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In this work, a multi-scale framework that couples a crystal plasticity (CP) scheme with a
continuum dislocation dynamics (CDD) model is proposed to predict the material behavior,
microstructure and texture during equal channel angular pressing (ECAP) processes. The strain
hardening in the model is considered to result from both the increase in the dislocation density
and the grain fragmentation. The grain fragmentation process is modeled by accounting for the
grain-grain interaction and incorporating the concept of the geometrically necessary disloca-
tions (GNDs) into the mean free path of the dislocations. GNDs result from grain boundaries
restricting the free deformation of a grain, causing an internal plastic deformation gradient that
subsequently leads to grain fragmentation. A commercial Al-1100 billet, with rolling texture, is
ECAP processed under Route C for different numbers of passes. Mechanical, microstructure,
and texture characterization is achieved for the received and ECAPed materials. The proposed
model parameters are calibrated using the tensile true-stress true-strain curves of the
unprocessed material at two strain rates. The ECAP-processed aluminum microstructure,
texture, dislocation densities and the mechanical properties are predicted.
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I. INTRODUCTION

ULTRAFINE-GRAINED microstructure in metal-
lic materials is manufactured by using severe plastic
deformation methods, which consecutively result in
mechanical properties alteration. The most common
severe plastic deformation and grain refinement tech-
niques are equal channel angular pressing (ECAP),
high-pressure torsion, and accumulated roll bonding.[1]

ECAP is an effective method that was first introduced by
Segal in the 1970s[2] and is used to enhance the
mechanical properties by achieving exceptional grain
refinement.[3–5] ECAP is a metal flow process in which a
billet is pressed through a die consisting of two channels
with equal cross-sections intersecting at an angle F. As
the billet is pushed through the die, it deforms severely
in simple shear mode.[4] ECAP presents the advantage of
processing large samples while maintaining an

unchanged cross-sectional area. Numerous studies on
ECAP were conducted to uncover the mechanisms of
texture and microstructure alteration induced by grain
refinement.[5–9] ECAP process parameters such as die
angle F, number of passes, deformation routes, and the
back-pressure considerably affect the grain refinement
process and hence the texture and the microstruc-
ture.[5,10] The effect of the die angle was studied
experimentally at room temperature (RT) on pure
aluminum using four different die angles ranging from
90 to 157.5 deg.[11] For each die angle, the aluminum
sample was processed by using several passes while
maintaining the final imposed strain at ~ 4. Ultrafine
equiaxed grains microstructure was achieved only with
F = 90 deg. There are four basic types of routes in
ECAP, namely, A, Ba, Bc, and C, as illustrated in
Figure 1. Li and Mishin[12] reported that different
deformation routes significantly affect the texture com-
ponents intensity, which consecutively influence the
anisotropic plastic response of aluminum billets. Fer-
rasse et al.[13] showed that the strength of ECAPed
copper samples saturates with the grain refinement
slowing down after four passes. In addition, for copper
and aluminum billets ECAPed via routes A and B,
ultrafine subgrain shear bands are observed within the
parent grains. Another work by Shaeri et al.[14] reported
that after 4 passes via routes A and Bc, the ECAPed
aluminum presented a very fine microstructure with an
average grain size of about 1 and 0.7 lm, respectively.
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Moreover, the first ECAP pass resulted in strong texture
components that weaken after four processing passes.
Finally, back-pressure is reported to considerably
improve the workability of metallic alloys during
ECAP.[15,16] Stolyarov and Lapovok[15] reported that
the strength and microhardness of aluminum alloy 5083
were significantly improved when ECAP processing with
a back-pressure. Krasil’nikov[16] reported that a pure
copper processed by 16 ECAP passes with a back-pres-
sure of 450 MPa resulted in a homogeneous

microstructure with a grain size of 0.19 lm and exhib-
ited an ultimate tensile strength of 470 MPa.
Experimental observations on high stacking fault

energy materials (SFM), such as Al, showed that the
grain refinement is mainly affected by the dislocation
slip mechanism.[17–22] Subgrains are rapidly formed at
the initial stage of plastic deformation demarcated by
dislocation walls, named geometrically necessary
boundaries (GNBs). As plastic strain increases, cell
walls formed from the mutual and the statistically

Fig. 1—(a) Simple schematic of the ECAP process, (b) reinsertion of the billet in route A with no rotations between passes, (c) reinsertion of the
billet in route Ba with a rotation of 90 deg in alternative directions between consecutive passes, (d) reinsertion of the billet in route Bc with a
rotation of 90 deg in the same sense between each pass, (e) reinsertion of the billet in route C with a rotation of 180 deg between passes.
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trapped dislocations, divide the parent grain into cell
blocks. A misorientation resulting from the difference in
the lattice rotation between the cell blocks increases,
prompted by the movement of GNB trapped disloca-
tions on different slip systems of the neighboring cell
blocks.[23] In addition, driven by the reorientation of the
cell blocks during deformation, some of the low-angle
grain boundaries are transformed into high-angle grain
boundaries.[24–27] By continuously increasing the plastic
deformation and the misorientation between cell blocks
while decreasing the cell block size, lamellar subgrains
around interconnecting boundaries are
formed.[20,25,27–29] Furthermore, equiaxed grains start
to form leading to finer microstructure.[22,30,31] Finally,
the plastic deformation reaches a steady state when the
multiplication and generation of dislocations are bal-
anced by dynamic recovery mechanisms leading to
ultrafine equiaxed grain microstructure.[26,32–36]

Metals are ECAPed at either low or high tempera-
tures, yet, since most cubic metals exhibit good ductility,
they are ECAPed at room or warm temperatures. The
effect of ECAP temperature was investigated extensively
in order to study its influence on microstructural and
mechanical development in metals.[37–41] Chen et al.[37]

investigated the effect of different ECAP extrusion
temperatures on the evolution of some metallographic
parameters of aluminum alloy, such as grain size, grain
aspect ratio, and grain boundary misorientation. It was
reported that with increasing extrusion temperature, the
average grain size gradually increases for temperatures
between 50 �C and 250 �C and then a sudden increase is
reported for 300 �C, attributed to the significant bound-
ary migration. Additionally, the proportion of low-angle
boundaries increases while the proportion of high-angle
boundaries decreases with increasing extrusion temper-
ature. The grain shape aspect ratio decreases from 2.7 to
1.5 when the processing temperature is increased from
50 �C to 300 �C, resulting in a more equiaxed grain
structure. Chang et al.[40] studied the mechanical prop-
erties of 5083 aluminum alloy ECAPed at 200 �C
through 8 passes using route C and then tensile tested
at room temperature and at 250 �C. At room temper-
ature, the yield strength showed a substantial increase
from 129 MPa for the as-received sample to 249 MPa
after the first pass and to 290 MPa after 8 passes, while
no remarkable variation of the total elongation was
observed. However, the Vickers microhardness
increased drastically after the first pass, followed by an
insignificant variation with an increasing number of
passes. The increase of the microhardness after the first
pass was attributed to the work hardening associated
with the drastic dislocation density increase and the
formation of subgrain bands. On the other hand, at high
temperature (250 �C), the extruded aluminum alloy
showed a decrease in the yield strength from 72 MPa
for the as-received sample to 52 MPa after 8 passes,
while a considerable increase in elongation (220 pct) was
noted after 8 passes. Another study by Prados et al.[41]

showed that at room temperature, the yield strength of
an ECAPed aluminum alloy through 4 passes increases
up to 3 times the yield strength of the unprocessed
specimens. Moreover, the ductility is observed to

decrease considerably after the first pass; however, with
an increasing number of passes the ductility is recovered
and reaches its maximum after the fourth pass. For all
tensile samples after ECAP, no work hardening effect
was observed. This observation is attributed to two
mechanisms, the mutual annihilation and the absorption
of the mobile dislocations by the grain boundaries.
These mechanisms result in the reduction of mobile
dislocation density. They can occur easily in ECAPed
materials due to the small diffusion distances[42] or due
to dynamic recovery, which is expected to occur in
aluminum at room temperature (30 pct of the homol-
ogous temperature).[43] Although we can find in the
literature some experimental characterization of the
mechanical properties of ECAPed materials, there is a
lack of modeling approaches predicting the mechanical,
microstructural, and textural properties of ECAPed
materials. Hence, developing physics-based models that
predict the properties of ECAPed materials is essential
in order to provide insights on the underlying deforma-
tion mechanisms.
In the literature, phenomenological- based, disloca-

tion- based or crystal-plasticity-based models were
proposed for predicting grain refinement and texture
evolution of ECAP-processed materials.[6,44–55] A phe-
nomenological grain refinement model assuming the
self-similarity of the grain refinement process was
proposed by Beygelzimer.[44] The activation of the grain
refinement mechanism was initiated with sufficient
pressure and strain. A quantitative grain fragmentation
process influenced by the strain path complexity was
proposed by Petryk annd Stupkiewicz.[48] The proposed
model predicted the microstructural changed, grain
refinement and strain hardening of FCC metals
deformed by ECAP, however the texture evolution
was neglected. A volume averaged number of generated
dislocations base model was proposed by Starink
et al,[47] for predicting the grain refinement during
SPD. The formation of new grain boundaries induced
by the multiplication of geometrically necessary dislo-
cations (GNDs) and local bond energies dislocations
resulting from the effective dislocation-free path and
solute–solute nearest-neighbor interactions were
predicted.
A disclination-based model describing the grain

subdivision mechanism was proposed by Seefeldt
et al.[56] Disclinations, by definition, are line defects
separating rotated (with slip activity) from unrotated
(no slip activity) crystal areas. The microstructure
development is described through the disclination model
at two different scales, mesoscopic scale (cell block or
subgrain level) and microscopic scale (cell or grain
level). On the mesoscopic scale, partial disclinations
describe nuclei of misorientation resulting from mobile
dislocations of the same sign or character being trapped
at cell block boundary or cell walls.[57] On the micro-
scopic scale, parallel dislocation-dislocation interactions
lead to the formation of dislocation sheets which in turn
lead to the formation of cell walls and thus the
formation of new grains.[56] Nazarov et al.[50,51] imple-
mented the disclination criterion into a visco-plastic
self-consistent model to describe the grain subdivision
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mechanism. The combination of these two approaches
provides information on the formation of disclinations
at the grain boundary junctions resulting from the strain
incompatibilities between the homogenous effective
medium and the grain. Junctions are then transformed
into low-angle dislocation boundaries and with further
straining they split into new smaller grains.[51]

Crystal plasticity models were developed also to
understand the microstructural and texture development
and to evaluate the mechanical response of ECAPed
materials.[46,52,55,58–60] Several aspects were considered
in these models, such as the grain size reduction, texture
evolution, work hardening, grain shape effect, and grain
neighboring effect. Beyerlein et al.[55] proposed a grain
fragmentation model based on a visco-plastic self-con-
sistent (VPSC) scheme. Although the proposed model
considered the grain shape effect in the fragmentation
criteria, it disregarded the influence of the intragranular
microstructure. Another physically based approach to
model grain fragmentation was proposed by Tóth
et al.[46] The proposed model assumed grains to be
divided into two zones: the grain center and the grain
boundary. The grain boundary, unlike the grain center,
was assumed to be slowed down by a friction factor
during deformation, leading to lattice curvature devel-
opment. However, the grain-grain interaction effect was
neglected in this model. Inspired by the lattice curvature
approach, a recent physically based model was proposed
by Kobaissy et al.[58] where the influence of the
neighboring grains was taken into account. In this
model, the grain-grain interaction effect was described
by the accumulation of the geometrically necessary
dislocations (GNDs) that were considered as additional
material defects accumulated near the grain boundary to
accommodate the lattice curvature.[61–64] In addition,
several aspects, including texture evolution, dislocation
densities evolutions, and grain fragmentation, were
considered. This model was validated on pure copper
processed through two ECAP passes and showed a very
good agreement with the experimental results. Even
though some research efforts were devoted to modeling
grain fragmentation, rather less attention was paid to
the modeling of the post-mechanical properties of the
ECAPed materials. In this work, the post-ECAP
mechanical properties of aluminum are predicted by
using a modified continuum dislocation dynamics-based
model. This paper is organized as follows. The exper-
imental procedure used to ECAP process and charac-
terize the mechanical, microstructural, and texture
properties of an aluminum alloy and the experimental
results are described in Section II. Section III describes
briefly the grain fragmentation model and the grain
neighboring effect. In Section IV, the modeling predic-
tions are analyzed and compared with the experiments.
Conclusions are provided in Section V.

II. EXPERIMENTAL PROCEDURE
AND RESULTS

A commercial Al Al-1100 O-tempered plate with an
average grain size of 80 lm and initially low dislocation

density is used. Texture measurements are conducted on
the starting material to confirm the typical rolled
texture. A composition of 99 at. pct Al purity is utilized
to eliminate the occurrence of dynamic precipitation
that could occur during ECAP. The plates are machined
to 6’’ long billets with a 1’’ 9 1’’ area cross section for
the ECAP process.

A. Equal Channel Angular Pressing (ECAP)

All ECAP passes are conducted at room temperature
along a 90 deg angled die with a pressing speed of
10 mm/min (strain rate of 10�2 s�1) with an applied
back-pressure from 2–4 KSI incremented with each
pass. Each pass is approximately determined to apply 95
pct strain per pass. ECAP under Route C, with 180 deg
clockwise rotation along the extrusion direction after
each pass, is conducted for each billet. Single ECAP
passes under the 2C and 4C routes are conducted on
separate billets to study the evolution of texture, grain
size, and mechanical properties.

B. Electron Back Scatter Diffraction (ESBD)

EBSD specimens are cut from the flow plane of the
as-received and ECAP-processed billets using electrical
discharge machining (EDM). Samples are cut from the
middle section of the billet where uniform elongation is
normally observed. Samples are mechanically ground on
the flow plane surface using SiC paper down to a 1000
grit size. Mechanical polishing is conducted using
polycrystalline diamond paste at 3 and 1 lm grit size,
followed by a final polish of 0.06 lm colloidal silica.
Samples are cleaned using a felt pad and deionized
water. EBSD is conducted on a TESCAN FERA-3
SEM under a 15-keV beam voltage. For the rolled
condition, a 3 9 3 mm2 area is scanned with a 10 lm
step size, while for all ECAP samples a 25 9 25 lm2

area is scanned with a 0.1 lm step size. EBSD scans are
acquired using Oxford Instruments Aztec software, and
post processing, including grain size determination and
texture, are conducted on Oxford Instruments HKL
Channel 5 software. A minimum of 10,000 grains are
used to calculate the pole figures and to represent the
texture of the as-received and ECAP-processed billets. It
is argued that to accurately represent the macrotexture
of medium- to moderately textured materials, the
orientation data from approximately 10,000 grains
generated from EBSD are necessary.

C. Experimental Results

Figure 2 shows the (100), (110), and (111) pole
figures of the initial Al-1100 alloy. The (111) pole
figure shows a typical cube {001} h100i texture com-
monly observed in hot-rolled FCC alloys formed due to
dynamically recrystallized grains during high-tempera-
ture rolling.[65,66] Some diffuse texture densities are also
observed in the (111) pole figure, suggesting that some
recrystallized grains may have formed within the shear
bands during the rolling process, causing some grains to
misorient away from the typical cube texture. Equiaxed
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grains within these shear bands could become possible
nucleation sites for new recrystallized grains during
ECAP with larger misorientations, which could further
misorient the grains away from the typical cube
texture.[67]

Figure 3 shows the tensile engineering stress-engi-
neering strain plots at room temperature for the
as-received Al-1100 under two different strain rates,
10�2 and 10�4 s�1, along the rolling direction (RD). The
strain hardening response between the two strain rates
does not show a significant difference in the experimen-
tal tests due to similar slip conditions. Compression tests
conducted by other studies on Al1100-O alloys at 10�5

to 10�1 s�1 also showed a similar lack of strain
hardening difference within this strain rate window.
Strain rate hardening differences were observed only
under high strain impact tests with a range of
100–1000 s�1.[68] The uniformly elongated region for
the 10�4 s�1 strain rate in Figure 3 occurs at 0.15 strain,
compared to the 10�2 s�1 strain rate at 0.25 strain;
hence, strain localization is occurring sooner for the

10�4 s�1 condition. Due to the symmetric cube texture
observed, isotropic strain hardening responses can be
assumed for the starting material.
Figure 4 shows the pole figures after tensile deforma-

tion at both strain rates. The texture is measured in the
uniformly elongated region away from the necked
region. Similar texture evolution for the two different
strain rates is observed. In both textures, the initially
misoriented grains are reoriented closer to the typical
cube texture, allowing easy dislocation slip and provid-
ing a recovery process for deformed grains. This
recovery process is normally observed during rolling
deformation of FCC alloys, but this similar mechanism
was observed during simple tensile deformation to
accommodate higher straining.[69,70]

Figure 5 shows the ECAP texture of the flow plane
for routes 1A, 2C, and 4C. The texture of the 1A ECAP
route shows a rigid rotation of 45 deg around the flow
direction of the center of the cube texture but maintains
the typical cube texture. ECAP was conducted at room
temperature; hence, strong grain refinement should be

Fig. 3—Measured stress-strain response of the as-received Al-1100 alloy at two strain rates, 10�2 s�1 and 10�4 s�1.

Fig. 2—Pole figures representing the initial texture of Aluminum alloy AA-1100.
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observed with the formation of subgrain and low-angle
grain boundaries. The major texture densities show a
slight spread in orientation from the main oriented
peaks, which show subgrain formation with a

misorientation of 1 to 2 deg and the formation of
low-angle grain boundaries with misorientations of 2 to
10 deg. Route C involves rotating the billet by 180
degrees along the extrusion direction between each

Fig. 5—(111) pole figures of the measured textures after 1 (a), 2 (b), and 4 (c) passes of ECAP via route C.

Fig. 4—Measured textures of the tensile as-received samples at two strain rates.
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ECAP pass. After the first pass, a simple shear along the
45 deg angle produces elongated grains along the
shearing direction. On the second pass, due to the
180-degree rotation, an equal and opposite shear strain
is applied on the billet, which readjusts the elongated
grains to a more equiaxed structure. The comparison
between the textures of route 2C and route 1A shows a
distinct difference in the low-angle spread of the major
texture points in the pole figures. Therefore, subgrain
and low-angle grain boundaries are decreased, while
high-angle grain (> 10 deg) boundaries are increased.
The route 4C texture shows a further increase in
high-angle grain boundaries, with the development of
new density peaks away from the typical cubic texture.
However, the density of low-angle grain boundaries
stayed very similar to route 2C. Those grain misorien-
tation distributions are commonly observed in low-tem-
perature ECAP of FCC alloys. Early ECAP
deformation (~ 1 to 2 passes) results in subgrain
boundary formation with low-angle grain boundaries.
Then, with increasing number of passes, more disloca-
tions are deposited along the subgrain, and low-angle
boundaries increase the misorientation angle, leading to
the development of more low-energy high-angle grain
boundaries.[71]

To investigate the mechanical properties of AA-1100
after ECAP, tensile tests are performed at room
temperature. Tensile loading is applied on specimens
with their major axes being aligned along either the
extrusion direction (ED) or the flow direction (FD) at
two strain rates of 10�2 and 10�4 s�1. A summary of the
yield stress (YS), ultimate tensile strength (UTS), and
elongation is shown for each ECAP route at 10�2 and
10�4 s�1 strain rates in Figure 6. The yield and ultimate
tensile strengths increased from 50 and 80 MPa to 130
and 150 MPa after one pressing pass and to 160 and
190 MPa after 4 passes, respectively. The higher
strength of the ECAPed material is attributed to the

decrease in the grain size (Hall-Petch effect), where the
flow stress is inversely proportional to the square root of
the grain size. The elongation decreased considerably
after one pass and remained almost unchanged with the
increasing number of ECAP passes.
Figure 7(a) shows the experimental tensile responses

of route 1A at two different strain rates and along two
different directions, extrusion and flow. Experimental
results show very little strain hardening difference
between the two directions and strain rates. This type
of hardening behavior was observed for similar Al alloys
with ultrafine grain structure. Figures 7(b) and (c) show
the experimental tensile responses of routes 2C and 4C,
respectively. An increase in the yield stress and ultimate
tensile strength is observed with the increase in the
number of passes, which can be attributed to the grain
refinement and increase in dislocation density. In
contrast, a relatively perfect plastic behavior is observed
for all ECAP routes (1A, 2C, and 4C). The lack of strain
hardening can be due to the high dislocation density
reached after ECAP, which allows more dynamic
dislocation recovery in FCC alloys during tensile
deformation.[72]

III. MODELING METHODOLOGY

A. Summary of the CP-CDD Approach

During severe plastic deformation, dislocation density
increases drastically in the polycrystal, leading to an
increase in the internally stored energy. As deformation
continues, new grain boundaries are developed, and the
internal energy is released by the fragmentation of the
parent grain into smaller grains.[10] In prior work,
Kobaissy et al.[58] proposed a grain fragmentation model
based on a crystal plasticity (CP) scheme coupled with a
continuum dislocation dynamics (CDD) model to cap-
ture the microstructural behavior during the ECAP

Fig. 6—Experimental tensile behavior data (yield strength (YS), ultimate tensile strength (UTS) and elongation) of the as-received sample (0
pass) and the ECAPed samples after 1, 2, and 4 passes via route C at two strain rates. Data values for only the ED tests are shown.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 51A, OCTOBER 2020—5459



process. The behavior of each crystal is described by
crystal plasticity. The Taylor-Lin[73–75] homogenization
scheme is used to capture the overall response of the
metallic polycrystal. The polycrystal Cauchy stress is

expressed as T ¼ 1
N

PN

k¼1

wkTk, where w(k) and T(k) corre-

spond to the weight factor and the Cauchy stress of the

kth crystal, respectively, and N is the total number of

crystals. In this scheme, the addition of the elastic l
kð Þ
e

and the plastic l
kð Þ
p velocity gradient tensors in each grain

is assumed to be equal to the macroscopic velocity

gradient L l
kð Þ
e þ l

kð Þ
p ¼ L

� �
. The stress in a metallic

single crystal is defined by the second Piola–Kirchoff
stress tensor, which is expressed as T� ¼ L:Ee, where L
is the fourth-order stiffness tensor of the single crystal
and Ee is the elastic Green–Lagrange strain tensor. The
Cauchy stress in each crystal can be written then as

T kð Þ ¼ 1
detFe F

eT�Fe�T. In this work, F represents the
deformation gradient tensor, which can be decomposed
multiplicatively into elastic Fe and plastic Fp deforma-
tion gradient tensors as F ¼ FeFp.[76] The evolution of
the plastic deformation gradient Fp can be expressed in
terms of the plastic velocity gradient tensor Lp as

follows: _Fp ¼ LpFp, with Lp ¼
P12

s¼1

_csSs for materials

deforming only by slip. _cs is the slip shear rate on the
slip system ‘‘s’’ and Ss ¼ ms

0 � ns0 is the Schmid tensor,
where ms

0 and ns0 are the slip direction and the slip plane
normal of the ‘‘s’’ slip system, respectively.
A continuum dislocation dynamic model is coupled

with the crystal plasticity model for the purpose of
capturing the evolution of dislocation densities. The
Orowan relationship[77] is used to describe the effect of
mobile dislocation density and glide velocity in the
formulation of the plastic shear rate: _cs ¼ qsmbv

s
g, where

qsm is the mobile dislocation density in the slip system
‘‘s’’ and b is the magnitude of the Burger vector. The
dislocation glide velocity vsg on system ‘‘s’’ can be written

as vsg ¼ v0
ss
ss
th

�
�
�

�
�
�
1=g

sign ssð Þ, where v0 is the reference veloc-

ity, g is the strain rate sensitivity factor, ss is the resolved
shear stress on slip system ‘‘s’’, and ssth is the threshold
resolved stress of the slip system ‘‘s’’. ssth can be
decomposed additively into three stresses, the initial
critical resolved shear stress s0, the Hall-Petch stress ssHP,
and the shear stress responsible for the material hard-
ening ssH. Hence, the threshold stress on each slip system
‘‘s’’ is expressed as ssth ¼ s0 þ ssHP þ ssH. The Hall-Petch
stress is expressed in terms of the Hall-Petch parameter
K and grain size D as ssHP ¼ KsD�0:5. In addition, the
hardening stress resulting from the long-range interac-
tions between dislocations is expressed as

ssH ¼
PNsi

r¼1

XsraBHGb
ffiffiffiffiffiffiffiffiffi
qrTSS

p
, where Xsr is the interaction

matrix, aBH is the Bailey-Hirsh coefficient, G is the shear
modulus, Nsi is the number of slip systems that interact
with the slip system ‘‘s’’, and qrTSS is the total statistically
stored dislocation density, defined as the sum of the
mobile qrm

� �
and the immobile qri

� �
dislocation densities

in the slip system ‘‘r’’ qrTSS ¼ qrm þ qri
� �� �

. During plastic
deformation, both the mobile and the immobile dislo-
cation densities can evolve. The evolution laws for these
two quantities are described by Li et al.[78] and are
represented below in Eqs. [1] and [2].

Fig. 7—Engineering stress vs engineering strain plots for the
ECAPed Al-1100 alloy at two different strain rates and along two
directions for routes (a) 1A, (b) 2C, and (c) 4C. (ED extrusion
direction, FD flow direction).
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_qsm ¼ a1q
s
mv

s
g=
�l� 2a2Rc qsm

� �2
vsg � a3q

s
mv

s
g=
�l

þ a4 ssj j=ssth
� �f

qsi v
s
g=
�lþ a5

XNcs

b¼1

Psbqbmv
s
g=
�l

� a6Rcq
s
mq

s
i v

s
g ½1�

_qsi ¼ a3q
s
mv

s
g=
�l� a4 ssj j=ssth

� �f
qsi v

s
g=
�l� a6Rcq

s
mq

s
i v

s
g ½2�

In these equations, �l is the mean free path of
dislocations, Rc is the critical radius for dislocation
annihilation, Psb is the matrix that describes the prob-
ability for the cross-slip mechanism to occur, and f is a
constant set as 0.5. Six dislocation mechanisms con-
tributing to the hardening behavior of the material are
described by the rate Eq. [1], which depends on six
material parameters a1 � a6ð Þ. The first term captures
the rate of multiplication and generation of mobile
dislocations resulting from the propagation of resident
dislocations and the production of new dislocations due
to Frank-Read sources. The second term describes the
annihilation of two mobile dislocations of opposite
signs. The immobilization of mobile dislocations due to
the formation of dipoles and junctions is captured in the
third term, while the mobilization of immobile disloca-
tions due to the breakup of pinning points, junctions,
and dipoles is described in the fourth term in Eq. [1].
The fifth term accounts for the cross-slip mechanism
that occurs when a screw dislocation on one slip plane
jumps to another slip plane during plastic deformation.
Finally, the annihilation of mobile and immobile dislo-
cations due to their interaction is presented in the sixth
term.

B. Grain Fragmentation Modeling

Severe plastic deformation alters the microstructural
and texture properties of polycrystalline materials by
evolving the dislocation density and grain size. In the
proposed approach, material hardening results from the
evolution of the dislocation density and reduction of the
average grain size that hinder the movement of dislo-
cations. We differentiate between two types of disloca-
tions: the statistically stored dislocations (SSDs) and the
geometrically necessary dislocations (GNDs). SSDs are
dislocations that are randomly trapped within a grain,
while GNDs are dislocations that accumulate near the
grain boundaries. GNDs account for the effect of the
neighboring grains by the additional storage of materi-
als defects that hinder the movement of mobile disloca-
tions and thus reduce their mean free path. SSDs give
rise to homogeneous stress and strain fields,[79] while
GNDs contribute to an inhomogeneous state of stress
and strain that accommodates the lattice curvature
during the non-uniform plastic deformation.[80] The
GND effect is implemented in the mean free path of the
moving dislocations and written as follows[81,82]:

�ls ¼ c�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNsi

j¼1 w
js qjTSS þ qjGND

� �q ½3�

where c� is scale factor accounting for the non-unifor-
mity of the dislocations distribution in the crystal, wjs is
a weight matrix fully populated by ones for simplicity,

and qjGND denotes the density norm of GNDs on slip
system ‘‘j’’ and is expressed in terms of the Nye’s tensor
ajnm corresponding to slip system ‘‘j’’[83,84] as,

qjGND ¼ 1

b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ajnma
j
nm

q

½4�

The evolution of the Nye’s tensor for large deforma-
tion is described as the gradient of the plastic velocity
gradient Lp:

_a ¼ curl Lpð Þ or _aij ¼ ejklL
p
il;k ½5�

where ejkl denotes the permutation tensor. L
p
il;k is the

derivative of the plastic velocity gradient and is obtained
using the central difference method.[79]

A grain fragmentation model was recently proposed
by Kobaissy et al.[58] to predict the microstructural,
texture, and mechanical behavior of cubic material
during ECAP. The model was based on the lattice
curvature approach proposed by Tóth et al.[46] and
extended to account for the grain-grain interaction.
Furthermore, with increasing plastic deformation, the
Kobaissy et al.[58] approach accounted for the develop-
ment of the misorientation angle between the center of a
grain and its boundary. When a threshold misorienta-
tion angle was reached (i.e., 5 deg), the subgrains were
then considered as new grains with different orientations
from their parent grain. The model assumed that a grain
fragments into four grains of equal size. In this work,
the grain fragmentation procedure is improved to better
mimic the experimental observations: a grain is subdi-
vided into nine subgrains with a grain-boundary-free
central subgrain. The subgrains are assigned their parent
grain orientation before deformation. The subgrains are
considered as new grains when the fragmentation
criterion is satisfied (misorientation angle exceeds
5 deg). Each parent grain is allowed to split up to a
maximum of 9 9 9 9 9 = 729 new grains (3 fragmen-
tation levels) (Figure 8(a)). Depending on the neighbor-
ing grains, the subgrains of a parent grain can exhibit
different levels of fragmentation. In our simulations, the
initial polycrystal microstructure is discretized into a
uniform 2D grid of squared grains, as represented in
Figure 8(b). Each grain in the grid is assigned a grain
size, orientation, initial dislocation density, and position
whereby the neighboring grains are identified. It is
assumed that the middle subgrains are not affected by
the neighboring grains, while the neighboring grains’
effect is accounted for in the deformation calculation of
the remaining subgrains by adding the GND effect. It is
also assumed that the accumulation of GNDs at the
grain boundary is associated with the induced misori-
entation angle according to the relation proposed by
Konijnenberg et al.

hm ¼ qGND �D � b=3 ½6�
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where D is the grain size and b is the magnitude of the
Burgers vector.

IV. RESULTS AND DISCUSSIONS

In this section, the numerical results are presented,
analyzed, and compared with the experimental ones.
First, the model parameters are identified by fitting both
the tensile stress-strain response and the texture results.
The identified model parameters are then used to
conduct ECAP simulations with route C through a
different number of passes. The predicted texture
evolution is then compared to the experimental results,
and the strain hardening, dislocation density evolution,
and slip system activity are extracted. Finally, the
mechanical behavior of the ECAPed aluminum is
simulated and compared to the experimental mechanical
behavior results.

A. Calibration of Model Parameters

The initial microstructure of the polycrystal alu-
minum alloy presented an average grain size of 80 lm,
and its initial texture, represented by the (100), (110),
and (111) pole figures, is shown in Figure 2. The model
parameters are identified by fitting the simulated tensile
true stress-true strain curves and the resulting texture to
the experimental ones. As mentioned previously, the
tensile tests were conducted at room temperature along
the rolling direction for two different strain rates, 10�2

and 10�4 s�1. The deformation gradient tensor can be
written as:

F ¼
e_es 0 0
0 e�_es=2 0
0 0 e�_es=2

0

@

1

A ½7�

where _e is the strain rate and s is the time increment.
The comparison between the experimental and the

numerical tensile true stress-true strain curves is pre-
sented in Figure 9. An excellent agreement between the
numerical and the experimental results for both strain
rates is observed. It is worth mentioning that the model
parameters are calibrated on the experimental results
interrupted at the ultimate tensile strength (UTS), since
the stress state deviates from the uniaxial loading
condition with the propagation of the plastic instability.
The UTS values for the 10�2 and 10�4 s�1 strain rates
are equal to 93 and 107 MPa, respectively.
The numerical texture is also compared to the

experimental textures for both tensile loading conditions
(the texture is measured in the gage length away from
the necking area). Figure 10 shows the capability of the
model to reproduce all the main texture components.
The difference in the intensity levels may be attributed to
the difference in the number of grains used to plot the
pole figures. Table I lists the model parameters that are
used to generate the optimal fit between the numerical
and the experimental results. The initial SSD and GND
densities values are taken as 2:4� 1013 and
1:2� 1014 m�2, respectively.

B. Prediction of ECAP

1. Texture
The polycrystal texture changes significantly with the

severe plastic deformation induced by the ECAP pro-
cess. The considerable change in the texture results in an
evolution of the material’s mechanical and anisotropic
properties. Several processing factors, such as process-
ing route, number of passes, die angle, etc., affect the
evolution of the texture. In this work, aluminum alloy is
ECAPed up to four passes through route C. A Tay-
lor-Lin model combining crystal plasticity and

Fig. 8—(a) Subdivision of grain into 9 9 9 9 9 subgrains, and (b) schematic representation of the polycrystal.
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continuum dislocation dynamics approaches is used to
predict the texture evolution during ECAP. The pre-
dicted and the experimental texture are compared by
analyzing the presence and location of the ideal orien-
tations of the shear texture listed in Table II.

The ideal orientations of ECAP textures were studied
by several investigations[85,86] and found to be CCW-ro-
tated by an angle h ¼ U=2 around the flow direction
(FD) in the (111) pole figure. The main ECAP texture
components, similar to simple shear texture compo-
nents, are distributed along fibers in the orientation
space and are represented in the (111) pole figure in
Figure 11.[87] Figure 12 shows the experimental and the
predicted textures after one pass of ECAP. The exper-
imental texture is measured using the electron back-scat-
tered diffraction (EBSD) method and then plotted,
similarly to the predicted texture, using the MTEX
software. A good agreement between the experimental
and the predicted texture can be noticed; furthermore,
the predicted texture exhibits all the ideal ECAP texture
orientation components. All ideal components are
captured by the model; however, Ah= �Ah components
are missing from the measured texture. In addition,
some intensity-level differences between the two textures
are observed, which may be attributed to the different
number of grains used to plot the pole figures.

The post-mechanical properties of aluminum
ECAPed through route C after four passes are studied.
Under route C, also called the reversal route, the shear
direction is reversed between consecutive passes while
maintaining the same plane of shearing. The texture
symmetry under route C is maintained as long as the
sample’s deformation is kept homogeneous and the
sample is rotated around the axis of symmetry (FD).
This texture symmetry, also called monoclinic symme-
try, exhibits a shear-like texture in which the texture

after even-numbered passes is recovered and the textures
after odd-numbered passes resemble the first-pass tex-
ture.[10,88] The measured and predicted textures of the
aluminum ECAPed through route C after two and four
passes are presented in Figure 12. The ideal shear
texture components are observed in the measured
textures of the 2C and 4C ECAPed aluminum. Further-
more, a good agreement with the predicted texture is
observed, with a difference in the intensity levels of a
factor of two.

2. Strain-hardening behavior
In the last decade, modeling the strain-hardening

behavior of materials subjected to severe plastic defor-
mation was of interest in many investigations. Disloca-
tion-based models were proposed for that
purpose.[46,89–91] Using the continuum dislocation
dynamics-based grain fragmentation model,[58] the
in-situ mechanical response of the material during the
ECAP process is predicted. Figure 13 depicts the pre-
dicted von Mises stress-von Mises strain curve as well as
the strain hardening rate vs von Mises strain for the four
ECAP passes. The predicted strain-hardening behavior
follows the expected behavior of a polycrystalline
material as reported in the literature.[46,91] Although
the elastic region (ends at a strain of 0.2 pct) is very
small compared to the plastic region, the elastic behav-
ior is predicted by our simulations, since the elastic
deformation is accounted for by the Taylor-Lin
CP-CDD model. Initially, the strain-hardening rate
shows a fast linear decrease up to 20 pct of strain,
followed by a slower continuous decrease until the end
of the first pass. The decrease in the strain-hardening
rate with increasing strain was suggested to be induced
by the dynamic recovery process.[91] Figure 13 shows
that the 1A aluminum exhibits a different

Fig. 9—Experimental and simulated true stress-true strain behaviors at two different strain rates 10�2 and 10�4 s�1.
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strain-hardening behavior when ECAPed through route
C, compared to the as-received material when ECAPed.
The different hardening behavior is attributed to the
evolution of the microstructure and texture after the 1A
ECAP pass, where the majority of the grains are rotated
to their ideal positions, which leads to a decrease in the
Taylor factor.[92] In the 2C pass, the rate of strain
hardening decreases rapidly until it reaches a plateau-
like behavior after a strain of 20 pct. In the third ECAP
pass, Figure 13 shows a decrease in the yield stress and a

linear strain-hardening behavior due to the texture
developed in the second pass, where the billet is rotated
by 180 deg between consecutive passes. The strain-hard-
ening behavior in the fourth pass mimics the behavior in
the second pass, which can be explained by the
monoclinic symmetry after even passes via route C, as
illustrated in Section IV–B–1.
During plastic flow, the dislocation motion is affected

either by short-range barriers, such as vacancies and
interstitial atoms, or by long-range barriers, such as

Fig. 10—Comparison of the measured and the simulated textures of the tensiled as-received samples at two strain rates. Note the experimental
results are repeated here for the sake of visual comparison.

5464—VOLUME 51A, OCTOBER 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A



grain/subgrain boundaries and forest dislocations.
Low-angle boundaries subgrains are formed by the
accumulation of dislocations. The immobilization of
dislocations at the subgrain boundaries results in an
increase of the misorientation angle and hence the
formation of new grains. The dislocation density evo-
lution is influenced by the microstructural change (grain
size decrease) induced by the severe plastic deformation.
In fact, the movement of the mobile dislocations is
hindered by the increasing volume of grain bound-
aries.[93] Recently, several studies[94–98] characterized the
microstructural evolution of aluminum alloys and mea-
sured the dislocation density for several ECAP passes
via different routes. The studies reported a major

increase in dislocation density after the first pass where
grain fragmentation is the main deformation mecha-
nism. However, a gradual increase was reported for the
subsequent passes. Based on the literature,[94–98] the
SSD density was reported to reach a value of 2:4�
1014 m�2 after the first pass, which is less than the value
predicted by our proposed model. We can explain the
difference between the experimental and predicted SSD
density by the fact that the proposed model does not
account for the dynamic recovery process contributing
to moderate the plastic hardening during ECAP

Table I. List of Properties and Calibrated Model Parameters of Aluminum Alloy

Parameter Definition Value (Unit)

C11, C12, C44 elasticity constants 1,06,800, 60,700, 28,000 MPa
l shear modulus 26,000 MPa
K Hall–Petch coefficient 1.0 MPa mm1/2

D average grain size 80 lm
b magnitude of burgers vector 2.86 9 10�10 m
_e strain rate 0.01 s�1 for ECAP
s0 initial critical resolved shear stress 12 MPa
g strain rate sensitivity 0.01
c� numerical constant 0.8
q ratio of the latent hardening rate to the self-hardening rate 1.4
v0 reference strain rate 0.001 m/s
aBH Bailey–Hirsch hardening coefficient 0.07
a1 dislocation multiplication coefficient 0.02
a2 dislocation annihilation coefficient 1.0
a3 immobilization coefficient 0.002
a4 mobilization coefficient 0.002
a5 cross-slip coefficient 0.003
a6 mobile-immobile annihilation coefficient 1.0
qim�initial

initial mobile dislocation density on slip system i 1012 m�2

qii�initial
initial immobile dislocation density on slip system i 1012 m�2

qGND initial initial geometrically necessary dislocation density 1013 m�2

Fig. 11—(111) key pole figure representing the ideal orientations
after one pass of ECAP.

Table II. Main Ideal Orientations, Represented by Their

Euler Angles and Miller Indices, of FCC Crystals in ECAP

with Die Angle F = 90 deg

Notation

Euler Angles (Deg) Miller Indices

u1 ; u2 ED ND FD

A�
1h 80.26 45 0 44�1

� 	
�1�1�8
� 	

�110
� 	

170.26 90 45
A�

2h 9.74 45 0 118½ � �4�41
� 	

�1�10
� 	

99.74 90 45
Ah 45 35.26 45 914½ � 1 11 �5½ � �112

� 	

�Ah 225 35.26 45 �9�1�4
� 	

�1115
� 	

�112
� 	

Bh 45 54.74 45 15 4 11½ � 7 26 19
� 	

�111
� 	

165 54.74 45
�Bh 105 54.74 45 15 �4 11

� 	
�7 26 19
� 	

�111
� 	

225 54.74 45
Ch 135 45 0 334½ � 22�3

� 	
�110
� 	

45 90 45
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processing. A recovery factor is applied before each pass
to reduce the dislocation density and hence account
indirectly for the dynamic recovery process. The same
recovery factor of the dislocation density between passes
under route C (same as Reference 94) is assumed; thus,
the dislocation density values are 3� 1014 and 3:6�
1014 m�2 after the second and the fourth pass of ECAP
via route C.

Figure 14 shows the evolutions of mobile, immobile,
and geometrically necessary dislocation densities as a
function of the strain for the different ECAP passes.
During the 1A pass, the densities of the mobile
dislocations and the GNDs exhibit a similar evolution,
although the initial value of the GND density is 10 times
greater than that of the mobile dislocation density.
During the 1A pass, grains are subjected to severe
plastic deformation, which drastically increases their
internal energy, leading to grain fragmentation as a

relief mechanism. Consequently, the coarse grains are
fragmented into smaller grains exhibiting different
dislocation densities than the parent grains. The increase
in the dislocation density is predicted in Figure 14,
where both mobile dislocations and GNDs increase
similarly up to a strain of 80 pct. After this strain value,
most of the grains are fragmented, so the mobile
dislocation evolution rate decreases since the GNDs
now act as obstacles at the grain boundaries. During
each pass, the generation and the multiplication of
dislocations will lead to an increase in the dislocation
density, which is predicted by the current model in
Figure 14.

3. Slip Activity
Dislocation motion usually occurs on a specific slip

system, which is a combination of slip plane and slip
direction. The movement of dislocations initiates the

Fig. 12—(111) pole figures of the measured and predicted textures after 1, 2, and 4 passes of ECAP via route C. Note the experimental results
are repeated here for the sake of visual comparison.
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plastic deformation, implying that several slip systems
are activated. In FCC metals, twelve slip systems
111f g 110h i may be activated when the resolved shear

stress on a specific system exceeds the critical resolved
shear stress, which is responsible for a dislocation
movement. In the present work, crystallographic slip is
assumed to be the main deformation mechanism that
induces plasticity. The activity of slip systems affects the
texture evolution and the lattice reorientation.[99]

Figure 15 shows the relative activity of the 12 slip
systems, represented by the four slip planes, obtained

numerically for the four passes of ECAP. The relative
activity on slip system ‘‘s,’’ RAs, is calculated as the
average of the slip system activity for all grains in the
polycrystal[100]:

RAs ¼
P

N¼1;Ng _c
s Nð Þ � w Nð Þ

P
j¼1;12

P
N¼1;Ng _c

j Nð Þ � w Nð Þ ½8�

where Ng is the total number of grains and w is the
weight factor of the grain.

Fig. 14—Dislocation density evolution during the four passes of ECAP.

Fig. 13—Predicted hardening behavior of aluminum alloy during four passes of ECAP.
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For all passes, all of the slip systems are activated,
with some slip systems dominating others. In the first
pass, all slip planes have approximately similar relative
activities up to 50 pct, after which the 1�11

� �
slip plane

becomes more active and the 11�1
� �

slip plane becomes

less active, while 111ð Þ and �111
� �

remain unchanged.
Other slip systems show an almost stable relative
activity during the first pass. Different relative activities
are shown in the second pass due to the developed
texture and to the rotation of the billet by 180 between
ECAP passes. We can notice that the relative activities
of the 1�11

� �
and �111

� �
slip planes exhibit an opposite

evolution. The relative activity of the �111
� �

slip plane
shows a noticeable increase with strain, while the
relative activity of 1�11

� �
slip plane shows a slight

decrease with strain. The slip planes’ activity variations
could be explained by the multiplication and annihila-
tion of dislocations on those slip systems. Figure 15
shows a similar relative activity evolution for the
different slip planes in the 2C and 4C passes, since a
similar initial texture is used for both passes due to the
texture symmetry in route C after an even number of
passes. In contrast, different relative activity evolutions
are observed for the 3C pass since the initial texture of
the billet is rotated 180 deg.

During ECAP, the shearing plane, defined at the two
intersecting ECAP channels, are the macroscopically
most stressed plane. Thus, dislocations with different
Burgers vectors are developed mainly at this plane and
its surrounding in which slip systems are active.[101] As
mentioned previously, strain hardening is induced by the
activation of different slip systems,[102] and in order to
accommodate for strain incompatibilities during plastic
deformation, a minimum of five activated slip systems
are required.[103,104] The volume fraction of grains with
at maximum three, four, five, six, seven or eight active

slip systems during four ECAP passes are predicted in
Figure 16. In the first pass, approximately 80 pct of the
grains deform with at least six active slip systems which
could be attributed to the lower dislocation movement
resistant that is exhibited by coarse grains. However, for
the second pass, approximately 60 pct of the grains
deform with at least six active slip systems. This volume
fraction decreases with increasing number of passes,
since it is estimated that 55 pct of the grains deform with
at least six active slip systems for the third pass and 50
pct for the forth pass. Furthermore, an increase in the
volume fraction of grains deforming with a maximum of
four active slip systems is observed with increasing
number of passes. The correlation between slip activity
and grain fragmentation reveals that grains fragmenta-
tion activity is proportional to the number of active slip
system. Grain fragmentation is highly probable to occur
in grains with at least 8 active slip systems. The volume
fraction of grain fragmentation decreased with decreas-
ing volume fraction of grains with at least eight active
slip systems. Indeed, after the second pass, very little
change is observed in the grains size with the texture
reaching its ideal ECAP components.

4. Grain size
A microstructure with ultrafine grain size varying

from a few microns to submicron can be obtained from
severe plastic deformation processes such as ECAP.
With a high level of plastic strain, the high internal
energy stored in the grains is the result of the high
dislocation densities that promote the formation of
obstacles (GNDs) that hinder the motion of mobile
dislocations. The increase in the internal energy of the
grains leads to an increase in the misorientation angle
between subgrains, and grain fragmentation occurs
when this angle reaches a critical value (i.e., the
misorientation angle exceeds 5 deg). The new grains

Fig. 15—Relative slip system activities during ECAP.
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are formed with a microstructure distinct from their
parent grain in terms of dislocation density, grain size,
and orientation.

In our grain fragmentation model, grains are subdi-
vided initially into nine subgrains having similar
microstructure and orientation to their parent grains,
where each subgrain is assigned one-third of its parent
grain size. As explained in Section III–B, each grain is
allowed to exhibit three fragmentation levels, i.e.,
9 9 9 9 9 = 729 new grains. Thus, a polycrystal with
an average grain size of 80 lm can reach 80/
27 = 2.96 lm as a minimum value after one pass of
ECAP. After the 1A ECAP pass, the EBSD-measured
average grain size of the aluminum alloy is found to be
equal to 1.45 lm, while the predicted value is equal to
3 lm. An additional fragmentation level is necessary to
capture the grain size after the first pass well; however, it
is difficult to implement due to computational limita-
tions. A better grain size prediction is achieved for the
2C ECAP pass. The experimental and the predicted
average grain size in the 2C ECAP pass are equal to 1.11
and 1.02 lm, respectively. Furthermore, a good predic-
tion of the average grain size is obtained at the 4C
ECAP pass, with an experimental value of 0.7 lm and a
predicted value of 0.675 lm.

C. Post-ECAP

As illustrated in Section IV–B–2, different microstruc-
tural features of the polycrystal are developed after
severe plastic deformation. As the plastic strain
increases, dislocations start to accumulate at the sub-
grain boundaries, forming low-angle grain boundaries.
At higher levels of strain, the misorientation between
subgrains increases and new grains are created with

relatively low dislocation density. Grain fragmentation
occurs in order to release the stored energy in the
polycrystal during deformation. As a consequence of
grain fragmentation, the new fine grain boundaries
hinder the dislocation movement by pinning them at the
boundaries, thus reducing the mobile dislocation den-
sity. In order to predict the mechanical properties of the
ECAPed samples, several simulations were performed.
Figure 17 shows the true stress-true strain curves of the
ECAPed aluminum alloy for one pass at room temper-
ature. The model was used to predict the flow stress up
to the UTS, since no damage formulation that can
predict the flow stress response after necking is included
in the current model. Although the predicted grain size
after one pass is 3 lm, simulations related to the
measured grain size (1.45 lm) were performed for the
sake of comparison with the experimental data. An
excellent agreement can be seen between the predicted
(1.45 lm) and the measured tensile behaviors. However,
a shift of around 20 MPa is revealed between the
predicted (3 lm) and the measured tensile behaviors.
This shift can be explained by the Hall-Petch relation-
ship, where the flow stress is inversely proportional to
the square root of the grain size, i.e., larger grains lead
to smaller stress. In addition, it can be seen from
Figure 16 that the predictions in the extrusion direction
are better than the predictions in the flow direction due
to the texture developed during the ECAP process. The
tensile behavior of the ECAPed aluminum alloy after 2C
is plotted in Figure 18. For both strain rates, the
model-generated curves are in accordance with the
experimental curves for both the extrusion direction
and the flow direction. Similarly, the predictions after
the fourth pass of ECAP are in excellent agreement with

Fig. 16—Predicted volume fraction of grains with at maximum three, four, five, six, seven or eight active slip system during four ECAP passes.
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the experimental results for both strain rates and both
directions, as shown in Figure 19.

V. CONCLUSIONS

In this work, the material mechanical, microstructural
and textural behavior during equal channel angular
pressing (ECAP) processes are modeled using a mul-
ti-scale framework that couples a crystal plasticity (CP)
scheme with a continuum dislocation dynamics (CDD)
model. The proposed multi-scale approach predicted the
texture evolution, the statistically stored dislocations
(SSDs) and the geometrically necessary dislocations
(GNDs) densities evolutions, the microstructure evolu-
tion and finally the mechanical properties of the SPD
processed material. The strain hardening in the model
was considered to result from both the increase in the

dislocation density and the grain fragmentation. The
grain fragmentation process was modeled by accounting
for the grain-grain interaction and incorporating the
concept of the geometrically necessary dislocations
(GNDs) into the mean free path of the dislocations.
GNDs result from grain boundaries restricting the free
deformation of a grain, causing an internal plastic
deformation gradient that subsequently leads to grain
fragmentation. A commercial Al-1100 billet, with rolling
texture, was ECAP processed at room temperature using
route C. After a single pressing, a considerable refine-
ment of the microstructure was observed (the grain size
was reduced by 55 times), and the texture transformed
into a shear-like texture rotated by an angle of 45 deg.
The average grain size after one pass reduced from 80 to
1.45 lm and reached 0.7 lm after four passes. The yield
strength of the as-received Al alloy increased drastically
from 80 to 130 MPa after single pressing and to 160

Fig. 17—Predictions of the stress-strain behavior of the ECAPed sample after one pass along ED: extrusion direction at strain rate (a) 10�2 s�1

(c) 10�4 s�1 and FD: flow direction at strain rate (b) 10�2 s�1 (d) 10�4 s�1.
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MPa after four passes. The proposed model parameters
were calibrated using the tensile true-stress true-strain
curves of the unprocessed material at two strain rates.
The ECAP-processed aluminum microstructure, texture

and dislocation densities were predicted. The model
predicted an increase in the dislocation density during
each ECAP pass, through generation and the multipli-
cation of dislocations. Both mobile dislocations and

Fig. 18—Predictions of the stress-strain behavior of the ECAPed sample after the second pass at strain rate of (a) 10�2 s�1 (b) 10�4 s�1 (ED
extrusion direction, FD flow direction).
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GNDs increased similarly up to a threshold strain,
beyond which the mobile dislocation evolution rate
decreased. After three ECAP passes, the dislocation
density increase rate slowed down significantly. The
mechanical properties of the ECAP processed materials
were predicted successfully by using the predicted
texture, microstructure and dislocation densities.
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Fig. 19—Predictions of the stress-strain behavior of the ECAPed sample after the fourth pass at strain rate of (a) 10�2 s�1 (b) 10�4 s�1 (ED
extrusion direction, FD flow direction).
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DATA AVAILABILITY

The raw/processed data required to reproduce these
findings cannot be shared at this time as the data also
forms part of an ongoing study. The raw data
required to reproduce these findings will be made
available to download from [https://deepblue.lib.umi
ch.edu/data].
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