediction from his model is well compared 

to the experimental back-stress measured by TEM and by X-ray diffraction.  

In the current work, it will show that the Sauzay’s model is not valid for the strain 

path change situation. 

2.6.4.3 Peeters’ model 

As mentioned in 2.3.3.4, the model from Peeters (Peeters et al., 2001a, Peeters et 

al., 2001b), works very well for IF steel. Here the complex equations will not be 

listed, instead we will explain how Peeters designed his model and why the model 

is able to catch the plastic anisotropy, or back-stress evolution. 

Firstly, this model was designed on a slip system level, which is similar to Van 

Boxel’s phenomenological model and has the advantage of describing the crystal 

plastic anisotropy. As such, the model has different critical resolved shear stresses 

for different slip systems. 

Secondly, this model adopts the mixture rule to consider the hardening contribution 

both from dislocation cells and cell block boundaries. Furthermore, the back-stress, 

which is explicitly described in the model, is considered as the result of the polarity 

of the cell block boundaries (CBB).  
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Finally, even the polarity of the CBB is divided into two categories: there exist 

immobile dislocations stored in a non-currently generated CBB and movable 

dislocations associated with a CBB during a reverse test. In this way, both the 

annihilation of the dislocations and the storage of the dislocations are considered, 

and corresponding softening and hardening behaviour during the strain-path 

change is ensured to catch up. 

However, the current author cannot find one article that adopts Peeters’ model for 

FCC materials. Therefore, the current author considered this model as a specific 

model for BCC material and did not use it in the present work.  

2.7 Summary  

This chapter presents a literature review about the background knowledge 

concerning the material evolution during equal-channel angular pressing and the 

corresponding modelling methods. 

The parameters of the equal-channel angular pressing are discussed. Different die 

angle Φ and outer-curvature angle Ψ will lead to different simple shear strain. On 

the other side, the choice of the ECAP route and the number of the ECAP passes 

will influence the efficiency of the grain refinement and the homogeneity of the 

processed material. For the sake of modelling, the reference frame ED-ID-TD 

system is chosen and fixed throughout the whole thesis, and the virtual continuous 

ECAP die is introduced to model the material deformation. 

During ECAP, specifically for FCC material, many microstructure components 

will appear, including dislocation cells, dislocation cell blocks, and low-angle and 

high-angle boundaries. With increasing strain, the subgrain boundaries evolve from 

low-angle towards high-angle, accompanying the constant decrease of the 

cell/subgrain size. Although the microstructure evolutions have more or less the 

same tendency in common, different crystal shape/size, different routes and 

different pass numbers will show different microstructures. 

The question how the slip systems are activated to achieve a certain deformation 

level is answered by Taylor’s single crystal plasticity model. Furthermore, in order 

to account for the large-strain dislocation evolution mentioned above, four types of 

dislocations models are discussed and compared. Besides the very basic 

phenomenological models, Kock-Mecking’s model gives a general dislocation-

model framework. Estrin-Toth’s model focuses on the cell structure evolution, 

dividing the cell into a cell interior and a cell wall. Peeters’ model put more 

emphasis on the cell block boundary (CBB) and Evers’ model categorized the 

dislocation structures, based on their function instead of the dislocation density, 

into GND and SSD. 
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Different routes and different pass numbers will also determine the texture 

evolution. Since the reference is chosen, it is possible to compare ECAP texture 

with the rotated ideal simple shear. Based on the Taylor’s single crystal plasticity 

model, different assumptions are made by different people to deal with the 

relationship between the macroscopic strain/stress and microscopic ones. Starting 

from the very strict Taylor’s homogenous strain assumption, this kind of 

assumption is relaxed to account for the realistic situation. Recently, it was found 

that considering a bundle of crystals together, in other words, considering grain 

interaction, will also improve the texture prediction. For ECAP texture prediction, 

some improved methods are listed according to the literature. 

Finally, an introduction of the back-stress is given to account for the anisotropy of 

the ECAP processed material. The back-stress is first found in the Bauschinger 

effect. Then during the last decades, it was investigated in two different ways: a 

phenomenological way and more physical-based way. Armstrong-Frederick model 

was a fundamental work, Teodosiu and Hu’s model associates the kinematic 

hardening to different dislocation sheet evolution, and Van Boxel’s model puts 

more emphasis on the different hardening of each slip system. Although the results 

of these phenomenological models are shown in literature, the real source of the 

back-stress is not yet studied by them. 

The aim of the current work is to model the stress-strain behaviour of the ultrafine-

grained aluminium processed by equal-channel angular pressing. Specifically, the 

mechanical anisotropy is focused on the questions: why does the ECAP’ed 

aluminium show different yielding strengths in the following tension and 

compression tests? One cannot say that only the microstructure evolution or the 

texture evolution accounts for the plastic anisotropy. Only those models, which 

take both aspects into account and consider the resulting back-stress, will make a 

success. This kind of multiscale modelling attempt will be shown in the current 

work. 

 

 



 

 

Chapter 3 Experimental  
 

3.1  Equipments 

3.1.1 Mechanical test 

3.1.1.1 Tensile tests and Compression tests 

The multi-purpose mechanical test machine INSTRON 4505 is used, for both the 

tension and the compression tests. The core of the machine consists of two parts: 

the stationary frame (Figure 3.1 part A) and the moving platform (Figure 3.1 part 

B). The loading cell is mounted on the stationary frame with a maximum load of 

100kN. For different purpose, different fixation equipment can be mounted: the 

hydraulic driven clamp is suitable for tensile tests, and the anvil is suitable for the 

compression tests. 

 

 

 

For tensile tests, the hydraulic driven clamp (Figure 3.1 part D) is controlled by a 

workbench, and the pressure is monitored. The maximum pressure is 692bar and 

the grip capacity is 100kN.  

A 

D 

B 

C 

Figure 3.1 The multi-purpose mechanical test machine INSTRON 4505 used in current work. 

(A) the stationary frame, (B) the moving platform, (C) the hydraulic driven clamp control 

workbench, and (D) the hydraulic driven clamp  
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For compression tests, the anvil is made up of tungsten carbide (WC). The surface 

is polished to reduce the friction with the compression sample. 

 

 

3.1.1.2 Torsion tests 

The torsion test machine is driven by an electromotor (see Figure 3.3 left side) with 

a fixed rotation speed of 1440 RPM, which is able to rotate both clockwise and 

anti-clockwise. The motor is equipped with five gear boxes to transmit the torque 

to the sample and reduce the rotation speed. 

The sample is mounted on the torsion train (Figure 3.3 right side), with one side 

fixed (part B) and the other side is free (part C). The torque is measured at the fixed 

side by a load cell and the rotation speed is measured by a light-sensitive sensor. 

Note that an axial translation is permitted in the current tests.  

 

  

A 

B 
C 

Figure 3.2 The tungsten carbide (WC) used as the compression anvil 

Figure 3.3 (A) The electromotor connected with five gear boxes. (B) the fixed side of 

the torsion train and (C) the free side.  
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3.1.2 Texture measurement 

A Siemens D500 XRD goniometer equipped with a monochromatic radiation (see 

Figure 3.4) is used to measure the sample texture. The X-ray tube used a Copper 

(Cu) anode which emits Kα X-ray with the energy of 40kV-40mA. 

 

Figure 3.4 The Siemens D500 XRD goniometer equipped with a monochromatic XRD radiation 

3.1.3 Equal-channel angular pressing 

The equipment of the equal-channel angular pressing consists of two parts, namely 

the load machine and the ECAP die. 

 

 Figure 3.5 The Equal-channel angular pressing machine consists of the 

hydraulic press (A), the ECAP die (B) and the controlling computer (C). 
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3.1.3.1 Hydraulic press 

The REXROTH hydraulic press machine (Figure 3.5 part A) is used as the load 

machine. The maximum force applied on the sample is up to 160kN. The press is 

monitored and controlled by the computer (Figure 3.5 part C). The speed range is 

from 0~30mm/min. Compared to the mechanical press, the hydraulic press has the 

advantage of better control of the speed and the position of the stroke.  

3.1.3.2 ECAP die 

The ECAP die used in current work and its corresponding cross-section plot are 

shown in Figure 3.6. As indicated, the diameter of the ingoing channel is 12.1mm 

which is a little bit larger than the one of the outlet channel 11.7mm. The aim of 

the diameter reduction is to improve the material fill ratio near the channel 

intersection region. The angle of the channel is 90° and there is no curvature. 

During the processing, molybdenum disulphide (MoS2) grease is applied on the 

sample serving as lubrication. It can be used at high temperature. 

 

 

 

3.2 ECAP processing of AA1050 

3.2.1 Investigated material AA1050 

The material studied in the current work is a commercial-pure aluminium plate 

type AA1050, which is hot-rolled and annealed. The initial grain size is about 

25~33µm. The nominal purity and impurity components are shown in Table 3.1. 

 

Figure 3.6 (the left side) The picture of the ECAP die used in current work. (the 

right side) the schematic illustration of the geometry of the die with a 90° channel. 

Note that the outlet channel is longer than the sketch. 



3.3   Texture of the ECAP processed AA1050 

 

49 

Table 3.1 The material contents of hot-rolled commercial purity aluminium type AA1050 

Material Fe Si Mn Cu Ti Other Al 

Content <0.40% <0.20% <0.05% <0.05% <0.05% <0.05% 99.5% 

3.2.2 ECAP sample and processing 

The ECAP processing of the AA1050 pure aluminium is conducted at room 

temperature. According to the dimension of the current ECAP die, cylinder-shaped 

ECAP samples are machined from the hot-rolled AA1050 plate, of which the axis 

is parallel with the rolling direction (RD). As indicated in Figure 3.7, the length of 

the sample is 60mm and its diameter is 11.9mm. 

 

 

 

It is obvious that the ECAP processing is discontinuous: the sample from the 

previous pass, is still in the outlet channel and is pushed out while the current 

sample is being pressed. From pass to pass, two different ECAP routes are chosen 

in our current work, route C (180° rotation after each pass) and route Bc (90° 

rotation in one direction) respectively. For each ECAP route, different ECAP’ed 

samples after different numbers of passes are obtained: single pass, 2 passes, 3 

passes, 4 passes and 8 passes respectively.  

3.3 Texture of the ECAP processed AA1050 

3.3.1 Texture samples preparation and measurement 

Before explaining the texture sample preparation, two points need to be clarified.  

Firstly, the role of the initial texture should be emphasised. As pointed out above, 

the initial texture will more or less influence the texture evolution during the ECAP 

process, especially in the first four passes. So it is logical and necessary to control 

the initial texture to make sure that: i) all the pre-ECAP samples posses the same 

RD 

TD 

ND 

Figure 3.7 Schematic illustration of how to machine the ECAP 

samples out of the AA1050 plate. The axial direction of the sample is 

parallel with the rolling direction. 
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initial texture, and ii) all the pre-ECAP samples are placed in the same position in 

the ECAP die. These two noteworthy points are fundamental when comparing the 

ECAP texture. In Figure 3.8, the texture of the hot-rolled AA1050 is shown by the 

ODF representations. It is dominated by the Cube components. 

 

Figure 3.8 The ODF representations of the hot-rolled AA1050 texture (RD-TD-ND system, 

middle thickness layer), at φ2=0°, φ2=45° and φ2=90° sections. This hot-rolled AA1050 plate has 

a typical strong cube recrystallization texture. The contour level is: 

0.9/2.3/3.7/5.1/6.4/7.8/9.2/10.6/11.9/13.3. 

Secondly, the heterogeneity of the ECAP’ed material should be taken into account 

when measuring the ECAP texture. Due to the friction between the sample and the 

die (even when using a lubricant), the outer surface of the ECAP sample will 

undergo a different strain and stress history than the inner part during the ECAP 

process. This will lead to unexpected ECAP texture components/fibres when 

measuring the whole ECAP sample, which makes it more difficult to identify the 

typical texture components to be compared with. 

Consequently, the design of the ECAP texture measurement in our current work 

took these two aspects into account.  

The cutting method of the ECAP sample (Figure 3.7) kept the rolling direction 

parallel with the ingoing channel of the die. Remember the hot-rolled AA1050 

plate has an orthorhombic-symmetry rolling texture. Once either of the other two 

directions, ED or TD, is fixed, the identical initial texture of all first-pass ECAP 

sample is assured. The position of the sample in the current study is shown in 

Figure 3.9. 

How to measure the texture of ECAP’ed sample is another problem: Although the 

texture can be accurately obtained, no matter how the samples are placed in the 

XRD chamber (at least the macroscopic reference frame should be known), one 

still need to consider the convenience of showing the texture and to avoid making 

mistakes when rotating the texture to represent it in a new reference frame. Figure 

3.10 shows three different ways of measuring the texture. Note that all the tail parts 

of the samples are removed. The aim of leaving the tail part in the figure is just to 

illustrate how the measured sample is cut from the original ECAP sample (grey in 

figure). The 1-2 axis system is defined in the MTMFHM software (Van Houtte, 

2004b). Normally in rolling texture the axis 1 is parallel with RD, the axis 2 is 



parallel with TD. Here the axis 1 is set to align with ED and the axis 2 is parallel 

with ID.  

Figure 3.10 Three different kinds of method to measure the ECAP

easy method to perform, adopted by (Poortmans, 2008

surface, (c) measuring the texture between the surface and the 

the axis 2 are defined in MTMFHM software 

Method (a) is adopted by S. Poortmans 

first sight, this method seems very easy to prepare samples for texture 

measurements (just cutting along the cross

found that with this method it is difficult to accurately identify the axis 1

the circular cross-section), and one 

rotating and representing the texture under the ED

The difference is that method (c) removes all the outer surface of the ECAP sample 

whereas the method (b) does not. The

the texture from a homogeneous material part which 

RD

TD 

Figure 3.9 The schematic illustration of the starting position of the first

the die, compared with the macroscopic reference frame of the ECAP

direction, ED-extrusion direction, and TD
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Here the axis 1 is set to align with ED and the axis 2 is parallel 

 

 

 

 

 

 

Three different kinds of method to measure the ECAP’ed sample texture: (a) very 

Poortmans, 2008), (b) measuring the middle thickness 

texture between the surface and the middle thickness. The axis 1 and 

the axis 2 are defined in MTMFHM software (Van Houtte, 2004a). 

Method (a) is adopted by S. Poortmans (Poortmans, 2008) in his PhD work. At the 

, this method seems very easy to prepare samples for texture 

measurements (just cutting along the cross-section). However, in practice, it is 

is difficult to accurately identify the axis 1-2 (due to 

one can hardly avoid making mistakes when 

rotating and representing the texture under the ED-ID-TD reference system. 

The difference is that method (c) removes all the outer surface of the ECAP sample 

The original aim of the method (c) is to measure 

from a homogeneous material part which is not influenced by friction, 

ND 

RD 

ED 

ID 

TD 

 

The schematic illustration of the starting position of the first-pass ECAP sample in 

the die, compared with the macroscopic reference frame of the ECAP’ed sample. (ID-input 

extrusion direction, and TD- transverse direction) 



Chapter 3   Experimental 

 

52 

due to the fact that the material in method (b) contains the surface undergone with 

friction. However, the author finally realized that the penetration depth of the X-ray 

(normally from 0.1µm to 10µm) compared to 11.9mm diameter of the ECAP 

sample is so small that makes the measured texture totally opposite to the original 

aim: the method (b) will not obtain any information from the outer surface, it will 

provide the texture information of the middle thickness; on the other hand, the 

method (c) will exactly provide the texture between the surface and the middle 

thickness.  

The textures of route C samples are measured by both the method (b) and the 

method (c). The initial texture of only those sample measured by method (c) are 

strictly controlled (the starting position is exactly same as in Figure 3.9). However, 

the initial texture is unfortunately not controlled during ECAP processing for 

samples measured by method (c). This is why, although it is known that using 

method (b) will give more reliable results, only the results measured by method (c) 

are used for comparison due to the well controlled initial texture. 

The texture of route Bc samples are all measure by method (c). 

3.3.2 Texture of the single pass ECAP’ed AA1050 

Before discussing the texture results, one thing needed to be mentioned is that, 

unlike the cuboids-shape sample, the identification of the macroscopic axis of the 

cylindrical sample is more difficult. It has always been observed during the ECAP 

process that the sample is slighted rotated around the extrusion axis when being 

pushed out from the die. The error is unavoidable.  

Figure 3.11 shows the ODF representations of the single pass ECAP’ed AA1050 

texture at φ2=0° and φ2=45°, measured both by method (b) and method (c), which 

is compared with the initial hot-rolled texture represented in ED-ID-TD system. It 

is found that all the ideal ECAP components appear near the expected orientation 

and can be identified. A comparison using the contour levels, shows that: when 

measuring the plane half way between the centre and the surface (method c), the 

B/B’ components and the C components are relatively stronger, whereas the A1 

components are weaker; instead on the mid-plane (method b), the B/B’ component 

are stronger than A/C components. On both planes, both the A2 and A’ components, 

are too weak to be seen in the ODF. The same situation of weak A2 has been 

reported by Li in his study of the single pass ECAP’ed copper (Li et al., 2005b).  
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Initial texture 

 
 

 

Pass 1 

Middel layer 

method (b) 

 

 

Pass 1 

method (c) 
 

 
Figure 3.11 The ODF representations of the single pass ECAP’ed AA1050 texture, at φ2=0° and 

φ2=45° sections, both measured from mid-plane and the plane between the middle and the 

surface. They are compared with the initial texture. The contour level is above each ODF plot. 

Furthermore, multiple components in the single pass ECAP texture having very 

high intensity appear near the Euler angle (φ1,Φ,φ2)= (0/90/180/270/360, 0/90,0/90). 

Compared with the initial texture, it is found that they are the cube components in 

the hot-rolled texture. This means that the cube components of the AA1050 plate 

are strong enough to remain present after the first pass ECAP process. In Chapter 5 

(assessment), these persisting cube orientations in the ECAP texture will be 

discussed through the texture simulation.  
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3.3.3 Texture of the ECAP’ed AA1050 via route C 

The texture of the ECAP’ed AA1050 via route C are shown in Figure 3.12 (φ2=0° 

sections) and Figure 3.13 (φ2=45° sections). 

Comparing the textures after these multiple passes, some conclusions can be made: 

i) The persistent cube components from the hot-rolled AA1050 tend to disappear 

with the increase of ECAP passes. It is clear that the influence from the initial 

texture is almost vanished after three passes for ECAP route C. 

ii) Li and Beyerlein (Li et al., 2005b) described the texture evolution of the  

ECAP’ed copper via route C as ‘the texture evolution is not cyclic as one may first 

expect due to the cyclic nature of the imposed macroscopic deformation’. This is 

also seen in Figure 3.12 which shows that the texture of the ECAP’ed aluminium 

via route C is not cyclic, especially for those ideal components.  

Figure 3.12 shows the gradually strengthened A1 components. The C components 

are slightly stronger in odd-number passes than in the even-number passes. The A2 

components are very weak. 
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Pass 2 

fmax   = 8.39 

Index= 2.544 

 

Pass 3 

fmax   = 7.39 

Index= 2.190 

 

Pass 4 

fmax   = 9.41 

Index= 2.688 

 

Pass 8 

fmax   = 9.87 

Index= 2.217 

 
Figure 3.12 The ODF representations of the ECAP’ed AA1050 samples via route C, at φ2=0° 

section after 2, 3, 4 and 8 passes respectively. The contour level is above each ODF plot. 

Figure 3.13 shows that the B components become weaker via route C. The A2 

components are weak, and it even cannot be found in pass 3. The A/A’ components 

are also subtle.  
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Pass 2 

fmax   = 8.39 

Index= 2.544 

 

Pass 3 

fmax   = 7.39 

Index= 2.190 

 

Pass 4 

fmax   = 9.41 

Index= 2.688 

 

Pass 8 

fmax   = 9.87 

Index= 2.217 

 

Figure 3.13 The ODF representations of the ECAP’ed AA1050 samples via route C, at φ2=45° 

section after 2, 3, 4 and 8 passes respectively. The contour level is above each ODF plot. 

3.3.4 Texture of the ECAP’ed AA1050 via route Bc 

The textures of the ECAP’ed AA1050 via route Bc are shown in Figure 3.14 (φ2=0° 

sections) and Figure 3.15 (φ2=45° sections). 

Figure 3.14 shows that the component A2 is still absent in route Bc, except after 

pass 2. The A1 component and the C component become stronger from pass to pass. 

The persisting cube orientation from the initial texture vanished after three passes. 
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Pass 2 

fmax    = 22.91 

Index= 4.023 

 

Pass 3 

fmax    = 33.18 

Index= 6.755 

 

Pass 4 

fmax    = 14.44 

Index= 3.329 

 

Pass 8 

fmax    = 13.77 

Index= 3.061 

 
Figure 3.14 The ODF representations of the ECAP’ed AA1050 samples via route Bc, at φ2=0° 

section after 2, 3, 4 and 8 passes respectively. The contour level is above each ODF plot. 

Figure 3.15 implies that route Bc is an efficient way to control the texture, because 

almost most of the grains rotate to the ideal B orientations and the influence from 

the initial texture can be neglected. Furthermore, the A/A’ components are always 

absent through all the passes.  
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Pass 2 

fmax=    22.91 

Index= 4.023 

 

Pass 3 

fmax    = 33.18 

Index= 6.755 

 

Pass 4 

fmax    = 14.44 

Index= 3.329 

 

Pass 8 

fmax    = 13.77 

Index= 3.061 

 
Figure 3.15 The ODF representations of the ECAP’ed AA1050 samples via route Bc, at φ2=45° 

section after 2, 3, 4 and 8 passes respectively. The contour level is above each ODF plot. 

3.3.5 The evolution of the ECAP texture components  

In order to get an idea of how the ECAP texture components evolve according to 

different pass numbers and different routes, the highest intensity value of the ideal 

ECAP texture components (the peak in the neighbourhood) are put together in 

Figure 3.16.  
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Figure 3.16 The highest intensity of the ideal ECAP texture components of the ECAP’ed 

AA1050, via route C (left hand side) and via route Bc (right hand side)  

It is found that, not only in route C but also in route Bc, the A2 component are 

almost absent through all the passes. The A1 component is always becoming 

stronger no matter which route is chosen. The evolution of the C component 

depends on the route: in route C (macroscopic cyclic deformation), it becomes 

stronger from pass to pass, except for the first pass; in route Bc, it first becomes 

weaker and appears after four passes. The situation of the B component is more 

complex: in route C, the B component always weakens except the sudden increase 

after pass 4; in route Bc, the B component weakens after pass 3, but compared with 

the B intensity in route C, it is still stronger. For B’ component always has sudden 

increase after pass 3, no matter what kind of route is chosen.  

3.4 Mechanical tests of the ECAP processed AA1050 

3.4.1 Tensile tests 

3.4.1.1 Sample geometry and test parameters 

The geometry of the ECAP sample is a cylindrical bar, 60mm in length and 

11.9mm in diameter. The ECAP’ed sample will have inhomogeneous parts in the 

head and in the tail, which restricts the available material. The small dimensions 

make it impossible to machine a cylindrical tensile test specimen out of the 

ECAP’ed sample, with a geometry according to the one described in the ASM 

handbooks. Fortunately, S. Poortmans (Poortmans, 2008) found a suitable 

geometry (Figure 3.17) both for the tensile tests and the torsion tests.    
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Figure 3.17 The schematic illustration of the tensile specimen. It is used as a torsion specimen 

too. 

As shown above, the deformation gauge in practice is 10mm in length and 5mm in 

diameter. On each side there are screw threads designed for mounting the sample 

into a stainless steel extension part. The shoulders provide the friction to tight the 

sample and avoid distorting the test zone when mounting and un-mounting. 

All the tensile tests are performed at room temperature. The elongation is not 

measured by the extensometer but by the total displacement of the cross-head. Not 

only because the small gauge does not fit for the extensometer, but also the 

mounting blade of the extensometer will introduce small cracks on the soft 

aluminium surface leading to failure during the test. The speed of the cross-head is 

set constant at 5mm/min, which means the initial stain rate of the tensile test is 

always equal to 8.3×10
-3
/s. The reason of choosing this value is because, above this 

strain rate, the stress-strain curve will show a hardening saturation
4
 due to the strain 

rate sensitivity of the ultrafine-grained aluminium (May et al., 2005, Poortmans, 

2008). Figure 3.18 shows the stress-strain curves of ECAP’ed AA1050 8 passes via 

route Bc at different strain rates. It is shown that, once the strain rate is above the 

8.3×10
-3
, there will be a hardening saturation peak after yielding. That’s why the 

strain rate 8.3×10
-3 
is chosen in the current work. It will be shown that the 

hardening saturation point is a characteristic of the stress-strain curve for ultrafine-

grain material, which is the point b in Figure 3.21.    

                                                      
4
 The point with 

12
13 = 0 is defined as the hardening saturation point. 
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Figure 3.18 The influence from strain rate on the stress-strain curves during the tensile tests on 

8 passes ECAP’ed AA1050 via route Bc. (Poortmans, 2008) 

At first, the tensile test is treated as if homogeneous deformation occurred before 

failure. The transfer equation from load-displacement curve to the stress-strain 

curve is as following: 

 
0

1t t

t

F F h

A A h
σ

∆ = = + 
 

 (3.1) 

 0ln ln 1
t

A h

A h
ε

  ∆ = = +   
  

 (3.2) 

in which Ft is the current force, At is the current area of the cross-section, A0 is the 

initial cross-section area, and ∆h is the gauge length change.  

3.4.1.2 ECAP’ed AA1050 via route C 

Figure 3.19 shows the stress-strain curve during the tensile test of ECAP’ed 

AA1050 via route C. For each ECAP pass, the tensile tests were performed three 

times and the stress-strain curve in Figure 3.19 is obtained by averaging these three 

stress-strain curves. It is shown that the ductility of the ECAP’ed aluminium is 

significantly reduced compared to the hot-rolled aluminium. Of course, this is the 

disadvantage of the ultrafine-grained material. All the stress-strain curves have the 

same trend: once yielding the material shows a very high hardening rate, then the 

stress-strain curve comes to a plateau and starts softening. The pure aluminium 

processed by ECAP route C is progressively strengthened during the first three 

passes. It is very strange that the AA1050 is not hardening during pass four. After 

eight passes the material is strengthened again. The yielding strength, determined 

by the offset method with a strain of 0.002, is 135MPa after a single pass and 

increases up to 171MPa after eight passes.  



Chapter 3   Experimental 

 

62 

 

Figure 3.19 The stress-strain curves during the tensile tests on the ECAP’ed AA1050 via route 

C, compared with the hot-rolled AA1050. 

3.4.1.3 ECAP’ed AA1050 via route Bc 

For route Bc, the stress-strain curves are shown in Figure 3.20. The calculation 

method is the same as the one for route C: the curve in Figure 3.20 is averaged 

from three tensile tests. The strengthening of the ECAP route Bc is totally different 

from the route C. After the second pass the aluminium keeps almost the same 

strength and hardening behaviour. Then the material is progressively hardened. For 

pass eight, the ECAP’ed AA1050 finally shows the hardening saturation point (as 

defined in 3.4.1.1) after yielding, which is the result from the chosen strain rate. 

The yield strength is determined in the same way as for route C and starts at 

135MPa after one pass to 163MPa after eight passes.  

3.4.1.4 Segal’s correction method 

One characteristic of these short tensile samples (10 mm gauge length) of UFG 

material is that they show diffuse-necking immediately after yielding. This 

phenomenon is observed in the current tensile tests too. What is shown in Figure 

3.19 and Figure 3.20 is not what really happens during the tensile test: once the 

material starts diffuse-necking, the real deformation is localized in the necking 

zone, and the assumption of homogeneous deformation is not valid any more. 

Segal (Segal et al., 2006) proposed a geometrical method to correct the stress-strain 

curve, calculated under the homogeneous deformation assumption, and transfer it 

into a ‘real’ stress-strain curve. This correction method has been proven by 

Poortmans (Poortmans et al., 2007) both experimentally using interrupted tensile 

tests and numerically with a finite element method simulation.  
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Figure 3.20 The stress-strain curves during the tensile tests on the ECAP

Bc, compared with the hot

The idea of the geometrical method is very simple: the actual diameter reduction 

∆d during diffuse necking is proportional to half of the elongation since the 

the necking ∆l: 

 ~
2

l
d

∆
∆ −  

then the actual diameter d of the deformation zone is:

 1
1
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d d

∆ −
= −  

where the d1 corresponds to the exact 

necking, and l1 corresponds to the 

diffuse-necking. ∆l is the total gauge elongation

which is measured from the displacement of the INSTRON cross

term (∆l- l1) is the length change from the diffuse

half of which is proportional to the diameter change 

When using this method in practice to correct the stress

problem is met: how to know exactly the actual diameter d

starts? The typical stress-strain curve of the UFG material and the CG (coarse 

grained) material is compared in Figure 

(line 3) corresponds to the ultimate strength point, whereas the necking point c of 

the UFG material (line 1) is just after the hardening saturation point
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strain curves during the tensile tests on the ECAP’ed AA1050 via route 

Bc, compared with the hot-rolled AA1050. 

The idea of the geometrical method is very simple: the actual diameter reduction 

d during diffuse necking is proportional to half of the elongation since the start of 

(3.3) 

then the actual diameter d of the deformation zone is: 

(3.4) 

exact diameter when the material starts diffuse-

the current gauge length when the material starts 

necking. ∆l is the total gauge elongation since the start of the deformation, 

which is measured from the displacement of the INSTRON cross-head. Then the 

) is the length change from the diffuse-necking to the current position, 

half of which is proportional to the diameter change according to equation (3.4).  

When using this method in practice to correct the stress-strain curve, another 

problem is met: how to know exactly the actual diameter d1 when diffuse-necking 

strain curve of the UFG material and the CG (coarse 

Figure 3.21. The necking point c for CG material 

(line 3) corresponds to the ultimate strength point, whereas the necking point c of 

the UFG material (line 1) is just after the hardening saturation point.    
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Figure 3.21 The typical load-displacement curve of the coarse grain material (line 3) and the 

ultrafine-grained material (line 1). After point c, the material starts diffuse-necking (Segal et al., 

2006) 

It is found that the slope of the b-c region and the slope of the c-e region are 

slightly different, and the c-e region is very close to linear change. This prompted 

the author to investigate the first-order derivative of the load-displacement curve of 

all the ECAP’ed AA1050 tensile samples. A typical first-order derivative curve is 

shown in Figure 3.22. The a-b region corresponds to the decreasing slope in Figure 

3.21, the point b is the derivative equal to zero, after necking point c the derivative 

is stable. The study of the first-order derivative curve shows that the diffuse-

necking point always starts when the total elongation is close to 0.5mm (for our 

sample geometry), whatever the pass-number and the route are. Therefore, in 

current work, the actual diameter d1 is the diameter when the total elongation l1 is 

0.5mm. 

 

Figure 3.22 The typical first-order derivative curve of the load-displacement curve. 

The correct stress-strain curves of the ECAP’ed AA1050 are shown in Figure 3.23 

for route C and Figure 3.24 for route Bc. 
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Figure 3.23 The stress-strain curves (corrected by the Segal method) during the tensile tests on 

the ECAP’ed AA1050 via route C. 

 
Figure 3.24 The stress-strain curves (corrected by the Segal method) during the tensile tests on 

the ECAP’ed AA1050 via route Bc. 

The corrected stress-strain curves show that the actual maximum strain before 

failure is around strain of 0.6. These corrected stress-strain curves of the tensile 

tests on the ECAP’ed AA1050 will be used in the current study. 



Chapter 3   Experimental 

 

66 

3.4.1.5 Comparison 

The yield strength, the hardening saturation point, the ultimate strength, and the 

stress difference between them are collected and compared in Table 3.2. One can 

find some trends of the stress-strain curves of a particular ECAP route by different 

numbers: i) compared to route C, route Bc has a higher strengthening efficiency. ii) 

no matter which route is chosen, the total hardening strength during the tensile test 

is highest, 44MPa, after a single pass, and relatively lower after two or more passes, 

ranging from 23~42 MPa. 

Table 3.2 The comparison of the ECAP’ed AA1050 by different route and after different pass 

number. 

Route Pass 
Yield strength 

(point a) MPa 

σy 

Hardening 

saturation 

(point b) MPa 
σmax 

Ultimate 

strength (point 

e) MPa 
σu 

∆ab 

MPa 

σu-σy 
(∆ae)  MPa 

C 

1 135 158 177 23 44 

2 153 167 182 14 29 

3 166 177 189 11 23 

4 159 176 192 17 33 

8 172 185 204 13 32 

Bc 

1 135 158 177 23 44 

2 148 161 176 13 24 

3 164 180 199 17 35 

4 164 187 206 23 42 

8 183 206 213 23 30 

3.4.2 Compression tests 

3.4.2.1 Samples preparation and test parameters 

Two important aspects of compression tests need to be considered, namely the 

geometry of the specimen and the friction between the specimen and the anvil. 

For the geometry of the specimen, one needs to be careful about the length-to-

diameter ratio to avoid buckling. This is because that ‘In compression tests of 

relatively long, slender specimens that are not laterally supported, the specimens 

may buckle elastically and fly from the test setup’ according to the ASM standard 

for the compression test (ASTM). The ratio should be less than 2. In current work, 

the ratio of the cylinder sample machined from the ECAP’ed aluminium is 1.5, 

namely 9mm in height and 6mm in diameter. 

For the friction, one needs to choose the appropriate lubrication method to 

postpone the barrelling effect. If the friction is high enough to restrict the 

deformation of the end regions of the test specimen, it will result in non-uniform 

transverse deformation during the compression test (ASTM). The lubrication 
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condition becomes especially important after strains of 0.5 (Lovato and Stout, 

1992). In order to keep the friction as low as possible, two kinds of lubrication 

conditions are used. When performing the compression tests on the route C 

AA1050 samples, only the Teflon thin film was used. It was found that the Teflon 

thin film will sometimes tear after the compression test. Based on this situation, an 

optimized method is used for the compression of the route Bc AA1050 samples: 

the ends of the cylindrical specimens with concentric-circle-shape grooves are 

covered with molybdenum disulfide (MoS2) grease, and between the anvil and the 

specimen there is a piece of Teflon thin film with MoS2 grease on both sides. This 

results in a ‘sandwich’ lubrication condition (anvil → MoS2 → Teflon → MoS2 → 

specimen). Even though the Teflon thin film will tear, there is no need to replace it 

because the MoS2 grease will continuously have a lubrication effect. 

The cross-head speed is set to 4.5mm/min, which leads to an initial strain rate of 

8.3e-3/s. The same strain rate is chosen as the one used in the tensile test. This 

makes it possible to compare the stress-strain curves in tensile tests and in 

compression tests without taking strain rate sensitivity into account. 

Since the barrelling eventually occurs after the strain reaches 0.5, only the stress-

strain curves before 0.5 strain are considered as trustable. The deformation is 

assumed as homogeneous and the following equations will be used: 
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3.4.2.2 ECAP’ed AA1050 via route C 

The compression true stress-strain curves on the ECAP’ed AA1050 via route C 

specimens are shown in Figure 3.25. The ECAP’ed AA1050 is found to yield at the 

so called transient yielding point. This transient yielding point will be introduced in 

section 3.4.2.4 and will be systematically investigated in section 3.5. After yielding, 

there always exists a hardening saturation. Then the material starts softening and 

the stress-strain curve shows a plateau. By pass to pass, the plateau is raised. 

Compared with the compression curve of the hot-rolled AA1050, the material is 

significantly strengthened by ECAP. 
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Figure 3.25 The stress-strain curves during the compression tests on the ECAP’ed AA1050 via 

route C. The material is found to yield at the so called transient yielding point instead of the 

conventional yielding point determined by the offset method.  

3.4.2.3 ECAP’ed AA1050 via route Bc 

The compression true stress-strain curves of the ECAP’ed AA1050 route Bc 

specimens are shown in Figure 3.26. Just as for the compression of the route C 

material, the transient yielding point is found. Compared to the compression 

situation of the route C ECAP’ed AA1050, a more pronounced hardening 

saturation is found in the route Bc ECAP’ed AA1050, especially after eight passes. 

Remember this is also observed during the tensile tests of the route Bc ECAP’ed 

AA1050. 

3.4.2.4 Transient yielding phenomenon 

Normally, using the conventional methods like strain offset (by 0.2% plastic strain) 

or back-extrapolation, this transient can be treated as errors resulting from external 

influences and can be neglected or simply be overlooked. But once a small strain 

window is used to explore these compression curves (Figure 3.27), there are 

obviously two regions with different slopes (hardening rates), leading to different 

compression “yield” strengths (arrow 1 and arrow 2). Because this will largely 

influence the estimation of the plastic asymmetry (back-stress), the section 3.5 will 

investigate this phenomenon. 
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Figure 3.26 The stress-strain curves during the compression tests on the ECAP’ed AA1050 via 

route Bc. The material is found to yield at the so called transient yielding point instead of the 

conventional yielding point determined by the offset method. 

 

Figure 3.27 Small strain window for the compression stress-strain curves of ECAP’ed AA1050 

route C (a) and route Bc (b). Arrow 1 is pointing to the transient yielding point (TY). Arrow 2 is 

pointing to the conventional yield strength. Arrow 3 indicates the yield stress of the hot-rolled 

AA1050. 

One thing needs to be pointed out is that the slopes of the route C AA1050 and the 

route Bc AA1050 (see Figure 3.27) are different, even for the first ECAP pass, 

where no difference between route C and Bc exists. As mentioned previously in 

section 3.4.2.1, only Teflon thin film for route C and Teflon+MoS2 optimized 

condition for route Bc have been used for lubrication. Although the lubrication 

condition is different, the transient yielding point is hardly changed, which is 

shown in Figure 3.28 using the single pass ECAP’ed AA1050 as an example. As 

indicated, neither the slope 1 nor the slope 2 is parallel with the slope 3. Note that 
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if the elongation of the sample is not measured by strain extensometer, the 

calculated Elastic modulus is always far away from the real Elastic modulus. It is 

actually the Elastic modulus of the machine.   

 

Figure 3.28 The compression stress-strain curves of the single pass ECAP’ed AA1050 with 

different lubrication conditions. Even though the elastic slope is different, the position of the 

transient yielding point is not changed. 

3.4.2.5 Comparison 

The comparison of the stress-strain curves during the compression tests on the 

route C ECAP’ed AA1050 and the route Bc ECAP’ed AA1050 is shown in Table 

3.3. It is found that the transient yielding point is always around 75MPa, except the 

2 pass route C aluminium. The stress level difference, between the hardening 

saturation point and the plateau at 0.5 strain, shows that for route C the softening 

phenomenon is not significant, whereas for route Bc the material is obviously 

softened during the compression.  

Table 3.3 The comparison of the stress-strain curves during the compression tests on the route 

C ECAP’ed AA1050 and the route Bc ECAP’ed AA1050 

Route Pass 
Yield strength 

(point a) MPa 

σy 

Hardening 

saturation 

(point b) MPa 
σmax 

Plateau at 

0.5 strain 

 MPa 

C 

1 75 145 144 

2 87 153 152 

3 78 166 163 

4 75 162 161 

8 74 173 168 

Bc 

1 75 145 144 

2 76 149 145 

3 73 168 157 

4 74 168 157 

8 72 187 172 
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3.4.3 Torsion tests 

3.4.3.1 Test parameters and data processing 

As mentioned above (3.4.1.1), the torsion specimen shares the same geometry 

design as the tensile specimen. The torsion tests on these specimens are performed 

at the rotation speed of 1 circle/min, which means the sampled will be rotated 2π 
per minute in radians. Remember the relationship between the rotation speed with 

the maximum shear strain on the bar surface:  

 
r

L

θ
γ =  (3.7) 

where γ is the shear strain, r is the radius of the bar, and L is the length of the 

deformation zone of the bar. According to (3.7), the initial equivalent strain rate on 

the surface is equal to 0.0151, compared to the strain rate of 0.0083 in tensile tests 

and in compression tests. Note that one end of the torsion sample is free along the 

axial direction. All the tests are performed at room temperature. 

The difficult part of the torsion tests lies in the processing the raw data and 

transferring the torque-twist curves into stress-strain curves. The process steps are 

listed below. 

Step one) one should use the offset method to identify the torsional elastic limit. 

Before the limit, the sample is sheared elastically. The slope of this linear part is 

the so called shear modulus G: 

 
yield yield

yield yield

L
G

r

τ τ

γ θ
= =  (3.8) 

in which the yielding shear strain γ is calculated from the rotation angle θ, and the 

yielding shear stress is obtained from the step two. 

Step two) one should first smooth the curves of the plastic region. In this part of 

work, the software Origin Pro 8.1 is used to perform the data smoothing process 

using the adjacent averaging algorithm. The aim of the smoothing process is to 

reduce the signal noise and to have a relatively better first-order derivative result 

dM/dθ’ in the Nadaï equation (Dieter, 1988):  
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τ θ θ θ

π θ
 = + = 
 

 (3.9) 

where r is the radius of the gauge, M is the torque in Nm, τ is the shear stress on 

the outer surface of the bar along the tangential direction, θ is the total rotation in 

rad and L is the gauge (bar) length. This method can give a sufficiently accurate 

result of the shear stress-strain behaviour. 
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3.4.3.2 ECAP’ed AA1050 via route C 

The torsion stress-strain curves of the ECAP’ed AA1050 via route C are shown in 

Figure 3.29. It is observed that the shear ductility of the ECAP’ed aluminium is 

very good.  

 

Figure 3.29 The shear stress-strain curves of the ECAP’ed AA1050 specimens via route C, 

compared with the hot-rolled AA1050 

The yield shear stresses and corresponding equivalent yield stresses (Von Mises) 

after different pass-number are shown in Table 3.4. It is shown that the route C 

AA1050 has more or less the same yield strength not only in torsion tests but also 

in tensile tests.  

3.4.4 Conclusion of the mechanical tests 

In this section, the mechanical behaviour of the ECAP’ed AA1050 is reported and 

compared, including the tensile tests, the compression tests and the torsion tests. 

Comparing the mechanical behaviour between the tensile tests and the compression 

tests (see Figure 3.30 and Table 3.5), the tension-compression asymmetry is 

observed very obviously. The difference between the initial yield strength is 60 

MPa after a single ECAP pass to about 100MPa after eight passes. It will be shown 

that the half of the initial yield strength difference is defined as the macroscopic 
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Table 3.4 The yield shear stresses and corresponding equivalent yield stresses (Von Mises) after 

different pass-number of the ECAP’ed AA1050 via route C in torsion test. The equivalent yield 

strength are compared with the yield strength of the tensile tests.  

Pass 
Yield shear stress 

(MPa) 

Equivalent yield stress 

(MPa) 

Yield strength of  

the tensile samples (MPa) 

hot-rolled 29 50.2 50 

1 83 143.7 135 

2 86 148.9 153 

3 95 164.5 166 

4 88 152.4 159 

8 98 169.7 172 

 

back-stress in next chapter. On the other hand, the difference between the 

hardening saturation points in tensile tests and in compression test is always around 

12MPa. 

Table 3.5 The difference of the yield strength and the hardening saturation point, between the 

tensile tests and the compression tests, via different routes and different pass-numbers. 

Route Pass 
Yield Strength (MPa) 

Hardening saturation 

(MPa) 

Ten Com ∆ Ten Com ∆ 

C 

1 135 75 60 158 145 13 

2 153 87 66 167 153 14 

3 166 78 88 177 166 11 

4 159 75 84 176 162 14 

8 172 74 98 185 173 12 

Bc 

1 135 75 60 158 145 13 

2 148 76 72 161 149 12 

3 164 73 91 180 168 12 

4 164 74 90 187 168 19 

8 183 72 101 206 187 19 



 

 

  
(a) (b) 

  
(c) (d) 

Figure 3.30 True stress – true strain curves of the ECAP processed AA1050 with different process routes: tensile tests (a) and compression tests (b) on ECAP’ed 

AA1050 by route C; tensile tests (c) and compression tests (d) on ECAP’ed AA1050 by route Bc. Transient yielding (TY) is marked with arrows in (b) and (d). All 

these tests have an initial strain rate of 8.3x10-3s-1 



 

 

3.5 Investigation of the transient yielding phenomenon during the 

compression tests  

3.5.1 Design of the experiments 

Three materials were used in this study. Besides the hot-rolled AA1050 plate, a 

few samples of ultra-low-carbon steel (ULC) and an aluminium alloy AA6061 

received in O state are also used for comparison. 

The compression tests are divided into two parts. The aim of the first part is to 

exclude any external influence on the appearance of the transient yielding, such as 

the influence from the INSTRON machine, the lubrication condition or material 

related effects. The second part of the compression tests is to check whether true 

yielding (permanent deformation) takes place during the transient yielding stage. 

Only the one pass ECAP processed AA1050 is used. Two different approaches are 

tried at a very low initial strain rate (easy to control the machine), namely an 

interruption test and a loading-unloading test. 

3.5.2 Results 

3.5.2.1 Dummy test on the INSTRON 4505 machine 

The load-displacement curve of the dummy test (test without sample) on the 

INSTRON 4505 machine is shown in Figure 3.31. Because the compression first 

takes place among inside parts of this screw driven machine, the beginning part of 

the curve deviates from linearity until the force reaches 1.5kN. Then the machine 

compresses itself elastically, which is represented as a straight line. The machine 

recovers into its original position during unloading, as the curve returns to the 

starting point along its forward trace. Since the machine is well balanced before the 

real tests and in our experiments the transient hardening normally takes place in the 

range between 2kN and 3.5kN, it is believed that the error coming from the initial 

non-linear compression of the machine will not influence the measurement of the 

TY effect. 



Chapter 3   Experimental 

76 

 
Figure 3.31 The load-displacement curve of the dummy test on INSTRON 4505 

3.5.2.2 Compression test of the thin Teflon sheet 

Because the Teflon sheet used as lubrication in the compression tests is too thin, it 

is too difficult to perform a compression test on just one sheet. An alternative way 

is used: the sheet is folded a few times up to a thickness of 2.27mm and cut into a 

square of 1.6×1.6mm. It is obvious that there exists some gaps among these Teflon 

layers and the thickness is overestimated. This overestimated distance can be easily 

obtained from the load-displacement curve where the force remains close to zero as 

long as gaps are being closed. The results show that the closure of the gaps takes 

0.317mm and the exact thickness of the Teflon layers is 1.953 mm. Then the force-

displacement curve is re-calculated into the engineering stress-strain curve (Figure 

3.32). Using the offset method, the yield strength of the used Teflon sheet is 

determined as 15MPa. This value is much lower than the TY stress level (75 to 80 

MPa), which means the yielding of the Teflon sheet will not influence the 

measurement of the yield strength of ECAP’ed materials. 

 

Figure 3.32 The engineering stress-strain curve of the Teflon thin sheet used in the compression 

test. 



3.5   Investigation of the transient yielding phenomenon during the compression 

tests 

 

77 

3.5.2.3 Different lubrication condition 

Although the lubrication condition is different between the tests for route C and 

route Bc, the transient yielding point is not changed, which is already shown in 

Figure 3.28 (section 3.4.2.4) using the single pass ECAP’ed AA1050 as an 

example. As indicated, neither the slope 1 nor the slope 2 is parallel with the slope 

3. It means that no matter which lubrication condition is used, the TY point is not 

influenced. 

3.5.2.4 Compression tests on the material without ECAP processing 

Suppose, in the worst case, that an unknown external parameter generates non-

negligible errors in our measurements. Then there is reason to believe that these 

errors will also generate transient yielding in non-ECAP-processed material. A 

compression test on as-received ULC steel and a compression test on the hot-rolled 

commercial purity aluminium AA1050 are shown in Figure 3.33. It shows that the 

yield strength of the ULC steel is close to 110MPa (represented as an arrow), 

which is higher than the TY stress level measured in ECAP’ed Al. Before the 

yielding point, the elastic region is perfectly linear and there occurs no TY. 

Similarly, there exists no TY in the elastic region during the compression of hot 

rolled AA1050. Note that the yield strength of the hot-rolled AA1050 is about 

50MPa, which is lower than the TY stress level. Based on all the results shown 

above, it is believed that the TY is not due to external influences. This TY 

phenomenon must be a characteristic of this ECAP processed material. 
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(a) (b) 

 
(c) 

Figure 3.33 Compression tests of non-ECAP’ed materials: (a) yielding of ULC steel (b) yielding 

of hot-rolled AA1050. Both of them show no transient yielding. They are compared with (c) the 

transient yielding of ECAP’ed AA1050 via route C  

3.5.2.5 Interruption test 

In this test the initial height of the samples and the final height after a deformation 

marginally exceeding the transient yield point are measured. Since the compression 

samples are sectioned manually instead of computer aided, the initial height 

deviates from the chosen value of 9.00 mm and is slightly different from sample to 

sample. During the compression tests, the initial strain rate is chosen at 0.002s
-1
 

and the tests are stopped once the load slightly exceeds the one that corresponds to 

the transient hardening stress (~2.5kN). The initial heights and the current heights 

measure by a micrometer screw gauge (intrinsic reading error +/-0.005mm) are 

listed in Table 3.6. The changed heights (irreversible deformation) prove that 

plastic deformation did take place after the occurrence of TY during the 

compression of the ECAP’ed AA1050. 
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Table 3.6 Comparison of the initial height and the final height of the samples in the interruption 

tests of ECAPed AA1050 (1 pass). Note the reading error of the micrometer screw gauge is +/-

0.005mm 

Sample Initial height (mm) Final height (mm) 

1 9.07~9.08 9.05~9.06 

2 9.06~9.07 9.02~9.04 

3 9.04 8.95 

4 9.01~9.02 8.96~8.97 

3.5.2.6 Loading and Unloading test 

It is known that, once elastically deformed material is unloaded, it will recover to 

its original shape. This will be shown as an elastic stress-strain loop. In Figure 3.34, 

the true stress - true strain curve of AA1050 during loading and unloading in a 

compression test is shown. For a maximum stress of 50MPa and 70MPa 

respectively, a closed stress-strain loop is obtained without residual permanent 

deformation. When loaded up to 80MPa (or higher) an open loop with permanent 

deformation is obtained. This result indicates that the transient yielding - observed 

in this sample at 75 MPa - is the ‘real’ start of yielding. 

3.5.2.7 Transient yielding in other materials 

It is interesting to find out whether this TY is just a particular property of this 

commercial purity aluminium AA1050, or a general property of ECAP processed 

material. In our work, an aluminium alloy AA6061-O was studied by ECAP 

processing. The compression flow-curves also show obvious TY (Figure 3.35 left), 

at a stress level much lower than the ‘normal’ yield strength. In the same way, the 

ULC steel processed by ECAP route Bc shows an easily neglected TY around 100 

MPa (Figure 3.35 right), which is close to the yield strength of the material before 

ECAP. Based on these two additional compression tests and coupled with the 

results of ECAP’ed AA1050, there are reasons to assume that the so-called 

transient yielding is a general property of the ECAP processed materials and it 

happens close to the original yield strength of the as-received material. 

3.5.3 Conclusion of the transient yielding 

The transient yielding found in the compression stress-strain curves has been 

experimentally checked on commercial purity aluminium AA1050 and two other 

alloys. Based on the results, it is found that: i) The transient yielding exists. ii) The 

material starts yielding when TY appears. iii) The influence from the strain rate on 

the transient yielding is not clear.   
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Figure 3.34 True stress – true strain curves for the ECAP

rate 0.0002s-1. An elastic loop is observed as long as the maximum stress does not exceed 70MPa; 

above this stress value an open loop is obtained because of non

deformation

 

Figure 3.35 The compression stress-strain curve of AA6061

TY shows in the beginning of the curve. (right) The compression on the ULC steel is shown. A 

TY is also there a

The transient yielding is found in ECAP

and ECAP’ed ULC steel, which means that it is 

ECAP processed materials. 

3.6 Summary 

In this chapter, all experiments in current work and 

shown and compared. 

 

the ECAP’ed AA1050 (1 pass) with initial strain 

observed as long as the maximum stress does not exceed 70MPa; 

above this stress value an open loop is obtained because of non-recoverable (plastic) 

deformation. 

 

curve of AA6061-T4 aluminium alloy. A very clear 

TY shows in the beginning of the curve. (right) The compression on the ULC steel is shown. A 

TY is also there around 100MPa. 

is found in ECAP’ed pure Al, ECAP’ed aluminium alloy 

ed ULC steel, which means that it is most likely a general property of 

In this chapter, all experiments in current work and corresponding results are 
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An ECAP die with 90° angle is used to process the commercial purity aluminium 

type AA1050 received in as hot-rolled state. The process is performed at room 

temperature by using two different routes, route C and route Bc respectively. 

The textures of the ECAP’ed AA1050 are compared using ODFs. The results show 

that not only in route C but also in route Bc, the A2 component are almost absent 

through all the passes. The A1 component is always becoming stronger no matter 

which route is chosen. The evolution of the C component depends on the route: in 

route C (macroscopic cyclic deformation), it becomes stronger from pass to pass, 

except for the first pass; in route Bc, it first becomes weaker and appears after four 

passes. The situation of the B component is more complex: in route C, the B 

component always weakens except the sudden increase after pass 4; in route Bc, 

the B component weakens after pass 3, but compared with the B intensity in route 

C, it is still stronger. For B’ component always has sudden increase after pass 3, no 

matter what kind of route is chosen. 

Comparing the mechanical behaviour between the tensile tests and the compression 

tests, a tension-compression asymmetry is always observed. The difference 

between the initial yield strength is starting from 60MPa for a single pass to about 

100MPa for eight passes (no matter which route is used). 

The equivalent yield strength in the torsion tests is compared to the yield strength 

found in the compression tests on the route C ECAP’ed AA1050. It is found that 

they have relatively the same yield stress level. 

One needs to pay attention to some particular phenomenon in the tensile tests and 

in the compression tests. 

For the tensile tests of the ECAP’ed samples, the assumption of homogeneous 

deformation is not valid any more. The geometrical method by Segal –or any 

equivalent method- should be used to correct the stress-strain curve. 

For the compression tests of the ECAP’ed samples, the offset method used to 

identify the yield strength is not recommended. A so called transient yielding point, 

which is significantly lower than the ‘conventional’ yield strength, is always 

observed. A series of experiments aimed to investigate this TY has proven that a 

plastic deformation is generated when the transient yielding starts. This transient 

yielding phenomenon is considered as a common characteristic for ECAP’ed 

material. 





 

 

Chapter 4 Development of a multi-scale 

modelling strategy  

…It can scarcely be denied that the supreme goal of all theory 

 is to make the irreducible basic elements as simple and as few as possible 

 without having to surrender the adequate representation of a single datum 

of experience    . 

-----Albert Einstein’s “Occam’s razor” 

4.1 Introduction 

Modelling plastic deformation is never an easy task. As described in the literature 

review (chapter 2), there are several physical aspects of plastic deformation that 

need to be considered, for example, from a microscopic point of view, the 

dislocation glide and the twinning mechanism, and from a macroscopic point of 

view, the texture evolution and the plastic anisotropy. Obviously, it is impossible to 

consider so many physical aspects in one model, and it is not accurate enough to 

use one model to represent and explain the whole procedure, for instance, ascribing 

the plastic anisotropy only to the texture evolution or only to the dislocation 

patterns. According to the author’s opinion, a sound modelling strategy of plastic 

deformation is based on: i) choose physical variables “as simple and as few as 

possible” to describe the plastic deformation, balancing the completeness of the 

physical model and the complexity of the model; ii) capture the relevant reality, e.g. 

texture, grain size, and dislocation density, etc; iii) link the microstructure status to 

the macroscopic status. 

The multi-scale modelling strategy described in this chapter is exactly based on 

those three points. As pointed out in chapter 2, the studied process, ECAP, will not 

only lead to a sharp texture but also to a well developed dislocation substructure. 

Both of them will lead to a significant plastic anisotropy, which has been seen and 

described in the experimental part (chapter 3). Therefore, the current modelling 

strategy must take into account the texture evolution, the microstructure 

development and the resulting back-stress evolution.  

This chapter is arranged in the following order. In the first section, the hypothesis 

of the current modelling strategy will be discussed. Then the framework of the 

whole strategy is introduced. For the texture evolution, the full constraint Taylor 

model and the Advanced LAMEL model are both adopted and used. In order to 

describe the developed dislocation cell structures, the Estrin-Tóth model is 

investigated and modified. Since the original Estrin-Tóth model does not consider 

the anisotropy resulting from the well developed cell structures, an extra back-
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stress model is developed to overcome this drawback. Combining these three 

models, the way of implementation and assembling will be discussed.    

4.2 Hypothesis 

Since all ECAP processes of the pure aluminium AA1050 took place at room 

temperature, this modelling strategy will not consider the influence of the 

temperature. The temperature is set to 27°C (300K). This choice explains why the 

phenomena occurring at higher temperature, such as recrystallization, are not taken 

into account. Nevertheless, the dynamic recovery at room temperature due to the 

high dislocation density is taken into account. 

Remember that ECAP will introduce very large plastic strain into the material. For 

an ECAP die with a channel angle of Φ=90°, the total strain per ECAP pass is near 

1.15. Compared to this amount of plastic strain, the elastic strain is small enough to 

be neglected. Since the implementation of the plastic deformation is much easier 

than the one of the elasto-plastic deformation, the elastic deformation is not 

considered throughout this work and is not implemented in the source code. 

The current modelling strategy will only focus on single-phase FCC material. The 

following three statements are declared: i) The twinning mechanism is not 

considered. In the current work, only the deformation caused by dislocation glide 

will be considered; ii) The influence from particles, precipitates, and impurities 

will not be considered. In other words, there will be no term inside the models to 

account for dislocation-particle interaction. Only the dislocation-dislocation 

interaction is taken into account in the models. iii) The Hall-Petch relationship is 

considered. In fact, the Estrin-Tóth model will model this dislocation-grain 

boundary interaction. 

The plastic anisotropy is considered to result from two sources, ECAP texture and 

dislocation substructures respectively. The texture modified by ECAP will lead to 

different plastic behaviour under different loading conditions. Meanwhile, the 

developed dislocation structures will hinder further dislocation movements in 

certain directions. 

The strain history is assumed to start at the beginning of the ECAP process, and to 

stop at the end of the sequential mechanical deformation. Due to the characteristic 

of the produced material, the strain path is not monotonic. Not mentioning the 

discontinuous ECAP process during which the ECAP sample is rotated according 

to a specific route from pass to pass, even the strain path of the subsequent 

mechanical test is totally different from the one of the ECAP deformation path. 

That’s why the strain path change effect will play an important role in the current 

modelling strategy. 
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4.3 Framework 

4.3.1 Structure and interface 

Before elaborating the whole modelling strategy, a brief structure and designed 

interface (input and output) are proposed in Figure 4.1. The core of the modelling 

strategy consists of three modules, the texture model, the microstructure model and 

the back-stress model respectively. The detail of the input information and the 

output information will be described as follows. 

 

Figure 4.1 The brief structure of the modelling strategy. 

The input information contains three parts, as described in Figure 4.1, namely the 

initial texture, the total deformation path history, and the material parameters. 

Firstly, the initial texture is the starting texture of the sample before any ECAP 

process, which is described in the RD-TD-ND reference system. According to the 

chosen texture models, the texture should be represented by thousands of crystal 

orientations described in Euler angle (φ1, Φ, φ2) notation, instead of an ODF. As a 

matter of fact, the discretized grain orientations are converted from the ODF by 

using the ODFLAM program of the MTMFHM software (Van Houtte, 2004a). 

Generally speaking, for the discretized texture, the more crystal orientations are 

provided, the closer it is to the original texture. Secondly, the total deformation 
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paths contain the one during the ECAP process and the one during the subsequent 

mechanical test. The modelling strategy is designed to be capable of simulating 

discontinuous deformation. In order to do so, the velocity gradient tensors should 

be provided. Note that the whole simulation is performed in the ED-ID-TD 

reference system. Thirdly, the initial material parameters should be provided, such 

as the average grain size, the initial dislocation densities, the critical resolved shear 

stress (CRSS). 

The most important part of the output of the modelling strategy is the stress-strain 

behaviour of the simulated material. The side products are the texture evolution, 

some microstructural parameters such as sub-grain size and dislocation densities, 

and the back-stress evolution. 

4.3.2 Length scale and corresponding transfers 

Three different length scales (see Figure 4.2) are used in this work, namely the 

micro scale, the mesoscale, and the macro scale. As defined in the literature (Van 

Houtte et al., 2006), the macro scale is represented by a representative volume 

element, e.g. thousands of grains; the mesoscale limits the focus on one or a few 

grains; the micro scale is always used to describe the lattice defects, such as 

dislocation substructures (according to the above assumption, twinning 

substructures are not considered). 

Different information is represented on the appropriate length scale. The input and 

output information mentioned in the previous subsection, such as the initial/final 

texture and the strain path, are described on the macro scale. Instead, the material 

parameters, such as dislocation densities and cell size are represented on the micro 

scale. 

Different sub-models are fitted into the appropriate length scale. The texture sub-

model ranges from the macro scale to the meso scale. The dislocation substructure 

model is only discussed in the micro scale. Furthermore, the back-stress model 

covers all these three length scales. 

The macro-meso scale and the meso-micro scale are linked by two kinds of 

transfers (see Figure 4.2). The first kind of transfer is between macro scale and 

meso scale. The transfer from macro to meso is based on the Taylor assumption of 

the homogeneous strain distribution: one grain or a bundle of grains undergo the 

same strain as the whole representative volume element (L=l, see Figure 4.2). The 

transfers from meso to macro, such as a transfer from the stress of a single grain to 

the macroscopic stress, are averaged by weights. In this work, all the grains are 

treated equally, which means the weight factors of all grains are equal to one. The 

second kind of transfer is between meso scale and micro scale. The meso-micro 

transfer is bridged by the equation of l= ∑ 56��6, in which the subscript i means a 
certain slip system. On the other hand, the micro-meso transfer is based on the 
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energy conservation equation: the external power is equal to the internal power 

(7: � = *9�:: ∙ ��). 

 

Figure 4.2 Different models are described at different length scales in this modelling work. They 

are interacting with each other through two transfers.5  

4.3.3 Main flow chart of the framework 

The flow chart of the main body of the program is shown in Figure 4.3. It focuses 

on a monotonic strain path, which means it starts from the initial status or the end 

of a previous strain path, and ends before the current strain path changes. Instead of 

using the time step ∆t, the strain step ∆γ is used as the main stepping variable. The 

whole monotonic deformation is then divided into numbers of strain steps, which 

constitutes the first loop. Through the macro-meso transfer and the meso-micro 

transfer, one strain step is separated into a number of second loops of which are 

running over according to the number of grain or grain bundles. 

                                                      
5
 The meanings for the variables: g – grain orientations, L - macroscopic velocity gradient 

tensor, l – local velocity gradient tensor, S – macroscopic isotropic hardening stress tensor, 

s – local isotropic hardening stress tensor, X – macroscopic back-stress tensor, x – local 

back-stress tensor, d – local strain rate tensor, dγ/dt – resolved slip rate, τ – resolved shear 

stress, and σ – macroscopic stress tensor 
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Inside this second loop, a series of simulation subtasks are performed. Firstly, the 

texture model is in charge of finding the activation configuration of slip systems 

and corresponding slip rates. This configuration information can be utilized to 

calculate the crystal spin (rigid body rotation rate) and obtain a new crystal 

orientation.  Secondly, the slip rates will then be provided to the microstructure 

model to calculate the dislocation interaction, the hardening behaviour, and the 

grain/sub-grain size evolution. Behind these changing variables, the dislocation 

density plays the most important role, linking everything together. Thirdly, the 

anisotropy model will capture the back-stress evolution by using the microstructure 

variable and the strain history.   

4.4 Modelling texture evolution using Taylor-type model 

4.4.1 Introduction 

As mentioned in the Literature Review (Chapter 2), the Taylor-type plasticity 

models have the following advantages compared to other plasticity models (Van 

Houtte, 1982, Van Houtte and Aernoudt, 1975, Van Houtte and Aernoudt, 1974, 

Van Houtte et al., 2005, Van Houtte et al., 1994, Taylor, 1938, Taylor, 1934): 1) 

Simple assumption: Taylor-type models are based on the fundamental physical 

hypothesis telling the crystals deform by minimal energy consumption. 2) Simple 

to implement: the core mathematical theory of the Taylor-type models can be 

treated as a linear optimization problem. The numerical solving algorithms have 

become very mature nowadays. Especially for the so called simplex algorithm, it 

has the capability of solving linear optimization equations which have hundreds 

and thousands of variables within short running time. Not to mention the 

dimension of the Taylor-type model, which is normally equal to the total number of 

slip systems, is significantly lower. 3) Successful results: By locally relaxing the 

Taylor assumption of homogeneous strain distribution, the relaxed Taylor models 

become even more attractive. Among the Taylor-type model and compared to other 

statistical model such as the VPSC model, the prediction for cold-rolling texture 

(Van Houtte et al., 2005) from the ALAMEL model is the best when comparing the 

model performance at different strain level. These three reasons make Taylor-type 

plasticity models often the first choice to use in plasticity modelling. 

4.4.2 Current version vs. original version 

Since the main theories of the FC Taylor model and the ALAMEL model have 

been introduced in the literature review, this part of implementation will be skipped 

in this chapter. For those readers who want to know more about the numerical 

algorithms and the implementation details, please read   

 Appendix A. 
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Strain Step

i ->  i+1

Macro-Meso transfer

Loop from grain to grain

Texture model

Input: old grain orientation, old CRSS, 

strain path

Output: slip rate on each slip system, 

new grain orientation

Microstructure model

Input: old CRSS, slip rate on each slip 

system, old cell size, strain path

Output: new CRSS, new cell size, new 

dislocation density, isotropic 

stress tensor

Back-stress model

Input: old back-stress tensor, strain 

path, dislocation density

Output: new back-stress 

Meso-Macro transfer

Input: grain orientations, isotropic 

hardening stress, back-stress

Output: new texture, macroscopic 

stress  

The end of 

deformation

 

Figure 4.3 The input variables and the output variables in a single strain step and for certain 

grain(s). 

One thing that needs to be mentioned is that the ALAMEL model has been 

implemented again in the current software for studying and research purposes. 

There are two differences between the original version of ALAMEL and the 

current version of ALAMEL: i) the prediction of the grain shape evolution is not 
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implemented in the current version. This will influence the calculation of grain 

volume fractions and corresponding weights of their orientations. ii) The 

implemented hardening law is the Estrin-Toth model, which is used to update the 

critical resolved shear stress. 

It is highly recommended to use the original implementation of the ALAMEL 

software from Van Houtte (Van Houtte et al., 2005). The validation of the current 

version ALAMEL model and the original software will be conducted in the next 

chapter.  

4.5 Microstructure development 

According to the designed framework (see Figure 4.3), the microstructure should 

be updated to reflect the dislocation-cell structure evolution after the slip systems 

information is predicted by the texture model. As mentioned, the Estrin-Tóth (E-T) 

model will be re-considered and modified in this section, in order to adapt it to the 

current modelling assumption. The algorithm of the E-T model will be explained 

and the flow chart will be shown, in order to not only help to understand the 

models and check the implementation accuracy of this model, but also to help 

readers to develop new hardening models by following similar methods. 

4.5.1 Reconsideration of the Estrin-Tóth model 

4.5.1.1 The cell-wall substructure 

Estrin developed a model to simulate the cell-wall substructure during torsion 

deformation. The first version of this model assumes a 2-dimensional dislocation 

cell-wall array which is perfectly arranged (Estrin et al., 1998). Then Tóth 

generalized this 2D arranged cell-wall substructure into a 3-dimensional 

substructure (Toth et al., 2002). In this second version of the E-T model, all cells 

are considered as cuboids. During deformation, the dislocations are generated from 

cell walls and inside cell interiors. The dislocations densities in cell walls and in 

cell interiors are balanced between the multiplication of dislocations and the 

annihilation of dislocations. Although a 3-D arrangement of the dislocation cell-

wall structure is assumed in the E-T model, the resulting critical resolved shear 

stresses (CRSS) are still in 2-D status: not only τw but also τc are considered equal 

for each cell throughout the crystal, no matter on which slip system it is. In other 

words, the CRSS in cell walls and in cell interiors are isotropic. This is the main 

reason why a kinematic hardening model should be designed. 

4.5.1.2 The strain rate compatibility 

When talking about the composite model, one should always keep in mind that the 

compatibility of this composite is maintained during the deformation if both phases 
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develop exactly the same total strain. This total strain means the elastic strain plus 

the plastic strain. Under this same total strain condition, the elastic strain and the 

plastic strain can be locally different. For example, consider a two-phase composite. 

If the hard phase does not plastically deform at all, the hard phase has to undergo 

an elastic strain which is equal to the total strain of the soft phase. Indeed, the 

different elastic strain is the basic of the development of the residual stress. For the 

cell-and-wall structure, the elastic strain should be higher in the cell wall than in 

the cell interior under the same applied stress.  

The E-T model assured the strain rate compatibility of a cell-and-wall structure 

(Estrin et al., 1998, Toth et al., 2002): the plastic strain rate of the cell walls and the 

one of cell interiors are identical: 

 c w rγ γ γ= =� � �  (4.1) 

in which rγ�  refers to the resolved strain rate inside the grain. However, in their 
work, the elastic strain is neglected. Since the cell interior and the cell wall have 

different yield strengths due to different dislocation densities, this leads to the 

mismatch of the total strain rate.    

The assumption of identical plastic strain is also adopted in the current work. Since 

the elastic strain part is not modelled, only the plastic strain is considered here and 

the total plastic strain is same. The total strain compatibility is violated due to the 

ignorance of elastic strain. However, since the value of the elastic strain remains 

small compared to the total strain, the total strain mismatch here is considered as 

acceptable. The mismatch of the elastic strain and consequently of the total strain 

mismatch however provides the possibility to consider the back-stress evolution.   

4.5.2 Strain rate insensitivity 

The strain rate sensitivity is not taken into account in the current work. Therefore, 

the original E-T model should be modified. There are two parts in the model that 

need to be re-considered. 

The first equation is the relationship between the crystal resolved shear strain rate 

and the slip rate on each slip system. The equation which Tóth (Toth et al., 2002) 

used is expressed as γ�
r
=<∑  γ�

s
(m+1)/m

s =m/(m+1)
. Because in our current work the strain 

rate is not taken into account, m is infinite. Then the resolved shear strain rate is 

obtained:  
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This choice was also used by (Kopacz et al., 1999). 



Chapter 4   Development of a multi-scale modelling strategy 

92 

The second modification is about the dislocation annihilation rate in the dislocation 

density evolution, both for cell walls and for cell interiors. The original annihilation 

rate is expressed as: 

 

1 1
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m m

w c
w w w c c ck k

γ γ
ρ γ ρ ρ γ ρ

γ γ
− −   
= =   

   

� �
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� �
 (4.3) 

the original term  ?@� A/C@�D E�/F
 is always smaller than 1 but very close to 1. After the 

m is set as infinite, then these two terms are always equal to 1: 

 0 0w w w c c ck kρ γ ρ ρ γ ρ− −= =� � � �  (4.4) 

4.5.3 The algorithm of the Estrin- Tóth model 

To remind the original equation of the E-T model, the dislocation equations are 

listed here again: 
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 (4.5) 

Since a small strain change ∆γr, instead of a small time change ∆t, is chosen as the 

stepping variable, the original equations in the E-T model should be converted into 

functions of ���  instead of t: 
 ( ) ( )r

r r

r r

dd d d
f t g

dt d dt d

γρ ρ ρ
ρ γ γ

γ γ
= = = = =� � �  (4.6) 

First, the infinite small change variables G�  and ��  are substituted by small step 
variables ∆ρ and ∆γr. Then linking (4.5) and using (4.1) with (4.6), one obtains the 

following equations: 
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 (4.7) 

These equations show that the dislocation densities evolve as functions of d which 

could as well be constant. Use the phenomenological scaling law  

d=K Hfρ
c
+(1-f)ρ

w
I  to substitute the d in (4.7). The volume fraction of cell walls f 
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is a function of the total shear strain γr: f=f
0
+Jf

0
-f
∞

KexpJ- γ
r
γL⁄ K, which is a fitting 

on the experimental data. Finally, the equations become:  

 

* *

01
3

* * 2 3

0

1 6
(1 )

3 (1 )

3 (1 ) 6 (1 )
(1 )

wc
w c c

r

ww
w c w

r

f f k
b bK f

f f
f f k

fb bKf

ρρ
α β ρ ρ ρ

γ

β ρρ β
ρ ρ ρ

γ

∆
= − + − −

∆ −

−∆ −
= + + − −

∆

 (4.8) 

The above equations have a standard form of ordinary differential equations, 

because both of them are functions of ρc, ρw and γr. This can be solved by the 

Runge–Kutta–Fehlberg method. 

As a conclusion, the whole algorithm of the Estrin-Tóth model is described below 

and the flow chart is shown in Figure 4.4: 

Step 1) Using the equation (4.2) to calculate the resolved shear strain rate ∆γr. 
Step 2) Set the boundary condition: The initial values of the dislocation 

densities and accumulated shear strain are obtained from previous 

strain step. 

Step 3) Assemble the ordinary differential equation system according to (4.8). 
Step 4) Solve this ODE system by using a Runge–Kutta–Fehlberg algorithm. 

 

4.6 Developing a dislocation-based back-stress model 

4.6.1 Introduction 

When looking at the framework flow chart in Figure 4.3, one will find that the 

modelling of the back-stress evolution is explicitly separated from the texture 

evolution and the hardening simulation. One may think that it is not logical to raise 

the physical significance of a back-stress evolution to the same level as the one of 

texture and the one of microstructure. As a matter of fact, the back-stress is a 

physical consequence coming from the microstructure. 
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Figure 4.4 The flow chart of the modified Estrin-Tóth model  

Remember that the E-T model assumes that the impact of dislocation cell structures 

on the mechanical response are in fact isotropic. Although the assumption is 

enforced due to modelling simplicity, the truth is that the formation of cell 

structures and the dislocation storage in cell walls will eventually lead to a polarity 

of the cell walls. The net dislocation sign is opposite on two sides of one cell wall, 

which will facilitate the movement of dislocations with one particular sign and 

hinder the movement of dislocations having the opposite sign. This ‘oriented’ 

characteristic of cell walls brings anisotropic behaviour to the movement of 

dislocation on a slip system level. This physical reality is missing in the assumed 

isotropic CRSS in all slip systems in the E-T model. 

The above reason reveals the need to find a way to compensate the missing 

consideration of back-stress existence in the Estrin-Tóth model. The proposed 

solution is to introduce a back-stress model to capture this missing part. 

4.6.2 Reconsideration of the Sauzay model 

To model the back-stress, the author’s first trial is to check whether it is possible to 

adopt the Sauzay model into current modelling framework. 
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Remember that in section 2.6.4.2, it was shown that Sauzay (Sauzay, 2008) 

considered a two-phase cell embedding in the matrix. Based on Lemoine’s work, 

Sauzay used Berveiller and Zaoui’s method (Berveiller and Zaoui, 1978), taking 

the plastic accommodation between the two-phase cell structure and the matrix into 

account. The derived equation is expressed as: 
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in which β is a scalar function of the Poisson coefficient and �NO is the accumulated 
plastic slip of slip system s, G is the shear modulus, Faccom is the plastic 

accommodation factor,  f is the volume fraction of the cell wall, and n and m 

correspon to the normal direction and the slip direction of slip systems. 

There are two reasons making the author decide not to use Sauzay’s model. 

First, Sauzay’s model is considered not capable of predicting the back-stress 

evolution in strain-path-change deformation. The reason for this can be understood 

as follow.  

Investigate the derivative of x with respect to time: 
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in which d is the imposed plastic strain rate. This equation implies the 

proportionality between the derivative of the back-stress and the strain rate: ∝x d� . 

Now assume that an annealed crystal without any initial back-stress is loaded by 

Bauschinger deformation. According to (4.10), the reverse deformation more or 

less ensures the opposite slip direction of slip systems. If the equivalent strain of 

the reverse deformation is identical to the forward one, it will result in the back-

stress decreasing to the initial value or near original state before the deformation. In 

other words, there exists no back-stress anymore! This result is totally in contrast 

with the experimental evidence: a dissolution-reconstruction mechanism is active 

during the first stage of the reverse loading path, leading to a transient softening of 

the material. But it is impossible that the back-stresses totally vanish after this 

Bauschinger test. This discussion proves that Sauzay’s intragranular back-stress 

model is not valid for strain path change deformation.  

Second, the assumption of Sauzay’s model says that the cell wall is elastic and the 

cell interior is elasto-plastic. This assumption conflicts with the assumption of the 
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Estrin-Tóth model: if the cell wall behaves elastically, the wall is not able to strain-

harden any more. And equation (4.5) is not valid any more since there is no plastic 

slip in the cell wall. 

4.6.3 Designing of the back-stress model  

In order to introduce a back-stress model into the current work, one question is 

then raised: how to design the model, or at least, at which length scale should the 

back-stress be applied? 

The most appropriate way is to design the back-stress model at the slip system 

level. In this way, the anisotropic dislocation movement can be modelled by 

allowing different critical resolved shear stresses for different slip directions on the 

same slip plane, which could be used to represent the polarity of cell walls. 

However, the current modelling strategy adopts the Estrin-Tóth model as 

microstructure module to capture the cell evolution, together with its uniform and 

isotropic assumption of the dislocation cell-array substructure. This means that a 

compromise has to be made to tolerate this assumption and to use the model. This 

led to the decision to design the back-stress model at the level of the whole crystal 

(mesoscopically): the modelled back-stress should explain the whole grain, no 

matter how heterogeneous the grain is inside. To do that, some concepts from the 

phenomenological modelling of hardening are borrowed. In phenomenological 

modelling, the hardening is artificially separated into isotropic hardening and 

kinematic hardening (represented by expansion and translation of the yield locus 

from the centre point). In the same way, the Estrin-Tóth model is now considered 

as the isotropic hardening part due to its isotropic cell assumption, and the back-

stress model is used to represent the kinematic hardening: 

 = +σ S X  (4.11) 

in which σ is the total stress tensor, S is an internal variable tensor representing the 

contribution from the isotropic hardening as calculated by the Estrin-Tóth model, 

and the X is an internal variable describing the macroscopic back-stress tensor. 

Three points need to be clarified: 

i) In order to facilitate the comparison of the back-stress tensor, X is set as co-

directional with the applied stress S. For example, for a unidirectional deformation, 

X should have the same sign as S. This means the defined back-stress here is not 

really acting backwards.  Mathematically, applying a von Mises yield criterion on 

equation   (4.11), we will have: 

 ( ) ( )y vM vMf fσ = = +σ S X  (4.12) 

which is defined opposite in the conventional kinematic hardening law: 

 ( )y vMfσ = −S X  (4.13) 
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In conventional kinematic hardening law, the minus sign is introduced to represent 

the so-called slip obstructing character of the back-stress (Bayley et al., 2006).  

ii) The back-stress tensor X in (4.11) cannot be a mechanical stress but an internal 

variable. If x� describes the heterogeneous distribution of internal stress or residual 

stress, the average value must vanish 0= =X x� � . X here is an internal variable 

similar to the internal variable X in the Teodosiu-Hu model (Teodosiu and Hu, 

1995). 

iii) Although the back-stress tensor X is an internal variable, its value is able to 

measure based on the different yield behaviour when the strain-path is changed. As 

mentioned in the previous chapter, the half difference of the yield strengths in a 

tensile test and in a compression test is considered as the equivalent back-stress.   

4.6.4 Co-operation with the Estrin-Tóth hardening model 

In order to design a back-stress model that can co-operate with the E-T model, the 

physical variables simulated by the E-T model should first be inspected. One of the 

most important variables is the dislocation density. The E-T model can provide the 

back-stress model with the average dislocation density in the cell walls ρw and 

averaged dislocation density in cell interiors ρc, which are both present in the same 

crystal. Another important variable is the volume fraction of cell walls f in the 

crystal. If necessary, the accumulated slip on each slip system can also be used. 

These components are considered, leading to the expression of X=f(ρ
w
,ρ

c
,f,γ). 

4.6.5 A new dislocation-based back-stress model 

The invalidation of Sauzay’s model for strain path change deformation is due to the 

fact that the dislocation rearrangements are neglected. These rearrangements can be 

taken into account by adding an extra part in the right hand side of equation (4.10) 

which makes it very similar to the Armstrong and Frederick’s nonlinear kinematic 

hardening law (Armstrong and Frederick, 1966): 

 
r d r eqk k k ε= −x d x ��  (4.14) 

in which kr is a factor controlling the back-stress changing rate due to the 

dislocation rearrangement and kd is a factor relating to the dislocation density. Note 

that the sign of the back-stress in equation (4.14) is opposite to the one in Sauzay’s 

model. kd is defined as a function of the dislocation density in cell walls and the 

dislocation density in cell interiors:  

 ( )d w ck Mf Gbα ρ ρ= −  (4.15) 

in which M is the Taylor factor of the grain; the difference of dislocation density 
square root is inspired by the work from (Mughrabi, 1983a, Feaugas and Gaudin, 
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2001). Although the basic thoughts are the same, Feaugas and his co-worker’s 

dislocation-based back-stress model is not able to describe the strain-path-change.  

Combining (4.14) and (4.15), the back-stress evolution law becomes  

 ( )r w c r eqk Mf Gb kα ρ ρ ε= − −x d x ��  (4.16) 

This equation implies that the long-range internal back-stress is induced from the 

dislocation density difference. The contribution comes from the different critical 

resolved shear stresses in the cell wall and in the cell interior. This equation 

coincides with the phenomenological back-stress evolution law in the Teodosiu-Hu 

model (Haddadi et al., 2006, Hu et al., 1992, Teodosiu and Hu, 1995). Compared to 

the Teodosiu-Hu model, the current back-stress law has a clearer physical meaning. 

The main equation (4.16) of this back-stress model is an ordinary differential 

equation. It can be solved by the Runge–Kutta–Fehlberg algorithm. Since this 

equation is relatively easy to implement, no flow chart and algorithm will be shown 

here. 

One thing needs to be emphasised again: the back-stress tensor x in (4.16) is 

defined as an individual variable for each grain. It is different from the residual 

stress of second kind which is homogenous within a grain. In fact, x is defined 

within the dislocation cell as a function of the internal stress of third kind, and it is 

heterogeneous from cell wall to cell interior; since it is an internal state variable 

instead of internal stress, the average of x will not vanish. 

4.6.6 Micro-Macro transfer 

The macroscopic back-stress tensor X defined in (4.11) is defined as the volume 

average of the local back-stress in each grain. Since the volume-conserving grain 

shape evolution is not modelled by the ALAMEL implementation in the current 

work, the volume weight of each grain is always equal to one. Then the 

relationship between the macroscopic back-stress tensor and the back-stress tensor 

of the grain is described as: 

 
dV

V
= =∫x

X x  (4.17) 

The micro-macro transfer of the back-stress tensor will not change its characteristic 

as an internal state variable. 

Once the macroscopic back-stress tensor is obtained, the yield criterion is obtained:  

 ( )y fσ = +S X  (4.18) 

where f is a function described by the ALAMEL model, and S here is the volume 

average of the flow stress of all calculated grains by the Estrin-Tóth model.  



4.7   Implementation details about programming 

 

99 

4.7 Implementation details about programming 

The whole program is coded from scratch.  

The core program is written in the programming language C, and compiled using 

the GNU Compiler Collection (GCC, version 4.5.2, MinGW32 port to generate 

native Windows program). 

The GNU Linear Programming Kit (GLPK) package is used and relative GLPK 

functions are called inside the main program to solve the linear programming 

problems in the FC-Taylor model and the ALAMEL model. 

The GNU Scientific Library (GSL) provides the tool to solve the ordinary 

differential equations in the Estrin-Tóth model and the newly developed back-

stress model. 

Appendix B includes the manual for the whole program.  

4.8 Conclusion 

A multiscale modelling strategy is developed to capture the texture, the dislocation 

substructure and the back-stress at the same time. The strategy is designed on the 

idea of “improving the existing models, and developing a new model in the worst 

case”. 

The ALAMEL model is used in this strategy to predict the texture evolution. 

Detailed information on the implementation can be found in Appendix A. The 

Estrin-Tóth model is modified to adapt it to the current modelling work. Its strain 

sensitive nature is neglected. Due to the drawback of the E-T model, the back-

stress cannot be modelled at the slip system level. A semi-phenomenological type 

back-stress model is developed instead to fill this gap. Starting from Sauzay’s 

back-stress model, the model is finally linked with the microstructures despite of 

its phenomenological nature. The back-stress tensor is designed as an internal state 

variable.  

This modelling strategy needs microscopic observation of the target material, to get 

a series of material parameters for the Estrin-Tóth model. Fortunately, most of the 

material parameters used in this work (pure aluminium and pure copper) has been 

identified by the original workers. They can be directly used in this work. Only one 

adjusted parameter is left in the back-stress model. 

In the next chapter the capability of this model will be investigated by using it in 

predicting the microstructural evolution and mechanical response during the ECAP 

route C and sequential deformation. 

 





 

 

Chapter 5 Assessment of the multiscale 

modelling strategy  

5.1 Introduction 

A multiscale modelling strategy was developed in the previous chapter. It consists 

of Taylor-type texture models to predict the activation of the slip systems and grain 

re-orientation, the Estrin-Tóth model to capture the dislocation cell evolutions, and 

the newly developed dislocation-based back-stress model to describe the kinematic 

hardening behaviour. In this chapter, this modelling strategy will be assessed. It is 

used to model the microstructure evolution and mechanical response during ECAP 

process on commercial pure aluminium AA1050 via route C and via route Bc. 

In the first section, the model settings will be explained: how to model the material 

during ECAP processing and the rotation between two passes, and how to provide 

input information about the texture and the material parameters in the model. In the 

second section, the predicted textures are compared with XRD measurements. The 

aim is to check the performance of the simple shear deformation model, and the 

ones of the Taylor-type models. Next, the predicted microstructure evolutions are 

discussed: the dislocation density in cell walls and cell interiors, the cell size 

evolution and the cell size distribution. Finally, the macroscopic behaviours are 

examined: the back-stress evolution and the equivalent stress evolution. 

In brief, this chapter evaluates this multi-scale modelling strategy for predicting the 

ECAP process: (i) on the microscopic scale, the dislocation densities and cell size, 

(ii) on the mesoscopic scale, the grain orientation (texture) resulting from grain 

interaction and (iii) on the macroscopic scale, the back-stress evolution and the 

mechanical behaviour of the ECAP samples.    

5.2 Settings 

5.2.1 Virtual ECAP dies and reference frames 

The concept of the virtual ECAP die has been introduced in the literature review 

part. In this section, it will be described in detail to emphasize its importance in this 

modelling work, and help the reader to understand its function. 

Experimentally, this kind of continuous die is not frequently used due to the high 

friction between the ECAP sample and the die surface. However, it is very useful 

to numerically model the ECAP process. The normal ECAP process is 

discontinuous because one needs to rotate the sample from pass to pass. For 

continuous ECAP, the outlet channel and the ingoing channel, of which the ECAP 
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dies have the same size, are connected with each other. Instead of rotating the 

sample, the dies themselves are rotated. The virtual ECAP die for route C and for 

route Bc are respectively shown in Figure 

prove that the sample will undergoes the same 

conventional die and in these virtual dies.  

 

(a) (b) 
 

Figure 5.1 The schematic illustration of the ECAP die and the virtual continuous dies: (a) the 

local ED-ID-TD reference fixed for each ECAP die; (b&c) the continuous ECAP die equivalent 

to route C process and route Bc, described 

The virtual die concept can help to facilitate the modelling work. If the die is fixed 

in a reference frame system, the texture needs to be rotated from pass to pass 

according to the sample rotation. However if the sample is fixed in a reference 

frame system, there is no need to rotate the texture. Remember the texture is 

represented by a large number of grains. Compared to rotating the grain 

orientations one by one, the fixation of the sample can sa

time and reduce the modelling complexity.

In this work, three types of reference frames exist 

system or the sample reference frame is fixed for a single ECAP 

5.1a). The 1-2-3 system or the die reference frame is set for the whole virtual 

ECAP die (see Figure 5.1b&c). Their functions are different. The ED

system is used to represent the stress, such as the d

stress. When one wants to compare after-

also used. On the other hand, the 1-2-3 system i

gradient tensor and the evolution of texture 

reference frame is fixed on the shear plane where the two channels intersect. It is 

only used to represent the velocity gradient tensor on t

Assessment of the multiscale modelling strategy 

with each other. Instead of rotating the 

are rotated. The virtual ECAP die for route C and for 

Figure 5.1b and in Figure 5.1c. One can easily 

the same deformation history both in the 

 

  
(c) 

 

The schematic illustration of the ECAP die and the virtual continuous dies: (a) the 

TD reference fixed for each ECAP die; (b&c) the continuous ECAP die equivalent 

 in the macroscopic 1-2-3 reference frame.   

he virtual die concept can help to facilitate the modelling work. If the die is fixed 

in a reference frame system, the texture needs to be rotated from pass to pass 

. However if the sample is fixed in a reference 

frame system, there is no need to rotate the texture. Remember the texture is 

number of grains. Compared to rotating the grain 

orientations one by one, the fixation of the sample can save a lot of computation 

time and reduce the modelling complexity. 

In this work, three types of reference frames exist simultaneously. The ED-ID-TD 

system or the sample reference frame is fixed for a single ECAP pass (see Figure 

3 system or the die reference frame is set for the whole virtual 

c). Their functions are different. The ED-ID-TD 

system is used to represent the stress, such as the deviatoric stress and the back-

-ECAP texture, the ED-ID-TD system is 

3 system is used to represent the velocity 

exture during deformation. The third type of 

reference frame is fixed on the shear plane where the two channels intersect. It is 

gradient tensor on the shear plane. 
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According to the notation in (Beyerlein and Tóth, 2009), the velocity gradient 

tensor is as following if it is represented on the shear plane: 

 

0 0 0

0 0

0 0 0

L γ
 
 =  
  

�  (5.1) 

The total shear in a 90° die without outer curvature is 2. Since the strain rate 

sensitivity is ignored here, the total deformation time of one material point, starting 

from entering the shear plane and ending at leaving the shear plane, is set to 1 

second. Therefore, the shear strain rate is also 2/s, which is the L12 value in 

equation  (5.1). 

Based on the definition in equation (5.1), the details of modelling route C are listed 

in Table 5.1. The deformation modes are repeated. All the deformation for all odd 

passes (1,3,5…) are the same, as the one for all even passes are the same (2,4,6…). 

The velocity gradient tensors of the odd passes and of the even passes are totally 

opposite. Regarding the texture comparison, the texture is rotating from the 1-2-3 

to ED-ID-TD by using the corresponding Euler angles. Since the ED-ID-TD 

overlaps 1-2-3 for odd passes, there is no need to perform the rotation. But for the 

even pass, the rotation must be operated in order to permit the comparison. All the 

stresses and strains are also rotated.     

Table 5.1 The velocity gradient tensors for odd passes and even passes for ECAP route C 

processing. The velocity gradient tensors are described in 1-2-3 reference. The corresponding 

rotation angles from 1-2-3 to ED-ID-TD are also listed.   

Pass 
Velocity Gradient 

Tensor in 1-2-3 

Rotation angles from 1-2-3 to 

ED-ID-TD (Euler angles) 

odd pass P1 −1 01 −1 00 0 0Q (0°,0°,0°) 

even pass P−1 1 0−1 1 00 0 0Q (-90°,180°,0°) 

 

The repeating period for route Bc is different (see Table 5.2). The deformation is 

again the same after every three passes. 
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Table 5.2  The velocity gradient tensors for ECAP route Bc processing. The velocity gradient 

tensors are described in 1-2-3 reference. The corresponding rotations angles from 1-2-3 to ED-

ID-TD are also listed.   

Pass 
Velocity Gradient 

Tensor in 1-2-3 

Rotation angles from 1-2-3 to 

ED-ID-TD (Euler angles) 

3*n+1 P1 −1 01 −1 00 0 0Q (0°,0°,0°) 

3*n+2 P−1 0 −10 0 01 0 1 Q (0°,90°,90°) 

3*n+3 P0 0 00 1 −10 1 −1Q (-90°,-90°,0°) 

 

Since the velocity gradient is described in the same macroscopic reference frame, it 

is very easy to calculate the Schimitt factor α (section 2.6.1, equation (2.29)) for 

different route for a 90° ECAP die. For route C, the strain rate tensor of the odd 

passes and the even passes are: 

 ( )
1 0 0

1
0 1 0

2
0 0 0

T

C odd C odd C oddD L L− − −

 
 = + = − 
  

 (5.2) 

 and  

 ( )
1 0 0

1
0 1 0

2
0 0 0

T

C even C even C evenD L L− − −

− 
 = + =  
  

 (5.3) 

This leads to the Schmitt factor of route C: 

 
: 2

1
2 2

C odd C even
C

C odd C even

D D

D D
α − −

− −

−
= = = −  (5.4) 

According to the definition of Schmitt factor, the deformations in sequential passes 

in route C correspond to the Bauschinger deformation (reverse loading).  

For route Bc, there is always a rotation of the sample by 90° between two passes. 

Therefore any two sequential passes can be taken into account. Here the first pass 

and the second pass are investigated: 

 ( )1 1 1

1 0 0
1

0 1 0
2

0 0 0

T

Bc Bc BcD L L− − −

 
 = + = − 
  

 (5.5) 
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and 

 ( )2 2 2

1 0 0
1

0 0 0
2

0 0 1

T

Bc Bc BcD L L− − −

− 
 = + =  
  

 (5.6) 

 The Schmitt factor of route Bc is then obtained: 

 1 1

1 1

: 1
0.5

2 2

Bc Bc
Bc

Bc Bc

D D

D D
α − −

− −

−
= = = −  (5.7) 

This value 1 0Bcα− < <  means that the deformation between sequential two passes 

in route Bc can be considered as an intermediate between reversal deformation and 

orthogonal deformation. 

The calculated Schmitt factor of route C and route Bc is the same as reported by 

(Dupuy and Rauch, 2002). This proves the correct setting of the deformation in the 

current work. 

5.2.2 Setting for the texture model 

For the ALAMEL model, the hardening behaviour of the critical resolved shear 

stress is simultaneously simulated. All the slip systems are treated identically, 

which means that they have the same CRSS value. 

The relaxation mode of ALAMEL is set like this: the shears in the 1-3 plane and 

the ones in the 2-3 plane are relaxed, with the 1-2 plane is the grain boundary 

surface and axis 3 is normal to the grain boundary. 

Before the simulation, the AA1050 rolling texture is represented by 2000 grains. 

Each ECAP pass is simulated by 30 steps.  

5.2.3 Material parameters 

The material parameters are obtained from (Baik et al., 2003). Baik and co-workers 

fitted the parameters of the Estrin-Toth model to describe the microstructure 

change and mechanical behaviour for pure Aluminium. In this work, most of the 

parameters are adopted. They are shown in Table 5.3. The initial dislocation 

densities in cell wall and cell interior are set as identical: 1e13, considering the hot-

rolled and annealed condition of the AA1050 plate. The parameters K and kr are 

fitted by the current author to give a better prediction compared to the experiments. 

The K value is fitted in order get an appropriate value roughly matching the real 

cell size in the first ECAP pass. Then the cell size of the following pass is predicted. 

And the kr is fitted in order to control the increasing rate of back-stress. Note that 
the kr can not to control the maximum back-stress value, but can only control how 

fast the back-stress saturates. 
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Table 5.3 The material parameters for the modified Estrin-Tóth model and the back-stress 

model. Most of them are adopted from (Baik et al., 2003). The variables in gray background are 

fitted. 

Parameter value Parameter value 

0t

wρ =
 (m

-2
) 1.0e13 α  0.25 

0t

cρ =
 (m

-2
) 1.0e13 G (GPa) 26.3 

0f  0.25 b  (m) 2.86e-10 

K  60 f∞  0.06 

*α  0.0024 rk  40 

*β  0.0054 0k  3.22 

5.3 Texture prediction 

In this section, the evolved texture predicted by the ALAMEL model are discussed 

and compared with the measured ECAP texture. The discussion will start from the 

first pass ECAP texture, then the ones after different passes via route C and via 

route Bc. For simplicity, only the ODF sections of φ2=0° and of φ2=45° will be 

shown and compared here. Before evaluating all simulation results, the current 

ALAMEL needs first to be validated.  

5.3.1 Validation of the current ALAMEL implementation  

In order to validate the implementations, the current version of the ALAMEL 

model is used to predict the cold-rolling mid-plane texture of the commercial purity 

aluminium AA1200. The starting hot-rolled and annealed texture is dominated by 

the cube orientation. This texture is discretized by ODFLAM into 500 grains. Both 

ALAMEL versions are using the same initial discrete texture. The predicted 

discrete orientations are transferred into a continuous texture by SMTODF 

assuming the orthorhombic sample symmetry. Gaussian distributions of 7° spread 

are put on these discrete orientations. The normalized texture index �  is used to 
assess the current version software compared with the performance of the original 

version ALAMEL (Van Houtte et al., 2005). The results are shown in Table 5.4. 

Note that during this comparison, the hardening is not updated for the current 

version of the ALAMEL software, but the hardening is simulated by a simple 

hardening VOCE law in the Van Houtte version.   
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Table 5.4 The performances of the two ALAMEL versions for cold-rolling texture at different 

thickness reduction. Texp is the texture index, while 
�T is normalized difference texture index. 

Thickness Reduction 39% 63% 86% 95% 98% 

Total strain 0.5 1.0 2.0 3.0 4.0 

expT  2.59 2.45 4.51 6.87 9.23 

�T  
Current Version 0.122 0.232 0.297 0.285 0.324 

Original Version 0.173 0.414 0.377 0.218 0.258 

 

The results in Table 5.4 show that the predicted textures from the two ALAMEL 

versions at different strain levels are comparable. The results of the original 

ALAMEL software is very close to the one reported in (Van Houtte et al., 2005). 

The error significantly increases from 39% to 63%, starts to decrease from 63% ~ 

95% and slightly increase again at 98%. It is believed that the slight difference 

between the reported values and the predicted values by the original ALAMEL 

version comes from the texture discretization. For the current ALAMEL version, it 

is surprising to see it giving better predictions at 39%~86% thickness reduction 

range. The errors gradually increase from 39% to 63%, slightly decrease at 95% 

and increase at 98%. Considering the different implementations, we believe that 

the better performance from 40% to 86% comes from: i) the ignorance of grain 

shape changes in the current implementation (while the larger errors from 95% to 

98% reduction also come from this ignorance); ii) the different hardening laws. 

Figure 5.2 shows ODFs of the experimental texture after 95% thickness reduction 

and corresponding predictions, both from the original version and the current 

version. Since a spread of 7° is used in the Gaussian distributions, the experimental 

texture is sharper than the predicted one. The weak α-fibre (from the Goss to the 

cube orientation) predicted by the original ALAMEL software (Van Houtte et al., 

2005) is no longer found in the predicted texture in the current ALAMEL version. 

The reason is still under investigation. 

Besides the case of symmetric deformation, the case of non-symmetric deformation 

is also investigated: the ECAP texture of pure copper via route C, with the initial 

texture close to a homogeneous one. Figure 5.3 compares the (111) pole figures of 

the prediction from the current ALAMEL version, compared with experimental 

pole figures and the prediction from the VPSC model (Li et al., 2005b). Although 

the information is not enough to obtain and compare the normalized texture index, 

it is shown that the current implemented ALAMEL is able to predict textures, as 

well as the VPSC model with co-rotation scheme and using FEM to predict the 

deformation.   
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(a) Expeirmental 

(b) Original version 

(c) Current version of ALAMEL

Figure 5.2 (a) Experimental cold-rolling texture, AA1200 alloy, 95% reduction

corresponding texture prediction by the original version ALAMEL model 

2005) and (c) the prediction by the current version ALAMEL. Contour levels: 

2/2.5/3.2/4.0/5.0/6.4/

  

Assessment of the multiscale modelling strategy 

 
) Expeirmental  

 
(b) Original version ALAMEL 

 
(c) Current version of ALAMEL 

rolling texture, AA1200 alloy, 95% reduction, (b) 

texture prediction by the original version ALAMEL model (Van Houtte et al., 

by the current version ALAMEL. Contour levels: 

/8.0/10.0/13.0/16.0 
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 (a) Experimental (b) SCRD/FE (c) ALAMEL/SS 

1 

  

2 

   

3 

   

4 

 
Figure 5.3 (111) pole figures of texture after 1 to 4 passes via route C: (a) Experimental, (b) 

VPSC model with grain co-rotation and grain subdivision scheme, using FEM (Li et al., 2005a) 

and (c) ALAMEL model with simple shear deformation mode simulated by current 

implementation. Contour level of (a) & (b): 1/1.4/2/2.8/4/5.6/8/11/16/22, and (c): 

0.8/1.0/1.3/1.6/2.0/2.5/3.2/4.0/5.0/6.4 
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Based on the above comparison, the current ALAMEL version has proven to be a 

validated implementation. It is then used to predict the ECAP texture during the 

simulation of ECAP processing. 

5.3.2 Initial texture 

All texture simulations below start from the hot-rolled texture of AA1050 in 

practice. This hot-rolled texture has been shown in Figure 3.8 under the RD-TD-

ND reference system. Here the totally same texture is shown in Figure 5.4 again, 

but now under the ED-ID-TD reference system. Note that in order to represent the 

rolling texture in the ED-ID-TD frame, the original texture should undergo an 

Euler rotation of (0°, 90°, 90°). This is the difference between Figure 3.8 and 

Figure 5.4. 

φ2=0° 

 

φ2=45° 

 

φ2=90° 

 
Figure 5.4 The ODF of the hot-rolled commercial pure aluminium AA1050 plate, described in 

the ED-ID-TD reference frame, only φ2=0°, 45°, 90° are shown.    

5.3.3 Single ECAP pass 

The single-pass ECAP texture predicted by the current version of the ALAMEL 

model is compared with the experimental texture in Figure 5.5. It shows that the 

experimental texture is much sharper than the simulated ones. As the same  



φ2=0° 

(a) Experimental 
Texp= 2.67 

(b) ALAMEL 
Tsim = 1.46 �     = 0.55 

Figure 5.5 The ODFs (sections φ2=0° and φ2=45°) of the predicted one pass ECAP texture from 

experimental measu

φ2=45° 

  

  
) of the predicted one pass ECAP texture from the ALAMEL model are shown (b). They are compared with the 

experimental measurement (a) at mid-plane.  

 

 

They are compared with the 
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Figure 5.6 The ODF sections at φ2=0° of the ALAMEL predicted texture

appearing cube orientations are

Simulation 

  

  

  
of the ALAMEL predicted textures via route C after different passes. It compares with the experimental texture.

appearing cube orientations are predicted.   

.The cyclic 
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Figure 5.7 The ODF sections at φ2=45° of the ALAMEL predicted texture

appearing cube orientations are predicted. 

Simulation 

  

  

  
of the ALAMEL predicted textures via route C after different passes. It compares with the experimental texture

appearing cube orientations are predicted.   
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Figure 5.8 The ODF sections at φ2=0° of the ALAMEL predicted texture

Simulation 

  

  

  
of the ALAMEL predicted textures via route Bc after different passes. It compares with the experimental texturecompares with the experimental texture 
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Figure 5.9 The ODF sections at φ2=45° of the ALAMEL predicted texture

Simulation 

  

  

  
of the ALAMEL predicted textures via route Bc after different passes. It compares with the experimental texture

 

 

compares with the experimental texture.  
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occurs when simulating the cold-rolling texture, this is believed to be due to a 7 ° 

spread of the Gaussian distribution. The normalized difference texture index is 0.55. 

According to the texture model comparison from (Li et al., 2009) on ECAP’ed pure 

copper, the result in the current work seems better than both the FC-Taylor model 

and the VPSC model without grain co-rotation modulus. It is also shown that the 

persisting cube orientations are able to be simulated by the ALAMEL model, 

although the intensity is significantly lower. 

5.3.4 Via route C 

Figure 5.6 and Figure 5.7 show the ECAP textures via route C simulated by the 

ALAMEL model, compared with the experimental texture. The corresponding 

texture indices and normalized indices are listed in Table 5.5.   

Table 5.5 The texture indices (T) of the experimental texture or simulated ones and the 

normalized difference texture indices (XY) for the simulated texture with respect to the 

experiemntal texture via route C  

 T �  
 N=1 N=2 N=3 N=4 N=1 N=2 N=3 N=4 

Experimental 2.67 2.54 2.19 2.69 - - - - 

Simulated 2.36 1.39 1.73 1.36 0.59 0.37 0.37 0.46 

 

The ALAMEL model using the simple shear deformation reproduces reasonably 

the main texture features seen in the experimental measurements: the predicted 

positions of those ideal orientations are in good agreement with the experimental 

ones. Besides, the predicted intensities of these orientations are lower than the 

experimental ones. The normalized texture indices assure the quality of these 

texture predictions. Compared to the performance of the VPSC model with grain 

co-rotation scheme (Li et al., 2005b), the performance of the ALAMEL model to 

predict the ECAP route C texture is comparable, and is significantly better than the 

FC-Taylor model and the VPSC model without GCR scheme. 

Furthermore, the ALAMEL model predicts the cyclic appearing cube orientations 

with increased passes in the experimental texture. This means that the cube 

orientations from the initial texture are stable enough and strong enough to survive 

after several ECAP passes. Based on this observation, it is highly recommended to 

anneal the initial material to weaken the initial texture for the future work. 

5.3.5 Via route Bc 

Figure 5.8 and Figure 5.9 show the ECAP textures via route Bc simulated by the 

ALAMEL model, compared with the experimental texture. The corresponding 

texture indices and normalized indices are listed in Table 5.6.  
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Table 5.6 The texture indices (T) of the experimental texture and the simulated ones. The 

normalized texture indices (XY) for the simulated texture with respect to the experiemntal 

texture via route Bc  

 T �  
 N=1 N=2 N=3 N=4 N=1 N=2 N=3 N=4 

Experimental 2.67 4.02 6.76 3.33     

Simulated 2.31 2.98 2.03 1.52 0.55 0.69 0.85 0.70 

 

One will find the simulated textures are not in good agreement with the 

experimental ones in the following aspects:  

i) The texture indices of the simulated texture becomes lower and lower with 

ongoing passes. 

ii) The predicted positions and intensities are not comparable with the experimental 

ones. The predicted orientations are shifted away from the ideal positions. 

iii) The normalized texture indices in Table 5.6 show the biggest error for the third 

pass ECAP texture, and always larger than 0.7.  

This situation is expected because the same situation has been reported in (Li et al., 

2005b).  Table 5.7 shows Li’s results: when using the FC Taylor model and the 

VPSC model, the texture indices are becoming higher and higher with increasing 

pass N. Even using the SCRD model (self-consistent model with grain co-rotation 

scheme and grain subdivision scheme) and the finite element method to predict 

more accurate deformation description, the normalized indices are still as high as 

~0.7 for N≥4.   

Table 5.7 The reported texture simulation of the ECAP’ed copper via route Bc by different 

texture models6 and different deformation models7 (Li et al., 2005b).  

 

                                                      
6
 For texture models, FC stands for Full constraint Taylor model, SC for visco-plasticy self-

consistent model, SCR for VPSC model with grain co-rotation scheme and SCRD for SCR 

model with grain subdivision scheme. 

7
 For deformation models, SS stands for simple shear and FE for finite element method. 
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Based on our results and the results from Li et al., it can be concluded that the 

deformation during the ECAP route Bc is very complex. Even using the FE method 

and taking the grain-grain interaction into account, the simulated texture is still far 

from the experimental ones. There exist some unknown effects to dominate the 

texture evolution. 

5.3.6 The evolution of the average Taylor factor 

For a given deformation mode, the average Taylor factor M is only a function of 

the grain orientations. It can also be used to evaluate the texture prediction. Figure 

5.10 shows the evolution of the average Taylor factor. The evolution is compared 

with the calculated M  by ALAMEL under the simple shear deformation before 

the ECAP process. It is necessary to explain how to calculate M  from the 

experimental texture. Use the measured texture from single pass sample as an 

example: the texture is represented in ED-ID-TD frame. After the sample is 

inserted into the die and ready for the second pass via route C, the texture should 

be rotated into the new ED-ID-TD by a set of Euler rotation (0°, 180°, 90°). Then a 

very small strain step of ECAP is simulated. The calculated average Taylor factor 

is then considered as the experimental M .   

 

Figure 5.10 The evolution of the average Taylor factor simulated by the ALAMEL model under 

simple shear deformation, compared with the average Taylor factor calculated from the 

experimental texture: (a) ECAP route C, and (b) ECAP route Bc 

As shown in the previous subsection, the ALAMEL model simulates better textures 

of route C than the ones of route Bc. Figure 5.10 proves this again: the difference 

between the simulated M  and the experimental M  is smaller for route C than for 

route Bc. For route C, the experimental M  is higher in odd passes and lower in 

even passes. The ALAMEL model simulates the same trend. For route Bc, the 

predicted M is comparable until pass 2.      
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5.4 Microstructure evolution 

This section will focus on the microstructure evolution predicted by the current 

modelling framework. They are predicted from the modified Estrin-Tóth model.  

5.4.1 The dislocation density 

In Figure 5.11, the dislocation densities in cell walls, cell interiors and averaged 

ones are plotted with the increased von Mises strain. The solid curves are predicted 

for route C, while the discontinuous curves are predicted for route Bc. 

Figure 5.11 The evolution of the dislocation densities with respect to the von Mises strain: (left) 

in cell walls, (middle) in cell interiors, and (right) the total dislocation density. It is believed that 

the values, especially in cell interiors, are overestimated. 

First, one will find that there is almost no difference between the evolutions during 

route C and the ones during route Bc. It is believed that it is due to the generally 

imposed decreasing fw volume fraction of cell walls. There is no response of the 
volume fraction to the strain path change between passes. In the author’s opinion, 

this volume fraction, which was fitted to Müller’s measurement (Müller et al., 

1996), should have sudden changes due to the strain path change, because his result 

is based on a monotonic torsion test. From a microscopic point of view, a sudden 

change of volume fraction can be ascribed as the destructed pre-formed dislocation 

structure. Unfortunately, the transition in the evolution of the volume fraction has 

not been modelled in this work. 

Second, the densities in cell interiors seem higher than the ones observed by TEM. 

According to the line profile measurements from (Müller et al., 1996), the total 

dislocation density (volume average between cell walls and cell interiors) is around 

1.0e14 m
-2
, compared to the predicted total dislocation density 1.0e15 m

-2
 (note 

that the line profile analysis always overestimates the dislocation density in 
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interiors). Actually, this is the main problem of some work hardening stage IV 

models, such as the Estrin-Tóth model and the composite model from Mughrabi. 

According to author’s opinion, especially for the Estrin-Tóth model, it uses the 

hardening of cell structures to represent the hardening of the total material. 

Therefore, in order to fit the model and describe the microstructure evolution, the 

dislocation density must be higher than in reality to compensate for not taking into 

account other sources of hardening, such as grain boundaries. Besides, the 

overestimated dislocation density from the Estrin-Tóth model is due to using the 

same model to describe both the hardening stage III and the hardening stage IV. 

Although the disadvantage of this model has been already known, all the results 

from (Estrin et al., 1998, Tóth, 2005) show that other microstructural predictions 

such as the critical resolved shear stress and work hardening rate are realistic. 

That’s the reason why the Estrin-Tóth model is still used in the present modelling 

work. 

5.4.2 Cell size and its distribution 

In Figure 5.12, the cell size evolution with respect to the von Mises strain is shown. 

Besides, the cell sizes of ECAP’ed AA1050 via route C observed using EBSD by 

(Poortmans, 2008) are plotted as experimental points with error bars. (Here only 

the predicted cell-sizes in route C are shown due to the lack of experimental cell-

size measurements for route Bc). The initial cell size of 25~33µm measured after 

hot rolling, decreases tremendously to the predicted 2.63µm or the measured 

1.6~2.5µm after one ECAP pass. Then the reduction rate of the cell size slows 

down. After two, three and four passes, the cell size is predicted to be 1.94µm, 

1.66µm and 1.53µm respectively. As a reference, the values measured by EBSD 

are 1.8~2.0µm for two passes and 1.6~2.4µm for four passes. The reader should 

realize that the comparable results are due to the fitting parameter K to control the 

cell size of the first pass.    
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Figure 5.12 The evolution of the predicted average cell size during route C . They are compared 

with the EBSD measurement by (Poortmans, 2008): the diamond markers represent the biggest 

cell size, and the squares represent the smallest cell size.   

It’s already known that the ALAMEL model relaxed the strain to allow slightly 

different deformation for two neighbour grains. Besides, the texture also will result 

in different local deformation. These two influences will lead to different cell-size 

distributions. In Figure 5.13, the predicted cell-size histograms are compared 

between route C and route Bc, from pass one to pass four. 

First, it is found that the ranges of the cell size are changing. For route C, the range 

is 2.19~3.14µm for pass one, 1.66~2.48µm for pass two, 1.50~2.04µm for pass 

three and 1.46~1.81µm for pass four. For route Bc, the range is 1.70~2.24µm for 

pass two, 1.54~1.87µm for pass three and 1.47~1.68µm for pass four. This means 

that the cell-size range (dmax-dmin) is narrowing more rapidly in route Bc than in 
route C (0.95→ 0.82→0.54→0.35for route C, compared with 

0.95→0.54→0.33→0.21 for route Bc). However, this prediction cannot be proven 

by experimental observations.  
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Figure 5.13 The predicted cell-size distribution via route C and via route Bc. The cell

in route Bc (0.95→0.54→0.33→0.21) narrows faster than 

5.4.3 Microscopic hardening behaviour 

Remember that the aim of Estrin and Tóth

IV and stage V. The microscopic hardening rate for one crystal is plotted with the 

critical resolved shear stress in Figure 5.14

nt of the multiscale modelling strategy 

 
Route Bc 

  

  

  

size distribution via route C and via route Bc. The cell-size range 

) narrows faster than in C (0.95→ 0.82→0.54→0.35). 

 

th’s model is to describe hardening stage 

IV and stage V. The microscopic hardening rate for one crystal is plotted with the 

14. According to the Estrin-Tóth model, 



5.5   

the hardening enters the stage IV before the end of ECAP pass one. 

three, the hardening enters stage V.  

Figure 5.14 The microscopic hardening rate plotted with the critical resolved shear stress. The 

hardening enters stage IV before the end of pass one.

5.5 Simulated mechanical behaviour

So far, the predicted texture evolution and the 

are analysed. In this section, the 

during ECAP process based on the microstructure information 

simulated tension/compression asymmetry

5.5.1 Via route C 

The internal variable back-stress tensor (ED

ED direction) and the equivalent back

equivalent back-stress is calculated

deviatoric tensor. The back-stress saturates after 3 passes

drop of the back-stress value is due to 

Now one will have the question: why 

stress estimated from the experiments? This is because: i) the measured back

(different yield strength in tension/compression) is estimated from the total stress

tensor; while the simulated back-stress is a deviatoric stress. ii) the

defined in our model is an internal variable instead of mechanical stress. It is 

wrong and not logical to compare it with the experimental 

through the simulation of tension/compression after ECAP, one will see in the next

section 5.6, that the current back

   Simulated mechanical behaviour during ECAP 
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the hardening enters the stage IV before the end of ECAP pass one. From pass 

 

 

The microscopic hardening rate plotted with the critical resolved shear stress. The 

hardening enters stage IV before the end of pass one. 

mechanical behaviour during ECAP 

So far, the predicted texture evolution and the predicted microstructure evolution 

are analysed. In this section, the simulated macroscopic mechanical behaviour 

based on the microstructure information is shown. The 

asymmetry will be shown in the next section.  

stress tensor (ED-ID-TD) components X11 (along the 

and the equivalent back-stress are shown in Figure 5.15. The 

calculated by 3
2

:X X  since the back-stress tensor is a 

saturates after 3 passes. Note that the sudden 

stress value is due to the rotation of the sample. 

ne will have the question: why are their values not compared with the back-

stress estimated from the experiments? This is because: i) the measured back-stress 

n tension/compression) is estimated from the total stress 

stress is a deviatoric stress. ii) the back-stress 

defined in our model is an internal variable instead of mechanical stress. It is 

wrong and not logical to compare it with the experimental measurement. However, 

through the simulation of tension/compression after ECAP, one will see in the next 

, that the current back-stress model overestimates the tension-
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compression asymmetry for the first pass, and has good shots for the following 

three passes.  

One needs to pay attention to the back-stress change during pass four. It first shows 

a plateau, and then starts to decrease again. As proved by the Schmitt α-factor 

calculated in section 5.2.1, this is a typical stress-strain curve during the backward 

deformation during a Bauschinger test. It is due to the fact that the deformation 

mode of an even pass ECAP in route C is reversal shear on the same shear plane as 

in the previous odd pass.       

 

Figure 5.15 The evolution of the X11 component during route C predicted by the back-stress 

model. It is shown together with the equivalent back-stress value. 

In Figure 5.16, the predicted equivalent total stress ( 3
2
:vMσ = σ σ with = +σ S X ) 

is compared with the experimental ones obtained as the yield strength during the 

uniaxial tensile test of ECAP’ed AA1050. It is shown that our model gives good 

predictions of the equivalent total stress for route C.  

5.5.2 Via route Bc 

The evolution of the back-stress component X11 and the equivalent back-stress in 

route Bc are shown in Figure 5.17. It is found that, during pass 3 and pass 4, the 

back-stress first saturated then decreased. This type of stress-strain curves are 

always found during the strain path change in an orthogonal deformation test, 

which has been proved in section 5.2.1. Compared with the prediction for route C, 

the predicted back-stresses in route C and in route Bc have almost the same level.  
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The evolution of the equivalent stress via route Bc is shown in Figure 5.18. The 

predictions from ALAMEL model agree very well with the experimental results. 

 

 

 

Figure 5.16 The evolution of the equivalent stress with ongoing von Mises strain. They are 

compared with the yield strengths of the ECAP route C samples during the uniaxial tensile test.  

 

Figure 5.17 The evolution of the X11 component during route Bc predicted by the back-stress 

model. It is shown together with the equivalent back-stress value. 
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Figure 5.18 The evolution of the equivalent stress with ongoing von Mises strain. They are 

compared with the yield strengths of the ECAP route Bc samples during the uniaxial tensile 

test. 

5.6 Tension/compression asymmetry of the ECAP’ed AA1050 

One of the initial goals of this PhD work was to check whether this model can 

capture the kinematic hardening. 

In Chapter 3, the tension/compression asymmetry of the ECAP’ed AA1050 has 

been reported. This phenomenon is considered as the result from the developed 

microstructure and the evolved texture. The whole modelling strategy is 

established on this understanding. The implemented software in this work is 

therefore designed to be able to first simulate the ECAP processing and then 

simulate the after-ECAP mechanical test. This software function is used in this 

work to simulate the uniaxial tensile test and the uniaxial compression test on the 

ECAP’ed material.  

For the simulation of ECAP, the simple-shear deformation mode is imposed as the 

strain boundary condition. This is considered as a straightforward method for 

Taylor-type model. For the simulation of uniaxial tension/compression, only the 

imposed stress boundary condition is known: 

 

0 0

0 0 0

0 0 0

total

σ
σ

 
 =  
  

 (5.8) 

in which the stress means the total stress tensor instead of the deviatoric stress 

tensor. In order to use ALAMEL, it needs using an iterative method to calculate the 

corresponding velocity gradient. This method will be described in the next chapter.        
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The simulated results are shown in this section and compared with the 

experimental data. 

5.6.1 Tension/compression simulation for route C samples 

Figure 5.19 shows the simulation results of the uniaxial tensile tests on the 

ECAP’ed AA1050 via route C. The current model showed good predictions for the 

first two pass: the simulated curves well match the experimental ones, although the 

hardening saturation in the beginning part of the stress-strain curve is not fully 

predicted. For pass three and pass four, the model overestimated the flow curve 

about 10MPa, although the model predicted the beginning part well. As mentioned 

in Chapter 3, it was found that the flow curves of pass 4 samples are slightly below 

the curve of pass 3 samples. It is interesting to see that the current model is able to 

predict this phenomenon.        

 
Figure 5.19 The true stress-true plastic strain curves during the tensile tests on the ECAP’ed 

AA1050 route C samples: the simulated ones are represented by open symbols, and the 

experimental ones are represented by different lines.   

Figure 5.20 shows the simulation results of the compression tests on the ECAP’ed 

AA1050 via route C. Since the kinematic hardening is taken into account in the 

current model, the transient yielding points are predicted: the asymmetry is 

overestimated for pass one, and is reasonable for the following three passes. The 

stress-strain curves of pass three samples are also predicted to be higher than the 

ones of pass four samples. 
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Figure 5.20 The true stress-true plastic strain curves during the compression tests on the 

ECAP’ed AA1050 route C samples: the simulated ones are represented by open symbols, and 

the experimental ones are represented by different lines. 

Besides the mechanical behaviour, one will be interested in the Schmitt factor α 

between the ECAP process and the sequential tension/compression. The strain rates 

during the tensile test and the compression test are: 

 

1 1

1 1

tensile compression

a b a b

D a q c D a q c

b c q b c q

−   
   = − =   
   − + −   

 (5.9) 

in which q is a function of r-value; a, b, and c are variables depending on difference 

back-stress inside the material and the texture. If a=b=c=0, then the strain rate is 

considered as an ideal case. According to Poortmans’ work (Poortmans, 2008, 

Poortmans et al., 2006), the Schmitt factor 
ECAP Tenα − is close to 0.87 for the studied 

ECAP’ed AA1050.  However, it is found that, due to the existence of back-stress in 

the ECAP’ed material and the ECAP texture, the strain rate is not in an ideal case: 

0a b c≠ ≠ ≠ . Table 5.8 shows the calculated α-factor based on the simulated strain 

rate under the boundary condition of imposed stress (5.8). It is found that the 

deformation from ECAP to tension corresponds to the intermediate state between 

no-strain-path-change and orthogonal test. However, the α-factor for ECAP-

compression is close to -1, which means it is almost a reverse deformation. Note 

the Schmitt factor will return to ~-0.9 in the end of the simulation, which is close to 

αECAP-Com=-0.87 reported by Poortmans. This is due to the back-stress evolution.    
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Table 5.8 The calculated Schmitt factors during the strain path change from ECAP to tension 

and from ECAP to compression on route C samples.   

Pass 1 2 3 4 

ECAP Tenα −  0.566 0.725 0.683 0.751 

ECAP Comα −  -0.999 -0.994 -0.994 -0.994 

5.6.2 Via route Bc 

Figure 5.21 shows the stress-train curves of the tensile test on route Bc samples. 

Except pass 2, the simulated stress-strain curves matched the experimental ones 

very well. For pass 2, the flow curves are overestimated by about 10MPa, although 

the beginning part is matched.  

 

Figure 5.21 The true stress-true plastic strain curves during the tensile tests on the ECAP’ed 

AA1050 route Bc samples: the simulated ones are represented by open symbols, and the 

experimental ones are represented by different lines.   

Figure 5.22 shows the prediction for compression tests on route Bc samples. The 

stress-strain curves before the hardening saturation points are predicted. However, 

the model is not able to predict the hardening saturation. As similar as for route C 

samples, the transient yielding points for pass one is underestimated, and the other 

three yielding points are close to ~75MPa.   
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Figure 5.22 The true stress-true plastic strain curves during the compression tests on the 

ECAP’ed AA1050 route Bc samples: the simulated ones are represented by open symbols, and 

the experimental ones are represented by different lines.  

Table 5.9 shows that the Schmitt factors for the tension/compression after route Bc 

ECAP show the same trent as the ones for route C. 

Table 5.9 The calculated Schmitt factors during the strain path change from ECAP to tension 

and from ECAP to compression on route Bc samples.   

Pass 1 2 3 4 

ECAP Tenα −  0.566 0.742 0.828 0.762 

ECAP Comα −  -0.999 -0.998 -0.997 -0.993 

 

5.6.3 Predicted tension/compression asymmetry 

Table 5.10 compares the experimental tension/compression asymmetry with the 

simulated one. Note that the simulated flow stress after the first step (ε=0.004) is 

taken as the yield strength. It is found that the different yield strength between 

tension and compression, defined as two times of the back-stress, is overestimated 

for the first pass by 27MPa. The errors significantly decrease from the second pass. 

The current model had the best shot for the route C pass 3 with 1% difference, and 

the best shot for the route Bc pass 4 without errors. 
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Table 5.10 The comparisons between the predicted yield strength and the experimental yield 

strength of the ECAP’ed AA1050. The simulated flow stress after the first simulation step, 

ε=0.004, is used as the simulated yield strength. 

Route Pass 

Experimental 

Yield Strength (MPa) 

Simulated 

Yield Strength (MPa) 

Error 

exp sim

exp

∆ − ∆

∆
 

Ten Com ∆exp Ten Com ∆sim 

C 

 

1 135 75 60 135 48 87 45% 

2 153 87 66 148 68 80 21% 

3 166 78 88 168 81 87 1% 

4 159 75 84 168 79 89 6% 

Bc 

1 135 75 60 135 48 87 45% 

2 148 76 72 154 62 92 27% 

3 164 73 91 166 69 97 7% 

4 164 74 90 172 82 90 0% 

 

5.7 Conclusion 

In the present chapter, the multiscale modelling strategy developed in the previous 

chapter is used to model the ECAP process of commercial pure aluminium 

AA1050, both for route C and for route Bc. The results are compared with the 

experimental results to assess the accuracy of this modelling framework. Several 

conclusions can be drawn: 

1. The implemented ALAMEL model in the current work is validated by the 
simulation of the AA1200 cold-rolling texture and the ECAP’ed pure 

copper texture.   

2. With the help of the simple shear deformation model, the ALAMEL model 
can predict the ECAP texture for route C. However, it gives disappointing 

texture predictions for route Bc. The same situation is found in the 

literature (Li et al., 2005b).  

3. It is already known that the Estrin-Tóth model overestimates the 
dislocation densities, especially in cell interiors. However, the cell size 

evolution agrees with EBSD observations. With the help of the material 

parameters, the Estrin-Tóth model is able to simulate the work hardening 

stages III and IV. 

4. The current modelling strategy is able to accurately simulate the uniaxial 
tensile tests. For uniaxial compression tests, the transient yielding points 

are well captured, though the following hardening prediction is not good. 

5. By simulating the ECAP-tension/ECAP-compression test, the newly 
developed dislocation-based model is proven to have a very good 

performance for pass three and pass four in both ECAP routes. It however 

overestimates the back-stress in pass one and in pass two. 
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Based on these conclusions, it is believed that, despite of the imperfect prediction 

of the texture and the overestimated dislocation densities in cell interiors, the fact 

that the macroscopic mechanical behaviour is captured accurately, is due to the 

new designed back-stress model.  

 



 

 

Chapter 6 Applications  

6.1 Prediction of the Tension/Compression asymmetry of ECAP 

processed FCC material using an integrated model based on 

dislocation and back-stress 

6.1.1 Introduction 

Tension-compression asymmetry, also known as stress differential (SD) effect, can 

be observed during the mechanical tests of ECAP (equal channel angular pressing) 

(Valiev and Langdon, 2006) processed materials. This phenomenon is mainly 

ascribed to three different reasons: (i) the different strain path during ECAP and the 

subsequent mechanical test (Beyerlein and Tome, 2007, Dupuy and Rauch, 2002, 

El-Danaf et al., 2010), (ii) sharply evolved texture resulting from severe plastic 

strain (Beyerlein and Tóth, 2009), (iii) and the developed microstructure, for 

example dislocation cell structures (Estrin et al., 1998, Tóth, 2005, Valiev and 

Langdon, 2006), twinning (not in high stacking fault energy (SFE) FCC metal) and 

dislocation bands (Oh-ishi et al., 2005). 

Due to this complex situation, the modelling of the ECAP processing and the 

subsequent mechanical behaviour is a big challenge. Only those models which take 

care of all these three aspects are able to capture the tension-compression 

asymmetry. The approach from Beyerlein and Tomé (Beyerlein et al., 2007, 

Beyerlein and Tome, 2007, Beyerlein and Tóth, 2009) is based on a latent 

hardening model and a VPSC (visco-plastic self-consistent) model. Their single 

crystal hardening model is able to describe the hardening at the slip plane level. In 

cooperation with VPSC, their approach is able to precisely capture both the texture 

evolution and the hardening behaviour, resulting in a successful modelling of the 

tension-compression behaviour of ECAP’ed copper. The model from Estrin and 

Tóth (Estrin et al., 1998, Tóth, 2005, Toth et al., 2002) focuses on the evolution of 

the dislocation cell structure. It is able to describe the dislocation interaction 

between cell walls and cell interiors and capture the cell size evolution. Note that 

the reduction of the grain size is the original purpose of the SPD processing. 

However, because their model describes the hardening at the single crystal level, it 

seems difficult to obtain the kinematic hardening information when it is coupled 

with a Taylor type model. In our previous work (Chen et al., 2010a, Chen et al., 

2010b) (chapter 5 of this thesis), a dislocation cell-based back-stress model was 

introduced to describe the kinematic hardening in order to overcome the 

disadvantage of the Estrin-Tóth model. With the help of the back-stress model, our 

approach, based on the Estrin-Tóth model and the FC-Taylor model, was able to 
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model the ECAP processing of route C and predict the different initial yield 

strength during the subsequent tensile tests and compression tests.

The aim of the present section is to check whether our approach is also able to 

predict the tension-compression asymmetr

This chapter is arranged in the following order

extensively in previous chapters- are briefly 

simulate the ECAP process and subsequent 

explained. Then the results are compared with experimental results to 

performance of the model. Finally a discussion about 

our model is given. 

6.1.2 Modelling ECAP process in route A

The same modelling method which is used to model route C and route Bc in 

previous chapter is used here. The virtual 

6.1. The macroscopic reference frame is assigned as 1

system is used to represent the out coming

gradient tensor is always described in 1-2

stresses are compared in the ED-ND-TD system.

Figure 6.1 a virtual continuous ECAP die, route A. Three different reference frame

macroscopic 1-2-3, the local one on the shear plane x

ND-TD 

6.1.3 Boundary condition of uniaxial tens

When only one material point is considered, the simulation of the 

uniaxial compression tests is not an easy task compared to the FEM simulations.

This is because the deformation is unknown before each strain step. In this work 

model the ECAP processing of route C and predict the different initial yield 

strength during the subsequent tensile tests and compression tests. 

is to check whether our approach is also able to 

asymmetric behaviour of ECAP’ed pure copper. 

following order. First the models –described more 

are briefly recapitulated and the approach to 

simulate the ECAP process and subsequent compression and tensile tests is 

. Then the results are compared with experimental results to check the 

discussion about a possible generalization of 

route A 

The same modelling method which is used to model route C and route Bc in 

previous chapter is used here. The virtual continuous ECAP die is built in Figure 

. The macroscopic reference frame is assigned as 1-2-3, while the ED-ND-TD 

out coming sample reference frame. The velocity 

2-3 reference, as well as the texture. The 

TD system. 

 
route A. Three different reference frames are set: the 

3, the local one on the shear plane x-y-z and the sample reference frame ED-

TD  

tension and compression 

When only one material point is considered, the simulation of the tension and the 

tests is not an easy task compared to the FEM simulations. 

This is because the deformation is unknown before each strain step. In this work 
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the method is inspired by (Lopes et al., 2003). The macroscopic strain rate tensor is 

prescribed as: 

1 1

1 1

a b a b

a q c a q c

b c q b c q

−   
   = − =   
   − + −   

tensile compressionD D   (6.1) 

in which a, b, c and q are unknown value. q must be in the range of [0, 1]. Since we 
only simulate a very small strain step 0~0.1, the texture evolution can be neglected. 

That is why all components of the spin tensor W, asymmetric part of the velocity 

gradient L, is set to zero. 

Now consider the total stress tensor σ. In a uniaxial tension/compression condition, 

only one component of the stress tensor is non-zero: 

 

0 0

0 0 0

0 0 0

σ 
 =  
  

totalσ  (6.2) 

And this total stress tensor can be calculated from the sum of the deviatoric stress 

tensor sij and the deviatoric back-stress tensor xij: 

 ijpδ= + +σ s x  (6.3) 

where p is the hydrostatic pressure. The appropriate a, b, c and q values will satisfy 

following boundary conditions: i) shear stress components σ12, σ13 and σ23 in 

equation (6.2) should be equal to zero; ii) the stress components σ22=σ33=0.  In 

order to find such a set of (a,b,c,q), the multi-dimensional root finding method is 

used. As a matter of fact, the conditions i) & ii) are approximately satisfied due to 

the numerical errors.  

Therefore, before each ‘real’ simulation step, a trial step of iterations to find a set 

of appropriate (a,b,c,q) values is performed. Once the (a,b,c,q) values are obtained, 

the real simulation step begins under the found velocity gradient tensor and the 

corresponding deviatoric stress tensor must be able to convert into the total stress 

tensor σij.  

6.1.4 Simulation and results 

Because there are enough experimental reports about pure copper, all the 

experimental data are obtained from literature and compared with our predictions. 

The parameters which are needed as an input to run the simulations, are shown in 

Table 6.1, most of them are obtained from (Tóth, 2005).  



Chapter 6   Applications 

136 

Table 6.1 The parameters used in the simulation 

Parameters Value Parameters Value 

0t

wρ =
 (m

-2
) 5×1013 K  10 

0t

cρ =
 (m

-2
) 2.5×1013 *α  0.063 

0f  0.25 
*β  0.010 

α  0.25 f∞  0.06 

G (GPa) 47.4 rk  400 

b  (m) 2.56e-10 0k  9.2 

6.1.4.1 Microstructure evolution in route A 

Figure 6.2 shows the development of the dislocation density evolution during the 

ECAP processing via route A. Since in this PhD work the Estrin- Tóth model is 

simplified into a strain rate insensitive model, the dislocation density evolved 

smoothly with respect to the strain. The jump in dislocation density, resulting from 

the different strain rate in the deformation zone and far from the shear plane, 

cannot be predicted by our approach. However, the aim of this section is to 

investigate the tension-compression asymmetry of copper and it is believed that 

such a dislocation density jump occurring during EACP will not influence the 

simulation too much. One thing readers should pay attention to is that using the 

material constant from (Tóth, 2005) will result in very high dislocation density in 

copper cell walls. The dislocation density is so high, and it is impossible to observe 

a dislocation density higher than 1e14m
-2
 when using TEM. This problem has 

already been discussed in previous chapter. In the author’s opinion, the model tries 

to ascribe all hardening contribution to the cell formation, ignoring any other 

source. This is thought to be the reason for this extremely high dislocation density 

in cell walls.  
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Figure 6.2 The predicted dislocation density in cell walls and cell interior 

Figure 6.3 gives an accurate prediction of the average cell size compared to the 

TEM observation from (Gendelman et al., 2006): the average grain size finds its 

equilibrium when it is reduced to ~0.203µm. 

 

Figure 6.3 The average cell size v.s. the TEM observations from (Gendelman et al., 2006) 

The equivalent stress evolution is also validated by the results from Tóth (Tóth, 

2005). Their experimental values are obtained by Vicker hardness tests. It is found 

that the model can capture the copper strengthening during ECAP, with normally 

20 MPa difference from the experimental values.  
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Figure 6.4 critical resolved shear stress v.s. the prediction from (Tóth, 2005). 

6.1.4.2 Tension-compression asymmetry in the one pass ECAP’ed pure copper 

It is very difficult to compare the tension-compression asymmetry using the initial 

yield strength, because these values are significantly influenced by the process 

conditions and the mechanical testing parameters, and the method used to evaluate 

the initial yield stress (0.2% strain offset, 1% strain offset or extrapolation method). 

Therefore, in this work, the whole true stress – true strain curve (up to 0.1 true 

strain) of the one pass ECAP’ed pure copper is investigated. The experimental 

measurements of the tensile test and the compression test along the extrusion 

direction (ED) is obtained from (Yapici et al., 2007). The comparison between the 

predictions and the experiments is shown in Figure 6.5. The modelling approach 

gives a good prediction of the compression curve in the beginning, especially 

within the starting transient part (0~0.02). However for the strain larger than 0.03, 

the compression stress is overestimated. On the other hand, the predicted tensile 

curve agrees with the experimental very well. 
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Figure 6.5 The tension-compression asymmetry found in the one pass ECAP’ed Cu (Yapici et 

al., 2007) compared with the prediction by the current model. 

6.1.5 Discussion 

There are many differences between the method from Beyerlein et al. and the 

method in our work: (i) different texture model: VPSC vs. ALAMEL (ii) different 

length scale: the level of a single slip system vs. a crystal containing many cells. 

(iii) different CRSS in each slip system vs. identical CRSS in all slip systems. (iv) 

different hardening model: latent hardening vs. a mixed hardening model. At a first 

sight, the first approach considers a more complex situation and must give more 

accurate predictions. However, our method is fortunately able to capture the 

tension-compression asymmetry observed in post-ECAP material. The back-stress 

model is believed to give the major contribution. 

6.1.6 Conclusion 

In this section, the modelling framework is used to simulate the ECAP process via 

route A and to predict the tension-compression asymmetry of the one pass 

ECAP’ed copper. It is found that: 

i) The model is able to accurately capture the microstructual evolution 

except the very high dislocation density in cell walls. 

ii) The predicted equivalent stress is very close to the experimental results. 

250

300

350

400

450

500

0 0.02 0.04 0.06 0.08 0.1

T
ru
e
 S
tr
e
s
s
 (
M
P
a
)

True Strain

Experimental compression

Experimental tensile

predicted compression test

predicted tensile test



Chapter 6   Applications 

140 

iii)  The beginning part of the tension-compression asymmetry can be 

modelled by the model framework, but after strain of 0.04, the 

deviation becomes larger and larger.  

6.2 Modelling the free-end torsion test of the ECAP’ed pure 

aluminium 

6.2.1 Strain and stress status during torsion 

6.2.1.1 Reference frame 

In order to analyse the stress-strain status and model the torsion deformation after 

ECAP process, two sets of reference frames are used in this work (see Figure 6.8): 

ED-ID-TD and z-θ-r. As seen for the z-θ-r system, the axis of the cylindrical bar is 

assigned as z, the radius direction is assigned as r, and the axis tangential to the arc 

is assigned as θ. In the beginning of the simulation, the orthogonal reference frame 

built on the surface of the cylindrical bar is overlapping with the ED-ID-TD system. 

Note that the z-θ-r system is still defined as a Cartesian coordinate system instead 

of a polar coordinate system. 

 

 

 

6.2.1.2 Strain analysis 

To remind the reader how the shear strain is defined during the torsion test, a 

schematic illustration is shown in Figure 6.7. 

ED 

ID 

TD 

z 

θ 

r 

Figure 6.6 The ED-ID-TD reference frame and the local z-θ-r axis. In the 

beginning of the torsion, these two reference frames occasionally overlap. 
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Figure 6.7 A schematic illustration of the twisted bar undergoes the torque T, resulting a 

maximum shear strain on the bar surface. (Megson, 2005) 

The length of the deformation zone during the torsion test is L. Once the bar is 

twisted around the bar axis at angle θ by the torque T, the point D is turned around 

point O to the new position D’. Thus the shear strain γ is defined as the ratio of the 

arc length DD’ to the bar length L. The arc length DD’ is a function of θ: 

DD’=θ·OD=r θ, in which θ is in radians. The shear strain becomes: 

 ( ) '
r r r

L

θ
γ θ= =  (6.4) 

in which θ’ is defined as θ/L. It is obvious that the shear strain distribution inside 

the material is not homogeneous. The maximum shear strain is located on the 

surface of the cylindrical bar, γs=θ’R. Described in z-θ-r, the velocity gradient is as 

following: 

 

0 0

0 0 0

0 0 0

z rθ

γ 
 =  
  

L

�

 (6.5) 

in which ��  is the time derivative of equation (6.4).  
6.2.1.3 Torque 

Consider an infinite thin layer of thickness dr inside the bar. On this layer, there 

exists one part of arc with an infinite angle dθ. Then the area of this layer of arc is: 

 A r s r rδ δ δ δ δθ= ⋅ = ⋅ ⋅  (6.6) 

Once this layer material underwent a shear stress τ along the tangential direction, 

the corresponding infinite torque δT is equal to: 

 2T r rδ τ δ δθ=  (6.7) 

In practice, the shear stress along the tangential direction will not be totally the 

same because the texture is normally not symmetry about the axis. Here several 
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trial simulations have been done. It is found that the shear stress is indeed 

fluctuating, but the standard deviation is really small. Based on this fact, the 

tangential shear stress is treated equally, and the average tangential shear stress is 

used. Thus the torque is no longer associated with the angle. The whole ring of 

thickness dr undergoes a torque which is equal to: 

 22dT r drπ τ=  (6.8) 

  

    

 

6.2.1.4 Stress analysis and boundary condition 

In this work, the Equilibrium Equation Method (EEM) originally proposed by 

(Qods et al., 2005) is used. The detail of this method is explained as following. 

Remember that the torsion tests on the ECAP’ed AA1050 are performed in free-

end status, which means the axial translation of the cylindrical bar is not prevented. 

There will be a strain rate ε�  along the axial direction. Therefore, the equation (6.5) 
is no longer valid for the free-end situation. It becomes: 

Figure 6.8 One infinite small layer of the cylindrical bar. Once zoomed in: the radius of the arc 

is r; the thickness of this layer is dr; the small angle of the arc is dθ. The r-θ-z orthogonal 

reference system is established on the outside of the arc.   
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 (6.9) 

In the above equation, Lθθ and Lrr are equal to each other. Otherwise, the cross-

section of the bar will not remain circular during the torsion. The γ�  is already know, 
but it is not the same case for ε� . In order to start a simulation step, ε�  should be 
known. 

Under such velocity gradient, the force along the axial direction will be zero. The 

axial force can be calculated by the integral of the axial stress over the cross-

section area: 

 
0

2
R

zz zzF rdrπ σ= ∫  (6.10) 

 In which R is the radius of the bar. Pay attention to σzz: this is the total stress, not 
the deviatoric stress. The stress components obtained from the modelling 

framework proposed in this work is the deviatoric part of the total stress. What we 

need to find is the hydrostatic pressure p. The relations are given by: 

 with
3

ii
ij ij ijs p p

σσ δ= + =  (6.11) 

The most innovative idea from Qods was to introduce the equilibrium equation on 

an infinitesimal area δA: 

 0rr
rr

d
r

dr
θθ

σ
σ σ+ − =  (6.12) 

And use the deviatoric stress s to substitute the total stress in (6.12) and integral 
both sides from the radius r (r=r) to the bar surface (r=R), the equation becomes: 

 

( )

( ) ( ) ( ) ( ) ( )

1

1

R R R

rr rr
r r r

R

rr rr rr
r

dp ds s s dr
r

p r p R s r s R s s dr
r

θθ

θθ

− = + −

− = − − −

∫ ∫ ∫

∫
 (6.13) 

During the integral, the boundary conditions are that on the surface of the bar, the 

total stress along the radial direction is zero: σrr(R)=srr(R)+p(R)=0. Equation (6.13) 
can be simplified as 

 ( ) ( ) ( )1R

rr rr
r

p r s r s s dr
r

θθ= − −∫  (6.14) 

In this way, the hydrostatic pressure p can be calculated at the radius r. Then the 

total stress along the axial direction can be also obtained. 
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What Qods proposed is to introduce a ratio [ = \�/�� . With different value of η, the 
axial force will be different. What we need to do is to find the η making the axial 

force equal to zero. So far the whole procedure is evolved into a non-linear one-

dimensional root finding problem: Fzz(η)=0.  

6.2.2 Algorithm 

The whole torsion modelling algorithm is divided into two parts: i) part one: the 

current modelling framework is used as the engine to predict the stress response 

based on the microstructure evolution simulation; ii) part two: the EE method 

described in 6.2.1.4 is to find the correct velocity gradient, which is provided to the 

part one to get the stress prediction. 

The algorithm of part one is already introduced in previous chapter. Here the 

description will be focused on part two. The main difficulty of part two is that one 

needs to integrate two times: first in (6.14), second in (6.10). Here the numerical 

integration method of the Trapezoidal formula is used. Since in the simulation, the 

cylindrical bar is equally divided into several layers with the same thickness, the 

step size of the Trapezoidal integration h is equal to the thickness. 

The whole algorithm is concluded as following: 

Step 0) Simulate the ECAP process for certain route and certain passes 

Step 1) Divide the cylindrical bar into N layers 

Step 2) Start from the initial guess for η, generate the velocity gradient L 

Step 3) Use the current modelling framework to predict the stress status 

Step 4) Use equation (6.14) to calculate the corresponding hydrostatic pressure 

Step 5) Use equation (6.10) to calculate the axial force 

Step 6) Based on the result, guess a new η, and repeat from step 2 until the axial 

force in step 5 is zero 

Step 7) Use the correct velocity gradient to perform free-end torsion simulation 

6.2.3 Simulation setting 

All the settings relating to the ECAP simulation remain the same. The initial hot-

rolled texture is discretized into 2000 crystals. The material parameters are the 

same. 
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Table 6.2 The material parameters used in the current simulation 

Parameter value Parameter value 

0t

wρ =
 (m

-2
) 1.0e14 α  0.25 

0t

cρ =
 (m

-2
) 1.0e13 G (GPa) 26.3 

0f  0.25 b  (m) 2.86e-10 

K  60 f∞  0.06 

*α  0.0024 rk  200 

*β  0.0054 0k  3.22 

   

For the free-end torsion simulation, the bar is divided into 6 layers. The length of 

the cylindrical bar is 10mm, the radius is 2.5mm. Since the strain rate sensitivity is 

not taken into account, the deformation is considered as done in 1 second. Then the 

shear rate ��  is equal to 5.  
6.2.4 Results 

The true shear strain - true shear strain curve of 1 pass ECAP’ed AA1050 is shown 

in Figure 6.9 to compare the experimental result with the numerical results. It is 

first found that the model predicts the transient in the beginning of the torsion. 

According to (Poortmans, 2008), the Schmitt factor between ECAP and sequential 

torsion test along ED is always 0, which means the torsion test on the ECAP’ed 

material corresponds to the orthogonal strain path change. And the cross-effect is 

proved by the current model: just after a very small strain step, the torque jumps 

from 1.34Nm to 2.35Nm, and keeps for a shear strain range of 0.5. Once the true 

shear strain reaches 2 during the torsion test, the predicted torque is overestimated 

compared to the experimental torque. Based on the comparison, one conclusion can 

be drawn: the transient during the beginning of the torsion test on the ECAP’ed 

sample can be captured by the current model.  

In Figure 6.10, the shear stress - shear strain curves during torsion tests on 

ECAP’ed route C AA1050 is shown. For 2 pass and 4 pass, the model did predict 

the material softening in the strain range of 0~2.0. For 1 pass and 3 pass, the model 

predicted a plateau in the strain range of 0~1.5. For 2~4 pass, the stress-strain 

curves saturate at ~100MPa, of which the stresses are10MPa higher than the 

experimental curves. 
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Figure 6.9 The predicted torque evolution with respect to the true shear strain. It is compared 

with the experimental data. 

6.2.5 Discussion 

As seen in the prediction results, the current modelling framework is able to catch 

the cross-effect in the beginning of the torsion simulations. Even the material 

softening is predicted, but only for pass 2 and pass 4. The model predicts accurate 

yield strengths for 2 pass and 3 pass.  However, the shear stress is overestimated 

about ~10MPa after shear strain of 2. According to the author’s understanding, the 

difference between the simulations and the experiments due to: 

1) The texture of only one material point is assumed to represent the whole 
texture evolution. 

2) The radius should be changed during the simulation. In this way, the real 
cross-section area can be obtained to calculate the real force. 
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Figure 6.10 The predicted true shear stress-true shear strain curves during the torsion 

simulations on ECAP’ed AA1050 via route C.  

6.2.6 Conclusion 

In this section, the current modelling framework is used as a core to simulate the 

torsion tests of the ECAP’ed aluminium. The equilibrium equation method 

proposed by Qods is used. The cylinder bar is divided into N layers, and through 

solving the boundary condition problem, one can obtain the real velocity gradient 

tensor to model the real deformation. The model is able to capture the cross-effect 

during the beginning of torsion, and the model is able to capture the material 

softening during the torsion. However, due to the simple texture representation and 

no radius update, there exists large difference after the shear strain 2. 

 





 

 

Chapter 7 Conclusions 

7.1 Main achievements and conclusions of this thesis 

Equal channel angular pressing (ECAP) will introduce large strains into the 

processed material, leading to significant changes in textures and microstructures. 

Due to these modified textures and microstructures the ECAP’ed material shows 

different stress-strain behaviour during the subsequent mechanical tests, compared 

with the original material. Among other properties, the modified plastic anisotropy 

is of special importance. Therefore, the aim of the present work is to find one way 

to model the mechanical behaviour of the ultrafine-grain aluminium processed by 

equal channel angular pressing process (ECAP). 

In order to understand why and how the ECAP process influences the material, a 

wide range of literature was reviewed. 

From the engineering point of view, it is found that: 

� Different combinations of the ECAP die parameters, the ECAP route, and 

the number of ECAP passes will introduce different strain history into the 

material. 

From the material physics point of view, more fundamental aspects are revealed.   

� Microstructure: Many microstructure components will appear during 

ECAP (FCC case), including dislocation cells, dislocation cell blocks, and 

low-angle and high-angle boundaries. Such kind of microstructure 

formation is always influenced by the strain history, leading to significant 

microstructural anisotropy. 

� Texture: ECAP will result in a rotated simple shear texture. The texture 

will eventually influence the subsequent mechanical behaviour, resulting in 

textural anisotropy. 

� Back-stress: The back-stress is particularly treated as a main source of the 

strain-path-change effect of ECAP’ed material. Especially for cell 

formation materials such as pure aluminium, the back-stress is due to the 

different yield points for cell interior and cell wall.  

In order to get trustable and controllable experimental data for modelling work, a 

series of ECAP processes and subsequent mechanical tests are performed on 

commercial purity aluminium AA1050: 

� Samples of AA1050 are processed through ECAP both via route C and via 

route Bc, after one, two, three, four and eight passes respectively. 
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� Segal’s geometrical methods are used to correct the obtained stress-strain 

curves of the tensile test, which is due to diffuse necking. It is found that 

the yield strength is increased from pass to pass. 

� Compression tests are performed under very carefully controlled low-

friction conditions to minimize the errors. Through a series of well chosen 

experimental investigation, it is concluded that all ECAP’ed AA1050 

yields at around 70~80MPa during the compression tests. This 

phenomenon is believed to be a result from the strain path change effect. 

� Torsion tests are performed only on route C ECAP’ed AA1050. It is found 

that there exists almost no hardening stage III for multiple-ECAP-pass 

ultrafine-grain pure aluminium. Once the ECAP’ed AA1050 yields during 

torsion, the hardening immediately enters stage IV. 

� A strong tension-compression asymmetry phenomenon is found for 

ECAP’ed AA1050. 

Based on the understanding of the ECAP process and the state-of-the-art review of 

existing models, a multiscale modelling strategy is developed to model the stress-

strain behaviour of the ultrafine-grain aluminium. The philosophy of the modelling 

development is to emphasis the basic physical influence, improve the existing 

models and make them collaborate with each other: 

� The ALAMEL model is chosen as the texture model. It predicts the 

activation configuration of the slip systems, and serves as the fundament of 

the present modelling framework. The current implemented version is 

validated by comparing with the original ALAMEL version, by comparing 

the performance of predicting cold-rolling texture and ECAP texture of 

copper.  

� The Estrin-Tóth model is good at predicting the dislocation-cell structures. 

It is modified to meet the physical assumption of the current modelling 

strategy: the strain rate sensitivity nature is neglected, and the identical 

plastic strain rate in cell interior and cell wall is adopted. The later one 

theoretically leads to small total strain mismatch (different elastic strain), 

although the elastic strain is not modelled in this work. 

� A new dislocation-density based back-stress model is developed with some 

elements of the Sauzay model and the model from Feaugas and co-workers. 

This model is designed to describe the strain-path-change. 

The developed modelling framework is then assessed by using it to model the 

stress-strain behaviour of the ECAP’ed AA1050. It is found that: 

� The ALAMEL model, coupling with the simple shear deformation model, 

can predict the ECAP texture for route C. The cyclic appearing of the 

persistent cube orientation is captured by ALAMEL. However, ALAMEL 

is not able to predict the route Bc texture. The same situation has been 
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reported by (Li et al., 2005b): in order to obtain good ECAP texture 

prediction by using the VPSC model, one has to use the grain co-rotation 

(GCR) scheme (Tome et al., 2002). Without GCR scheme, the VPSC 

model has a similar performance as the FC Taylor model (Li et al., 2006): 

Both of them are unable to predict the ECAP texture via route Bc due to its 

complex strain path, while for route C they performed better for odd-passes 

than for even-passes. 

� The modified Estrin-Tóth model works well for predicting the dislocation 

cell size. However, due to the nature of this model, the predicted 

dislocation densities are normally higher than the practical ones, especially 

for the densities in cell interiors. The author believes that this is because 

this model tries to attribute the total hardening to dislocation-cell structure 

hardening, forcing it to predict higher dislocation densities; in the same 

time, this model is designed to capture hardening stage III and hardening 

stage IV using the same equation. Besides, Estrin-Tóth model is indeed an 

isotropic hardening model. It is extremely necessary to co-operate with an 

extra kinematic hardening model to describe the plasticity anisotropy. 

� The dislocation-base back-stress model predicts very good results, very 

close to the experimental ones, especially for predicting the equivalent 

strength for ECAP’ed aluminium after each pass. This means that it co-

operates very well with the ALAMEL model and the modified Estrin-Tóth 

model. 

� The main goal of this PhD work to model the tension/compression 

asymmetry is achieved. By separately simulating tension after ECAP and 

compression after ECAP, the different yield strength is simulated. The 

whole modelling strategy has very good performance for modelling tension 

for ECAP’ed AA1050, while only capture the initial part of the 

compression curves. The model overestimated the back-stress values in 

pass 1 and pass 2, and has good shots for pass 3 and pass 4, both in route C 

and in route Bc.   

In order to find out whether the present modelling strategy is generally applicable, 

it is used in two other case studies: 

� For pure copper, this modelling framework is able to catch the 

microstructure evolution, especially the cell size. Besides, the tension-

compression asymmetry for single ECAP processed pure copper is 

captured. Different initial parts of the stress-strain curves are also 

predictable. This means that the developed dislocation-density back-stress 

model is not only suitable for pure aluminium, but applicable for FCC 

materials in general. 

� The present model is also used to predict the result of torsion tests on 

ECAP’ed aluminium. It is found that the present modelling framework is 
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able to capture the cross-effect during the torsion on ECAP’ed aluminium. 

However, due to simple texture representation and no radius update, there 

exists large difference after the shear strain 2. 

Based on the assessment of the present modelling framework and the application of 

it, the advantages and disadvantages of it can be formulated as following: 

Advantages: 

The model emphasizes the influence of the ECAP process on texture, 

microstructure and back-stress. Each of these elements has a specific model to 

predict its evolution, in other words the model tries to capture all material 

evolution in the same time, not only for the texture evolution, but also for 

microstructure and the back-stress. 

� The macroscopic stress-strain behaviour predicted by this modelling 

framework, especially the tension-compression asymmetry, is close to the 

experimental results.   

� Compared to a complex model such as the Teodosiu-Hu phenomenology 

model and the Peters’ dislocation-based model, there are less parameter to 

fit. Most of the variables are material parameters. Only α*, β*, K and kr can 
be changed. Furthermore, the kr is a parameter to control the back-stress 
saturation rate; it cannot change the final back-stress saturation value. So 

generally speaking, only three parameters can be adjusted to influence the 

results. As proved in Chapter 6 and Chapter 7, the model is able to predict 

Bauschinger effect and cross-effect. This model is believed to have the 

same capability of predicting the transient during the strain path change as 

previous two models. 

� If the modelling strategy is used for other material, one torsion test is 

needed to use the stress-strain curve to identify the material parameters for 

Estrin-Tóth test. This is because during torsion several hardening stage up 

to hardening stage IV or V can be observed. This is also the method used 

by Estrin and Tóth themselves. Besides, the subgrain (cell) size needed to 

be investigated to check whether the material parameters ensure 

appropriate cell size value. In this way, this modelling strategy can be used 

to predict the mechanical behaviour of other material processed by ECAP.       

Disadvantages: 

� If using a very simple deformation model, such as a simple shear model for 

ECAP, the prediction of this model will more or less deviate from the 

experimental data. It extremely demands an accurate description of the 

deformation condition of any certain point.  
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� The predicted dislocation densities can only be treated as intermediated 

changing variables due to their overestimation, instead of physical values. 

This means that this modelling framework is of phenomenology nature. 

� Due to the initial assumptions, this model is unable to capture the strain 

rate sensitivity. 

7.2 Suggestion for future work 

The suggestions are made based on the previous assessment of the present 

modelling framework: 

� A more advanced deformation model should be used. An analytical 

deformation model or a Finite element analysis of the deformation is 

highly recommended. It is believed that this will significantly improve the 

texture prediction. 

� The back-stress should be modelled on the slip system level, the Estrin-

Tóth model should also be modified in order to account for latent 

hardening and slip plane level anisotropy. 

� The Estrin-Tóth model should be improved by introducing other sources of 

hardening. In this way, the highly overestimated dislocation density can be 

lowered to a reasonable level. 

 

 





 

 

Appendix   

 Appendix A 

A.1 The algorithm of the full-constraint Taylor model 

To make it simple and clear, the discussion is limited to one strain step and only 

one grain inside the second loop (illustrated in Figure 4.3).  

From a mathematical point of view, the FC Taylor model can be described in 

following equations: 

 
1

minimize  
N

i i

i

τ γ
=
∑ �  (8.1) 

 subject to  ij iA γ = D�  (8.2) 

To remind readers, τ is the critical resolved shear stress (CRSS). ��6 is the slip rate 
of slip system i. A is the symmetry part of the so called Schmid matrix and D is the 

symmetry part of the velocity gradient tensor L. The details of these variables are 

discussed as following: 

1) CRSS τ: Normally, τ is treated equal for all slip systems. This kind of treatment 

is always used in the isotropic hardening models, which leads to put more 

emphases on the anisotropy of texture evolution. But it will also introduce the 

famous Taylor ambiguity: providing several sets of possible slip rates solution. The 

configuration of active slip systems is not unique, neither is the crystal spin. On the 

other hand, τ can be treated separately, of which the slip rate value can be different 

from one slip system to another slip system. τ can be hardened and softened 

associated with the slip rate on the very slip system. Different CRSS τ can reduce 

the Taylor ambiguity. Besides, if the slip rate on slip system i is allowed to 
influence the hardening and softening behaviour of other slip systems, this kind of 

treatment is used in latent hardening models. In this work, the τ is treated equally 

for the case of simplicity. 

2) Slip rate γ� : For each slip system, a positive vector is defined for both the normal 
to the slip plane and the two slip directions, since the slip can be positive and 

negtive. If one direction is defined as positive γ�], the other one then is defined as 
γ�,. This is the reason why the γ�  needs an absolute operation in equation (8.1). 
However, for simplex algorithms, each variable in the subject function is defined 

and limited to be a positive value. In order to overcome this drawback, each slip 

system is artificially separated into two parts, the positive slip system and the 

negative counterpart. In this way, the 12 slip systems for FCC material expand to 

24 slip systems and the 24 slip systems for BCC material expands to 48 slip 
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systems. Although the number of the variables doubles, the solutions of this linear 

optimization problem remain the same. This is because for each slip system the 

Schmid tensor M is also artificially separated into two: M_,̀ = −s_ ∙ n` = −M_]̀ (so 
as the symmetrical part of the Schmid tensor becomes A

+
 and A

-
). This changes the 

equation (8.2) into following formula: 

 ( )i i i i i i i i i i i

i i i

A A A A Aγ γ γ γ γ γ+ + − − + + + − + + −+ = − = − =∑ ∑ ∑ D� � � � � �  (8.3) 

in which, for each slip system i, only one direction is active, either γ� _] or γ� _,. The 
solution to (8.3) is equivalent to (8.2). On the other hand, the sum of diagonal 

elements of the symmetry part of the Schmid tensor always vanishes, making it 

possible to transfer it from 3x3 tensor (9 variables, 6 independent ones) into a 5-

dimensional vector (5 independent variables). 

3) Strain rate tensor D: D is defined as the symmetry part of the velocity gradient 

tensor: e = Jf + fhK/2 . One needs to pay attention to the uniformity of the 
equation (8.1) and (8.2): all these variables should be described in the same 

reference frame system. If D is described in the macroscopic reference frame, the 

Schmid tensor M should also be described in the macroscopic one; if it is 

represented in crystal (local) reference system, so must M. Normally, for a full-

constraint Taylor model, all the equations are described in the crystal reference 
frame. The crystal orientation g (in Euler angler notation) is then used to calculate 

the rotation matrix: 

 

1 2

1 1 1 2 1 2 1 2 2

1 2 1 2 1 2 1 2 2

1 1

( ) ( , , )

cos cos sin sin cos sin cos cos sin cos sin sin

cos sin sin cos cos sin sin cos cos cos cos sin

sin sin cos sin cos

R f g f ϕ φ ϕ

ϕ ϕ ϕ ϕ φ ϕ ϕ ϕ ϕ ϕ φ
ϕ ϕ ϕ ϕ ϕ ϕ ϕ ϕ ϕ φ

ϕ φ ϕ φ φ

= =

− + 
 = − − − + 
 − 

(8.4) 

The local velocity gradient is then rotated from the macroscopic frame to the 

crystal reference frame: 

 T

crystal macroR R= ⋅ ⋅L L  (8.5) 

Note that no matter how the strain rate tensor D is obtained, from the local velocity 

gradient Llocal or coordinate transformed from the macroscopic Dmacro, the result is 

essentially the same due to the characteristic of the tensor. 

After solving the equation (8.1) and (8.3), another work is to compute the 

orientation spin. The total spin of one deformed grain consists of the plastic spin 

and the rigid spin. In order to calculate the rigid spin (crystal re-orientation), one 

needs to calculate the rigid spin rate. The total spin rate W is the asymmetric part 

of the velocity gradient tensor: j = 	f − fk�/2 . The plastic spin rate is the 
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defined as Wpl=∑ Ziγ� ii , in which Z is the asymmetric part of the Schmid tensor. 

The rigid body spin rate then becomes ΩΩΩΩ=W-Wpl.The rigid spin rate tensor always 

has following style due to its asymmetric tensor characteristic: 

 

3 2

3 1

2 1

0

0

0

w w

w w

w w

− 
 = − 
 − 

Ω  (8.6) 

The rigid body spin rate tensor 
1R R−= ⋅Ω �  can be used to calculate the rotation 

matrix rate: 

 R R=Ω⋅�  (8.7) 

Then the new rotation matrix R’ can be calculated by an explicit update: 

 'R R R t= + ⋅∆�  (8.8) 

As a conclusion, the main steps in Full-constraint Taylor algorithm (FCC case) are 

listed below. 

Step 5) Calculate the Schmid tensor M and its corresponding symmetry part A 
(12 slip systems for FCC, two slip directions for each slip system). 

Convert them into 24 sets of 5-dimensional vectors.  

Step 6) Obtain the rotation matrix R by using the equation (8.4). 
Step 7) Represent the macroscopic velocity gradient tensor L in crystal 

reference frame using (8.5). 

Step 8) Calculate the strain rate tensor D from the local velocity gradient 
tensor according to its definition. Represent tensor D as a 5-

dimensional vector. 

Step 9) Assemble the vectorized symmetric Schmid tensor A together with the 
slip rates according to (8.3), constructing a 5x24 matrix. This linear 

equation system is set equal to the vectorized strain rate D. 

(5x24x24x1=5x1)  

Step 10) By using the revised simplex algorithm, this linear optimization 
problem can be solved. The solution consists of a set of slip rates γ�  
(random chosen), the external stress S, and corresponding Taylor 

factor m. 

Step 11) Using the equation (8.6), (8.7) and (8.8), calculate the new rotation 
matrix R’. This rotation matrix defines the new crystal orientation g’. 

Step 12) Save the new set of orientations for the next strain step and move to 
the next crystal, repeat from step 1). 

 

Several additional details should be noticed: 
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In step 5, actually there exist hundreds set of slip rates which in the same time 

satisfied the equation (8.1) and (8.3). Such a minimized internal energy status and 

the relevant set of slip rates represent a so called vertex in the 5-dimensinal linear 

space. The revised simplex method provides one of the fastest ways to find such a 

vertex. How to choose one set of slip rates will not influence the minimized energy 

and the Taylor-factor, but will influence the crystal re-orientation.  Several second 

criteria have been proposed to choose such a vertex. For example, it has been 

proposed to minimize not only the internal energy but also the rate of change of it 

with the equivalent strain (Renouard and Wintenberger, 1981) . However, for the 

implemented FC-Taylor model in current software, there is no second criterion to 

influence how to choose, and all these solutions are the first-found solution 

calculated by the GLPK numerical routine for simplicity.  

In step 5, the simultaneously obtained external stress S is represented as a 5-

dimensional vector. As mentioned in the literature review, this is due to the prime-

dual characteristics of any linear optimization problem: any minimization problem 

has a relative maximization problem (Taylor theory with Bishop-Hill theory). If 

there is no purpose of simulating the hardening behaviour, there is no need to 

update CRSS. However, if the hardening behaviour is concerned as in the current 

work, the obtained stress tensor in step 5 is useless. The real CRSS will be known 

after the microstructure simulation. 

A.2  The algorithm of the Advanced LAMEL model 

The Advanced LAMEL model is a grain interaction Taylor-type model. The main 

idea and some details of the model have already been reviewed in chapter 2. In 

order to make it easier to understand the algorithm of ALAMEL, the following 

differences from the FC-Taylor models should be emphasized again (Van Houtte et 

al., 2005): 

1) Different studied objects: For FC-Taylor, crystals are independently investigated 

one by one. But for ALAMEL, always a pair of grains is studied: two grain 

orientations and the grain boundary orientation should simultaneously be 

considered. 

2) Different reference frame: For the FC-Taylor model, the local reference is 

established only for the single crystal (e.g. axis 1 is [100], axis 2 is [010] and axis 3 

is [001]). However, for ALAMEL, the local reference frame is built for both of the 

two grains on the grain boundary surface (e.g. axis 1 and axis 2 are built on the 

surface, axis 3 is normal to the grain boundary surface). This means that each 

crystal does not share the same expression of the Schmid tensors Mi. They should 

also be represented in the grain boundary reference frame system. 
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γ�

ij jA γ⋅ = d�

1...24i i

i

iτ γ =∑ �

 

Figure A.0.1 The flow chart of the Full-constraint Taylor model. The core of the Taylor model 

is to solve a linear programming problem. 

3) Different energy minimization: The physical assumption of ALAMEL is much 

more reasonable than FC-Taylor when one studies the deformation from a 

macroscopic point of view: The total internal energy of the pair of grains should be 

minimized, but this minimal internal energy consumption is not always valid for 

both of these two grains: 

 1 1 1 1 min
i i i i RLX RLX

R R

i i R

P τ γ τ γ τ γ= + + =∑ ∑ ∑� � �  (8.9) 

in which the τ
RLX
 is the CRSS for the artificial slip system (relaxation mode) which 

is normally set to zero. 
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4) Hardening simulation is mandatory: Such a situation will occur during 

monotonic deformation if there is no hardening update of CRSS for the two grains, 

namely τ1 and τ2: there is a risk that the most of the deformation will be localized in 

the texture-soft grain, while the other texture-hardened grain will not deform any 

more after the orientation is stable. 

Based on the above emphasis, the algorithm of FC-Taylor model can be modified 

into the one for ALAMEL. There are several modifications: 

1) For the input: instead of one grain orientation, two sets of grain orientations g1 

and g2, and the grain boundary orientation should be provided. The coupling of two 

grains from thousands of grain orientations is totally random. In this work, this 

coupling work is performed by the program ODFLAMEL from MTMFHM (Van 

Houtte, 2004a). And the initial grain boundary orientation is set isotropically 

distributed. 

2) The Schmid tensor M represented in the crystal reference frame should be 

rotated back into the sample reference form by using the rotation matrix R: 

 T

macro crystalM R M R= ⋅ ⋅  (8.10) 

Then the macroscopic represented Schmid tensor Mmacro should be rotated into 

the grain boundary reference frame: 

 T

gb macroM G M G= ⋅ ⋅  (8.11) 

where G is the rotation matrix calculated from the grain boundary orientation. Both 

of the two grains should undergo this operation which will generate two sets of 

Schmid tensors, namely M1gb and M2gb. In most cases, the Schmid tensors for the 

same slip system are different from each other in these two grains. Like the 

treatments in the FC-Taylor model, these two sets of M1gb and M2gb should be 

vectorized into series of 5-dimensional vectors. 

3) Generalized relaxation is the advantage of ALAMEL compared to other RC-

Taylor models. The relaxation is not macroscopically obliged any more to the 

sample itself. In fact, the relaxation is performed on the grain boundary surface. 

This relaxation allows different velocity gradient tensors for these two grains: 

 1 2 / 2
2

R RLX R RLX

gb macro R macro R

R R

A L Aγ γ
+  

= = − + + 
 

∑ ∑
L L

L L � �� �  (8.12) 

in which A� has two expressions, one for relaxation along 1-3 plane and one for 
relaxation along 2-3 plane: 
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 13 23

0 0 1 0 0 0

0 0 0 0 0 1

0 0 0 0 0 0

A A

   
   = =   
      

� �  (8.13) 

γ
RLX
 is the slip rate on these two relaxation slip system. Since the CRSS τ

RLX
 is 

always set to zero, the slip will not affect the total internal energy consumption. 

The remaining part of the ALAMEL algorithm is very similar to the one of the FC-

Taylor model. The algorithm for ALAMEL is summarized below. Note that the 

very important grain shape prediction is not taken into account in this algorithm. 

 

Step 1) Vectorize the two relaxation tensors in equation (8.13). 

Step 2) Transfer grain orientation g1, g2 and the grain boundary orientation gb 

into the rotation matrix, namely R1, R2 and G, using the equation (8.4). 

Step 3) Calculate the Schmid tensors in the crystal reference frame, and 

represent them in the grain boundary reference frame using equation 

(8.10) and (8.11). Vectorize all of them into 5-dimensional vectors. 

Step 4) Transfer the velocity gradient tensor from the sample reference into 

the grain boundary reference frame. Perform the symmetry operation 

on the local velocity gradient L1 and L2 and obtain the local strain rate 

tensors D1 and D2. Vectorize them. 

Step 5) Assemble the vectorized Schmid tensors, the vectorized relaxation 

modes, and the two sets of slip rates into the equation (8.9). 

Step 6) Using the revised simplex solver, the linear programming problem 

can be solved. Obtain two sets of slip rates, corresponding Taylor-

factor and external stress tensors 

Step 7) Predict the crystal re-orientation using (8.6), (8.7) and (8.8). 

Step 8) Save the new crystal orientation in the memory for the next strain 

step. Go to the next pair of grains. 
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Figure A.0.2 The flow chart of the Advanced LAMEL model 
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Appendix B 

B.1  The TAME software 

The TAME (Taylor-ALAMEL-MINTY-Estrin) simulation software is a program 

containing the implementations of the Full-constraint Taylor model (Taylor, 1938, 

Van Houtte, 1988), the Advanced LAMEL model (Van Houtte et al., 2005), the 

MINTY model (Habraken and Duchêne, 2004), the Estrin-Tóth model (Estrin et al., 

1998, Toth et al., 2002) and the newly developed dislocation-based back-stress 

model in the current work. 

The original aim of this software is just to help understanding these models. After 

the implementation and the validation of these models, the author found it is able to 

let these models work together, and to simulation the plastic deformation of certain 

material. 

This software is able to simulate: 

• Texture evolution of FCC material: by the FC-Taylor model or by the 

ALAMEL model 

• Microstructure hardening behaviour: by the Estrin-Tóth model 

• Kinematic hardening behaviour: by the new developed dislocation-

based back-stress model 

• Yield locus: by the MINTY model 

Note for texture simulation, it is highly recommended to use the original software 

MTMTAY and ALAMEL programmed by Prof. Van Houtte. Although the current 

implementation has been validated, it is not able to simulate the texture evolution 

of BCC material. 

B.2  installing the software 

TAME is programmed using the C programming language. It is able to compile it 

using MinGW under the Microsoft Windows® system, or using GCC under the 

Linux operating system. Please ask the author or Prof. Verlinden for the source 

code. 

In order to compile the software, the Gnu Linear Programming Kit (GLPK) and the 

GNU Scientific Library (GSL) should be installed. Use command MAKE to 

perform the automatic compiling. 

Once the software is compiled, the software can be run by the windows console 

command: tame.exe. The screen copy is shown as following: 
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Figure A.0.3 The screencopy when starting the TAME software. 

B.3  Commands 

The specific model can be called by add several arguments as shown in Figure A.3. 

For instances: 

• Texture simulation using the FC-Taylor model 

o ‘tame -t -c filename.tx0’: Start the texture simulation using the 
initial crystal orientation file ‘filename.tx0’. Here the .tx0 file can 

be obtained by using ODFLAM. 

• Texture simulation using the ALAMEL model 

o ‘tame -a -c filename1.tx0 -g filename2.tx0’: Start the texture 
simulation using the initial crystal orientation file ‘filename1.tx0’ 

and the initial grain boundary orientation file ‘filename2.tx0’. 

• Drawing the σ1-σ2 section of the yield surface 

o ‘tame -y -a -c filename1.tx0 -g filename2.tx0’: Using MINTY 
with ALAMEL to draw the yield locus based on the texture named 

‘filename1.tx0’. Here the ALAMEL model can be changed to FC-

Taylor model by using the ‘-t’ option. 

• Microstructure hardening simulation using the Estrin-Tóth model 

o ‘tame -e -a -c filename1.tx0 -g filename2.tx0’: Using E-T model 
to simulate the hardening behaviour. The texture evolution must 

be simultaneouly simulated. 

B.4  Setting 

The setting of the models can be changed in the .ini files: 

• taylor.ini: for the FC-Taylor model 

• alamel.ini: for the ALAMEL model 

• minty.ini: for the MINTY model 

• estrin.ini: for the Estrin-Tóth model 

Other settings can be changed in following files: 
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• backstr.ini: whether to calculate the back-stress tensor, using explicit or 

implicit method 

• ref_list.ini: changing macroscopic reference frame, e.g., ECAP route C or 

ECAP route Bc 

These .ini files are self-explained. More details can be found by carefully reading 

these files. 

B.5  Default deformation 

Several console batch files have been prepared for the following deformation: 

• roll.bat: for cold-rolling  

o ‘roll 40’: simulate the texture evolution after 40%  thickness 
reduction of the rolled plate. The 40%, 63%, 86%, 95% and 98% 

was pre-set. 

• ecap.bat: for ECAP process 

o ‘ecap c2 AL -e’: simulate the texture evolution and the hardening 
behaviour of the pure aluminium via ECAP route C by two passes. 

o Default pass and route: 1- single pass; c2~c4; bc2-route Bc by two 
passes, bc2~bc4. 

o Default material: AL-pure aluminium, Cu-pure copper. 

Other more complex deformations are also designed: 

• ecap_com.bat: for compression tests after ECAP process 

• ecap_ten.bat: for tension tests after ECAP process 

• ecap_torsion.bat: for torsion tests after ECAP process 

For more details, please contact the author via email: chen.enze@yahoo.com.  
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