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Anne Marie Habraken • Bert Verlinden

Received: 9 February 2010 / Accepted: 3 March 2010 / Published online: 23 March 2010

� Springer Science+Business Media, LLC 2010

Abstract Fine-grained materials produced by equal-

channel angular pressing (ECAP) exhibit kinematic hard-

ening due to the existence of a back-stress. This article

presents a new dislocation-based model, which is able to

describe the tension/compression asymmetry of the ECAP

processed commercial purity aluminum. By introducing

strain relaxation, and relating the back-stress to the inho-

mogeneous dislocation density distribution in cell walls

and in cell interiors, the model can accurately predict the

evolution of the dislocation densities, the cell size, and the

back-stress. Compared to the other back-stress models, it

takes into account the microstructure evolution and gives a

better prediction.

Introduction

It has been found that materials, which are processed by

equal-channel angular pressing (ECAP) exhibit significant

kinematic hardening during mechanical tests, e.g., the

tension/compression asymmetry [1]. This phenomenon is

due to the existence of back-stresses, induced by the

inhomogeneous dislocation density distribution in the

developed dislocation structures, resulting from the severe

plastic deformation.

Mughrabi [2] modeled these dislocation microstructures

as being composed of a soft phase, cell interiors or chan-

nels, with a low dislocation density (qc\1014 m�2; often

mobile dislocations) and a hard phase, cell walls, with a

high dislocation density (qw [ 1015 m�2; often edge

dipoles).

In our previous work [3], the back-stresses in ECAP

processed commercial purity aluminum were calculated

using a phenomenological mixed hardening model from

Teodosiu and Hu [4, 5] and using a new physical model,

which is based on the Estrin–Tóth’s work [6] combined

with the intragranular back-stress from Sauzay [7]. It has

been shown that the new physical model was much better

than the phenomenological one in predicting the appro-

priate back-stress level of Al after one ECAP pass.

In the present article, this dislocation-based model was

modified and extended to describe the back-stress evolu-

tion during further ECAP processing, making it able to

describe strain path change deformation. This modified

model will be used to study both the evolution of the

microstructure and back-stress behavior of commercial

purity aluminum during multiple pass ECAP processing

following route C.

Definition of the back-stress

It is definitely necessary to define the physical meaning of

the back-stress first, since the term back-stress has been

widely used in different length-scales, making its meaning

rather confused.
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From a macroscopic view, this term is normally used

when the same material exhibits different yield strength in a

sequential deformation such as the Bauchinger deformation

and the orthogonal deformation. The back-stress is defined

as a function of the difference of the yielding stress. Fur-

thermore, the macroscopic back-stress can be interpreted as

the translation of the yield locus in the stress space in many

kinematic hardening models. The existence of this stress is

considered as the result of the anisotropic hardening.

On the other hand, from a microscopic view, the term

back-stress can also refer to the long-range internal stress.

For the materials containing strong particles, the back-

stress is essentially the Orowan stress between the dislo-

cations and the particles. It will help the dislocations to

move backward easier than to move forward because the

particles behaves like obstacles to the dislocations. For

dislocation-cell-forming materials, the back-stress is an

unavoidable consequence of the compatibility require-

ments in the presence of a heterogeneous dislocation dis-

tribution in the cell wall and the cell interior [2].

In this article, the macroscopic back-stress is defined as

the average of the microscopic internal stress resulting

from the different dislocation density in cell wall and cell

interior. Under this assumption, the predicted back-stress

by the current model is able to be compared with the

macroscopic back-stress measured from the experiments.

Modeling approach

Two mechanisms are taken into account to describe the

anisotropic softening/hardening behavior of material under

large strain and strain path change condition: the textural

evolution and the evolution of the microstructure.

Crystal plasticity framework

The Taylor–Bishop–Hill theory is used as a framework to

develop the current model. As often [8, 9], the elastic strain

is neglected. Starting from the initial texture, the Taylor

model is able to predict both the slip activity in crystals and

the updated texture for any strain path.

Consider an arbitrary velocity gradient tensor lij that is

imposed on a crystal. A kinematic equation relates this

tensor with the slip rate _cs of the N active slip systems with

index s:

lij ¼
XN

s¼1

bs
i m

s
j _cs þ _Xij; ð1Þ

where the unit vector bs represents the slip direction of slip

system s and the unit vector ms is normal to the slip plane

of slip system s, and _Xij is the lattice rotation rate.

Taylor himself [10] assumed that, among all possible

solutions for Eq. 1, only those consuming the lowest

energy are the best solutions. Mathematically, his assump-

tion describes a linear constraint optimization problem,

which can be solved by the simplex method [6] or the

interior point method:

minimize: P ¼
XN

s¼1

sc
s _csj j

subject to: dij ¼
XN

s¼1

1

2
bs

i m
s
j þ ms

i b
s
j

� �
_cs

ð2Þ

in which the internally dissipated frictional work rate P is

treated as the objective function, ss is the critical resolved

shear stress (CRSS) of slip system s, and the strain rate tensor

dij is the symmetric part of the velocity gradient tensor lij.

Once the optimized solution _cs is known, the lattice

rotation rate can be calculated as the difference between

the plastic spin wij and the skew-symmetric part of the

velocity gradient:

_Xij ¼ wij �
XN

s¼1

1

2
bs

i m
s
j � ms

i b
s
j

� �
_cs: ð3Þ

This tensor _Xij makes it possible to update the

orientation of each grain, which determines the evolved

texture after each deformation step.

For simplicity, the full-constraint Taylor model is

adopted. It assumes that the local velocity gradient imposed

on a grain is equal to the macroscopic velocity gradient.

Evolution of the dislocation cell structure

It is well known that, starting from the work hardening in

stage III, the dislocations develop and self organize in cells,

creating cell walls with high dislocation density and cell

interiors with low density [2]. In this respect, many com-

posite models have been developed in the past. Among

them the Estrin–Tóth model [6] is valid for all hardening

stages at large strain and has been frequently applied to

model ECAP processing. It is introduced into the current

modeling framework to describe the evolution of the dis-

location cells. However, two parts of the Estrin–Tóth

model are modified. First, the assumption of identical strain

rate in cell walls and cell interiors is relaxed. Second, the

strain rate sensitivity is neglected.

Estrin and Tóth assumed that the strain rate is identical

both in cell walls and in cell interiors. However, according

to the experimental in situ TEM observations of Tabata

et al. [11, 12], the dislocations glide much faster in the

middle of the cells than near the walls and the plastic glide

in the walls is much reduced. This evidence implies the

need to relax the strong assumption of Estrin and Tóth. A
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factor 0 is defined as the ratio between the slip rate in the

cell wall and the slip rate in the cell interior:

# ¼ _cw= _cc: ð4Þ

This factor results in the modification of the strain rate

equation:

_cw ¼
2

1þ # _cr;

_cc ¼
2#

1þ # _cr;

ð5Þ

in which the equivalent strain rate of the cell structure _cr is

a function of the slip rates of the N active slip systems of

the studied crystal:

_cr ¼
XN

s¼1

_csj j: ð6Þ

The introduction of this relaxation does not change the

strain compatibility:

Original assumption: _cw þ _cc ¼ _cr þ _cr ¼ 2 _cr;

Relaxed assumption: _cw þ _cc ¼
2

1þ # _cr þ 2#

1þ # _cr ¼ 2 _cr:

ð7Þ

The most interesting idea of Estrin–Tóth’s model is that it

introduces an evolution law of the volume fraction of cell

walls f based on the work of Müller et al. [13]:

f ¼ f1 þ ðf0 � f1Þ exp
�cr

~cr

� �
; ð8Þ

where f0 is the initial value of the volume fraction of cell

walls, f? is its saturation value at large strains. The

quantity ~cr describes the variation rate of f with resolved

shear strain cr. This volume fraction allows not only

calculating the cell size d by:

d ¼ Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f qw þ ð1� f Þqc

p ; ð9Þ

but also averaging the critical resolved shear stress

s ¼ f sw þ ð1� f Þsc

¼ f aGb
ffiffiffiffiffiffi
qw

p þ ð1� f ÞaGb
ffiffiffiffiffi
qc

p
;

ð10Þ

in which K and a are material constants, G the shear

modulus, and b the Burgers vector.

The evolution law of the dislocation density both in the

cell wall qw and the cell interior qc can be described by the

two following equations:

_qc¼a�
1ffiffiffi
3
p

ffiffiffiffiffiffi
qw

p

b
_cw�b�

6_cc

bdð1�f Þ1=3
�k0 _ccqc;

_qw¼
ffiffiffi
3
p

b� _ccð1�f Þ ffiffiffiffiffiffiqw

p

fb
þ6b� _ccð1�f Þ2=3

bdf
�k0 _cwqw;

ð11Þ

where a* and b* are geometrical parameters. Both these

two evolution equations contain three terms, which

contributes from different dislocation mechanisms. The

first terms describe the rate of generation of dislocations

generated by Frank–Read sources at the interface between

the cell wall and the cell interior. The second one comes

from the dislocation motion, moving from cell interior to

cell wall or from cell wall to cell interior. The last part is

given by the mutual annihilation of dislocations with

opposite sign. More information about the Estrin–Tóth

model can be found in [6].

Evolution of the back-stress

Reconsidering the Sauzay’s intragranular back-stress

model

In the current authors’ previous work [3], the long-range

internal stress or back-stress was calculated using the

intragranular back-stress model from Sauzay [7]. As usual,

the plasticity problem of a two-phase cell structure was

treated as an inclusion problem. Sauzay proposed to

introduce a so-called plastic accommodation factor Faccom,

which has been used in the polycrystalline self-consistent

model [14]. In this way, the back-stress is limited by

reducing the incompatibilities between cell walls and cell

interiors. The factor Faccom makes it possible to compute

the 3D back-stress tensor xij:

xij ¼ �
f

1� f
Gð1� bÞFaccom

XN

s¼1

bs
i m

s
j þ ms

i n
s
j

� �
cp

s ; ð12Þ

in which b is a scalar function of the Poisson coefficient

and cp
s is the total plastic slip of slip system s. This equation

succeeded in predicting the back-stress of commercial

purity aluminum processed by one ECAP pass [3]. How-

ever, this is no longer the case for a strain path change

deformation. The reason for this can be understood as

follows.

Investigate the derivative of xij with respect to time:

xij
� ffi � f

1� f
Gð1� bÞFaccom

XN

s¼1

bs
i m

s
j þ ms

i n
s
j

� �
cp

s

¼ � f

1� f
Gð1� bÞFaccomdij;

ð13Þ

in which dij is the imposed strain rate. This equation implies

the proportionality between the derivative of the back-stress

and the strain rate: xij
� / dij: Now assume that an annealed

crystal without any initial back-stress is loaded by a forward

and then a reverse Bauschinger deformation. According to

Eq. 13, 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
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one, it will result in the back-stress decreasing to the initial

value or near its original state before the deformation. In

other words, there exists no back-stress anymore in this

crystal! This result is totally in contrast with the experi-

mental evidence: a dissolution-reconstruction mechanism is

active during the first stage of the subsequent loading path,

accompanying a transient softening of the material [15].

However, it is impossible that the back-stresses totally

vanish after a Bauschinger test. This discussion proves that

Sauzay’s intragranular back-stress model is not valid for

strain path change deformation.

A dislocation-based intragranular back-stress model

The invalidation of the Sauzay’s model for the strain path

change deformation is due to the fact that the dislocation

rearrangements are neglected. These rearrangements can be

taken into account by adding a recovery part in the right

hand side of Eq. 13, which makes it very similar to the

Armstrong and Frederick’s nonlinear kinematic hardening

law [16]:

xij
� ¼ krkddij � krxij _�eeq; ð14Þ

in which kr is a factor controlling the back-stress recovery

rate due to the dislocation rearrangement and kd is a factor

related to the dislocation density. Note that the sign of the

back-stress in Eq. 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:

kd ¼
f

1� f
aGb

ffiffiffiffiffiffi
qw

p � ffiffiffiffiffi
qc

p� �
: ð15Þ

Combining Eqs. 14 and 15, the back-stress evolution law

becomes:

xij
� ¼ kr

f

1� f
aGb

ffiffiffiffiffiffi
qw

p � ffiffiffiffiffi
qc

p� �
dij � krxij _�eeq; ð16Þ

in which the term f
1�f represents the volume ratio between

the cell wall and the cell interior. 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 [4, 5]. However, compared to the

Teodosiu–Hu model, the current back-stress law has a

clearer physical meaning.

Implementation detail

The three parts mentioned above, textural evolution, dis-

location development, and corresponding long-ranged

internal stress make up a complete dislocation-based model

for strain path change deformation. A yielding criterion is

proposed for this model:

Yij �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rij � xij

� �
rij � xij

� �q
¼ 0; ð17Þ

in which Yij is the isotropic hardening term calculated by

the Taylor model based on the predicted CRSS from

Eq. 10, rij is the effective Cauchy stress imposed on the

material.

The whole model is implemented using Intel Visual

Fortran. The IMSL (International Mathematics and Statis-

tics Library) Fortran numerical library is used to solve two

mathematical problems. On one hand, the subroutine

DLPRS (revised simplex method) is called to solve the

linear programming problem in the Taylor single crystal

plasticity model (Eq. 2). On the other hand, the subroutine

IVPAG (Adams–Moulton’s method) is called to solve the

initial-value problem for the dislocation evolution equa-

tions (Eq. 11).

The current model needs to identify several material

parameters: 0, a*, b*, k0, and kr.

Application of the model: ECAP processing

of aluminum (route C)

Before presenting how to use the current model to simulate

the ECAP processing, it is necessary to explain how the

experimental macroscopic back-stresses of post-ECAP

aluminum are obtained.

Experimental

The used ECAP die (see Fig. 1) is mounted on a hydraulic

press with a maximum force up to 110 kN. The channel

angle U is 90� and the additional angle W, which represents

the arc of the curvature where the two parts of the channel

intersect, is 0�. According to the work of Iwahashi et al.

[17], the imposed shear strain c after each pass is equal to 2

and the equivalent strain is around 1.15. The global refer-

ence frame ED–ND–TD is established by right-handed

convention.

The experimental material was cut from a hot-rolled

plate of commercial purity aluminum AA1050. Its initial

mean grain size was about 25–33 lm, measured by elec-

tron backscattered diffraction (EBSD). The texture was

measured by a Siemens D500 goniometer and discretized

into a representative set of 2,000 orientations.

In this article, only four ECAP passes at room temper-

ature of route C (180� rotation between each pass) are

investigated. The punch pushed the sample through the die

at a constant speed of 10 mm/min. MoS2 lubricant was

used to reduce the friction between the sample and the
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channel surface and to avoid that the samples get stuck in

the die.

The tensile specimens and the compression specimens

were machined from the homogenous part of the ECAP

processed cylindrical samples. The two kinds of tests

were performed separately on a mechanical test machine

INSTRON 4505. The yielding strength both of the tensile

tests and the compression tests were determined by using

the offset method, which corresponds to a small offset

strain of 0.002. The results are shown in Fig. 2.

The macroscopic back-stress is defined as a function of

the yielding strength of the tensile test ry
tensile and the one of

the compression test ry
compression:

xED ¼ 1

2
ry

tensile � ry
compression

� �
; ð18Þ

in which xED means that the measured back-stress com-

ponent parallel with the extrusion direction of the ECAP

die. The calculated back-stress is shown in Table 1.

Simulation details

The initial material is assumed to be homogeneous.

According to this assumption, a hypothetical cubic material

element normal to the shear plane is inserted into the ECAP

die and deformed on the shear plane (see Fig. 3). In odd

passes, the shape of the element is changed into a paral-

lelogram. For the subsequent passes, instead of simulating

the rotation of the element and inserting it into the die

again, the element is assumed to be pressed into an infinite-

length continuous ECAP die, which contains parallel shear

planes (Fig. 3). It is proved that this procedure is totally

identical to the discontinuous ECAP processing using route

C [18]. In the even passes, the parallelogram is sheared

back to a cubic element.

A local frame is established, so that its axis 1 is normal

to the shear plane and its axis 2 is parallel to the shear

plane. This local frame retains its orientation through the

whole processing. The local velocity gradients Lij are

reversed after each pass (simulated by 100 steps):

Fig. 1 A schematic of the ECAP die and the macroscopic reference

frame

Fig. 2 The yielding strength of the ECAP processed commercial

purity aluminum AA1050 determined from tensile tests and from

compression tests

Table 1 The measured back-stress along ED of the ECAP processed

AA1050 sample

ECAP pass Pass 1 Pass 2 Pass 3 Pass 4

Back-stress (MPa) 29.5 33.0 39.5 47.5

Fig. 3 A schematic of the simulation procedure. A cubic element is

sheared into a parallelogram in odd passes and is sheared back into

cubic shape in even passes. The local reference fixed on the shear

plane is retained during the whole procedure

4700 J Mater Sci (2010) 45:4696–4704

123



Lodd pass
ij ¼

0 0 0

2 0 0

0 0 0

2
4

3
5 _c and Leven pass

ij ¼
0 0 0

�2 0 0

0 0 0

2
4

3
5 _c:

ð19Þ

The 2,000 crystalline orientations from the texture

measurement are expressed into this local frame and

submitted to the shearing deformation. Their orientation

will evolve during the deformation.

The back-stress tensor should be rotated to the macro-

scopic reference frame ED–TD–ND in order to get the

back-stress value along ED. The rotation is different for

odd passes and for even passes. Using the Euler’s angle

notation (u1,/,u2), the rotation is (45,0,0) for every odd

pass from 1–2–3 to ED–ND–TD, and (-45,180,0) for

every even pass from 1–2–3 to ED–ND–TD.

Numerical results

Most material parameters of the current model are the same

as in previous work [3]. Some of them (G, b) are known

material parameters; others such as f0, f? are taken from

reference [19]. The initial value for the dislocation densi-

ties in the cell walls and the cell interiors were 1013 and

1012 m-2, respectively. The three parameters, a*, b*, and

k0 have the same value as in reference [19], and finally the

new parameters such as 0 and kr are adjusted to obtain a

best fit. All the parameters used in the current model are

listed in Table 2.

The evolution of the dislocation density is shown in

Fig. 4. The rate of the immobilization of the dislocations is

much higher in the cell walls than in the cell interiors. At

the end of the ECAP pass 4, the dislocation density in the

cell walls reaches 7.638 9 1016 m-2. This is very close to

the experimental result from Müller et al. [13]. Instead, the

dislocation density in the cell interior is still lower than

1014 m-2.

The increase of the average dislocation density results in

a decrease of the cell size. The cell size in the aluminum is

close to 2.5 lm after one pass and decreases to 1.4 lm

after four passes (Fig. 5). Compared to the EBSD mea-

surement of previous work [20], the calculated cell size

evolution is acceptable.

The predicted back-stress along the axis of the ECAP

samples is shown in Fig. 6. The model predicts that the

back-stress increases very fast in the first ECAP pass, and

then reaches saturation and increases more slowly. The

damping after each pass, during which the back-stress

suddenly decreases below zero is due to the rotation of the

Table 2 Survey of the material parameters, used in the current model

Material parameters Value

qt¼0
w (m-2) 1013

qt¼0
c (m-2) 1012

f0 0.25

f? 0.06

a 0.35

G (GPa) 26.3

b (m) 2.86 9 10-10

K 100

a* 0.0024

b* 0.0054

k0 3.22

0 0.52

kr 10

Fig. 4 The evolution of the dislocation density in cell walls and in

cell interiors

Fig. 5 The evolution of the average cell size with respect to the

equivalent strain; open symbols indicate subgrain sizes measured by

EBSD
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sample before reinserting for the next ECAP processing. Its

fast development implies the deconstruction of the former

dislocation structures and rearrangement of the disloca-

tions. The predicted back-stress after pass 1, pass 2, and

pass 3 is very close to the experimental result. However,

the difference after pass 4 is relatively larger.

The effective stress rij is another important aspect,

which needs comparison with the experimental results. In

Fig. 7, the effective stress along the axis of ECAP samples

is increasing very fast in odd passes and keeps the strength

relatively constant during the even passes. At the end of

each pass, the effective stress can be considered as the

yielding strength in a tensile test that would be performed

on these samples. The difference between the calculated

results and the experimental results are acceptable.
Based on those results, it is believed that the current

model captures very well the back-stress evolution of the

ECAP processing of aluminum using route C.

Discussion

The strain relaxation in a cell-and-wall structure

As mentioned above, the Estrin–Tóth model assumed that

the strain rate is identical both in the cell wall and the cell

interior. On the other hand, Kröner [21] and Lemoine et al.

[22] treat the cell wall as a thermoelastic material, which

means there is no plastic slip in the cell wall and the plastic

strain is all undertaken by the cell interior. According to the

authors’ understanding, these two kinds of treatments

represent two extreme situations. Let R be defined as the

dislocation density ratio between the cell wall and the cell

interior. Figure 8 shows the large difference between the

predicted R when different relaxation ratio # ¼ _cw= _cc is

set. It is believed that the homogeneous strain assumption

(0 = 1) from the Estrin–Tóth model describes the lower

bound, while these thermoelastic models (0 ? 0) repre-

sents the upper bound of the dislocation evolution. A low-

relaxation factor 0 means lower dislocation mobility in cell

walls, resulting in less chance of annihilation of the dis-

locations in cell walls and more mobile dislocations from

cell interiors will stop at the cell walls. With the help of

this factor, the current model with 0 = 0.52, locates

between these two bounds, reflecting a dislocation evolu-

tion that is probably closer to the reality.

Fig. 6 The calculated back-stress evolution curve compared with the

experimental measurements

Fig. 7 The predicted effective stress during the ECAP processing

compared to the yielding strength of the ECAP processed aluminum

AA1050

Fig. 8 The influence of the strain relaxation factor 0 on the

dislocation density ratio R. R is defined as the dislocation density

ratio between in the cell wall and in the cell interior

4702 J Mater Sci (2010) 45:4696–4704
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The behavior of the current dislocation-based

back-stress law

According to the literature, there are at least three types of

back-stress laws to predict this long-ranged internal stress.

The first type is based on inclusion models. They are

inspired by Eshelby’s idea of treating the cell interior as the

inclusion of the cell wall matrix [23, 24]. This type of laws

is usually close to the thermoelastic theory, which always

overestimates the back-stress. In order to overcome this

drawback, Sauzay introduced a so-called plastic accom-

modation factor based on the ideas of self-consistent

models. It works fine for monotonic deformation. The

second type of models is more phenomenological and need

adjustable parameters. Among them, both the model from

Armstrong and Frederick [16] and the model from

Chaboche and Rousselier [25] are very classic and famous.

The development of this type of models was achieved by

the work of Teodosiu and Hu. The adjustable parameters

are related to the change of the dislocation sheets

arrangements. The third type of models was first proposed

by Mughrabi. The back-stress is assumed to be induced

from the different strength of cell walls and cell interiors.

Recently Feaugas and Gaudin ascribed the back-stress to

the different dislocation density between cell walls and cell

interiors [26].

The present dislocation-based model is a hybrid model.

It adopts the expression from the phenomenological model

to calculate the 3D back-stress and the influence from the

strain path change. It takes the evolved dislocation densi-

ties into account to describe the increased influence from

the back-stress source. Finally, the strain relaxation is

considered to account for the strain heterogeneity in the

cell structure.

In the current authors’ previous work [3, 27], the model

from Teodosiu and Hu, the model from Evers et al. [28,

29], and the model from Sauzay have been used to calcu-

late the back-stress evolution during the EACP processing

(see Fig. 9).

The first two models cannot predict the back-stress at an

appropriate level, even not the correct evolution. Sauzay’s

model is relatively better and is able to predict values very

close to the experimental ones. However, it is only suitable

for monotonic deformation (only one ECAP pass). The

current model is the best model to predict the back-stress

after the first three passes. The experimental dots and the

predicted ones are almost overlapping with each other.

The difference for the fourth pass is considered as the

result of a relatively inaccurate texture evolution prediction

and the fact that the difference between slip systems has

been neglected. First, according to reference [18], predic-

tion of the texture evolution in route C has proven to

be quite challenging. Many aspects such as grain–grain

interaction, inhomogeneous deformation, grain hardening,

grain substructure evolution, and imperfect reversal will

influence the texture evolution. Any small mistake in the

modeling assumption can lead to a bad texture prediction.

Second, the slip systems do not evolve equally due to the

grain orientation and latent hardening. The strong

assumption of identical critical resolved shear stress not

only induces the solution ambiguity of the FC-Taylor

model, but it significantly influences the slip rate and

underestimates the anisotropic evolution of the slip sys-

tems. These two problems need to be investigated further.

Conclusion

In this article, a dislocation-based model, with the ideali-

zation of a cell into a cell wall and a cell interior, was

developed to simulate the ECAP processing following

route C and to capture the evolution of the back-stress. By

comparing the prediction with the experimental work, it

has been proved the following.

1. This model accurately predicts the evolution of the

dislocation density in the cell structure. It gives very

realistic values of the cell size, comparable to the

results of EBSD measurements.

2. The strain relaxation is introduced to describe the

strain heterogeneity of a cell structure, making the

model closer to capture the reality.

3. The current dislocation-based back-stress model

adopts many advantages from the other back-stress

models. It is shown that it can give an accurate back-

stress evolution at least for the first three ECAP passes

of route C.

Fig. 9 The calculated back-stress from different models, compared

with the experimental measurements
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