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Abstract

The influences of crystallographic orientations on the evolution of dislocation structures and the refinement process of sub-grains in
Al single crystals processed by one-pass equal-channel angular pressing (ECAP) were systematically investigated by means of scanning
electron microscopy, electron backscatter diffraction and transmission electron microscopy. Three single crystals with different orienta-
tions, denoted as crystal I, crystal II and crystal III, were specially designed according to the shape of the ECAP die. For crystal I, its
insert direction is parallel to [110] and its extrusion direction is parallel to ½�111�. For crystal II, the ð�111Þ plane is located parallel to the
intersection plane of the ECAP die, and the [110] direction is along the general shear direction on the intersection plane. For crystal III,
the ð�111Þ plane is laid on the plane perpendicular to the intersection of the ECAP die, and the [110] direction is vertical to the general
shear direction. For crystal I, abundant cell block structures with multi-slip characters were formed, and they should be induced by four
symmetric slip systems, while for crystal II, there are two sets of sub-grain structures with higher misorientation, making an angle of
�70�, which can be attributed to the interactions of the two asymmetric primary slip planes, whereas for crystal III, only one set of rib-
bon structures was parallel to the traces of ð�111Þ with the lowest misorientation angle among the three single crystals, which should
result from the homogeneous slip on the primary slip plane. The different microstructural features of the three single crystals provide
clear experimental evidence that the microstructures and misorientation evolution are strongly affected by the crystallographic orienta-
tion or by the interaction between shear deformation imposed by the ECAP die and the intrinsic slip deformation of the single crystals.
Based on the experimental results and the analysis of the ECAP deformation mechanism, a new possible deformation model is suggested
for the crystalline materials subjected to ECAP.
� 2007 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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1. Introduction

Recently, various techniques based on severe plastic
deformation have been developed for substantially refining
grains in metals and alloys in order to enhance their prop-
erties. For example, equal-channel angular pressing
(ECAP), high pressure torsion (HPT) and surface mechan-
ical attrition treatment (SMAT), etc. [1–11] have been
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widely used for synthesizing ultrafine-grained materials
and, accordingly, their mechanical strengths are remark-
ably improved. As a result, the understanding of the funda-
mental mechanism of strain-induced grain refinement is
crucial not only for the theoretical requirement, but also
for the technological development of the advanced engi-
neering materials produced by severe plastic deformation
(SPD) techniques.

ECAP as one of the major SPD methods has been
widely used to fabricate ultrafine-grained materials for a
decade [3,4,6–16]. The mechanism of grain refinement via
ECAP has been extensively investigated in numerous mate-
alia Inc.
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Fig. 1. Schematic illustration of the ECAP coordinates and the current
experimental design (ID for insert direction, TD for transverse direction
and ED for extrusion direction).
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rials [12–16]. In view of potential industrial application and
the scientific merit of ECAP, it is important to clarify the
effect of crystallographic orientation on microstructural
refinement in order to design an efficient manufacturing
process or to understand the texture evolution during
ECAP. However, only a few reports concern the effect of
initial crystallographic orientation on the grain refinement
process and texture evolution [17–19]. Recently, the defor-
mation experiments of single crystals have been attempted
in ECAP for a deeper insight into the influence of the pro-
cessing route and crystallographic orientations on the grain
refinement mechanism [20–23]. Fukuda et al. [20,21] inves-
tigated the microstructural evolution of an Al single crystal
with known orientation during the process of ECAP. They
found that the detailed experimental observations are fully
consistent with the expectations from crystallographic con-
siderations. Miyamoto et al. [22,23] processed a series of
Cu single crystals by the ECAP technique. They reported
that some single crystals with insert direction parallel to
[110] still remained as a single orientation after extrusion,
while some others have two to three orientations. Those
investigators have acquired some interesting results, but
several questions still remain, i.e., (a) why some single crys-
tals still remained as a single orientation after ECAP; (b)
why the processed single crystal by Fukuda et al. [20] has
large misorientations after ECAP, although it was designed
to make one of the slip systems just meeting the macro-
scale shear deformation of ECAP. Therefore, the micro-
structural evolutions of single crystals during ECAP still
need further investigation.

The evolution of the microstructures during deformation
of single crystals has been found to depend on the crystallo-
graphic orientation of the grains in which the microstructure
develops [24,25]. The different microstructural features are
closely related to the slip pattern, as has been deduced by
applying Schmid factor analysis to derive the active slip sys-
tems [26]. Thereby, a link could be established between the
microstructural characteristics and the macroscopic plastic
behaviors. Therefore, in order fully to understand the
microstructural evolution during ECAP for different single
crystals, it is important to understand the macro-scale defor-
mation mode of ECAP. In general, the large shear deforma-
tion in ECAP is always considered to occur along the
intersection plane between the entrance and exit channels,
and the intersection plane is just the shear deformation
plane [27–29]. As a result, it is naturally expected to find a
group of elongated structures within the ECAPed metals,
which should be parallel to the intersection plane and make
an angle of 45� with respect to the extrusion direction (ED)
for the polycrystalline materials processed by the right angle
ECAP die. However, many experimental results have
proved that, after pressing for the first pass, a group of shear
flow lines taking an angle of �27� with respect to the ED
were formed in the ECAPed metals [30–35]. It seems to be
in contradiction to the macro-scale deformation model of
ECAP and the corresponding experimental results. There-
fore, the deformation mechanism of crystalline materials
during ECAP is, in fact, not yet well understood. Recently,
some experimental results have demonstrated that it is more
reasonable and easier to understand the deformation behav-
ior during ECAP from the view of metal flow than the gen-
eral simple shear theory [36], indicating that the direction
perpendicular to the intersection plane is the most possible
macro-scale shear direction. Previously, Segal [28] pointed
out that there are two maximum shear stress directions dur-
ing ECAP: one is along the intersection direction, and
another is vertical to it. However, only very limited informa-
tion is available on how the two maximum shear stresses
affect the microstructures during extrusion.

In the present work, three specially oriented Al single
crystals were designed, and then shear deformation by
ECAP was applied and the microstructures formed were
characterized by various techniques in order to reveal the
two issues systematically. (i) How does the initial crystallo-
graphic orientation affect the refinement process of single
crystals? (ii) And how does the deformation mode of ECAP
determine the grain refinements of single crystals?

2. Experimental procedure

2.1. Experimental design

The present experiments were conducted using three dif-
ferent orientated single crystals of high-purity aluminum
(99.999%) grown from the melting using the vertical Bridg-
eman method. The initial crystallographic orientations of
the single crystal were determined using the electron back-
scatter diffraction (EBSD) method. In order to investigate
the influence of orientations on the refinement process
and the deformation mechanism during ECAP, the initial
orientations of these single crystals were specially designed.
Fig. 1 demonstrates the schematic of the ECAP die and the



Fig. 2. Typical SEM-ECC micrographs of deformation microstructures of
Al single crystals after one-pass ECAP: (a) crystal I; (b) crystal II; (c)
crystal III in ID-ED.
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corresponding orientations of the three single crystals.
These single crystals are named crystal I, crystal II and
crystal III, respectively, as shown in Fig. 1. The insert
direction (ID) of crystal I is parallel to [110] and its ED
is parallel to ½�111�. For crystal II, the ð�111Þ is purposely
located parallel to the intersection plane of the ECAP die
and the [110] is along the general shear direction on the
intersection plane, as demonstrated in Fig. 1. For crystal
III, the ð�111Þ is perpendicular to the intersection plane of
the ECAP die, while the [110] is vertical to the general
shear direction. It is worth pointing out that when a uniax-
ial compression along the direction of ID is applied, the
stress state and deformation between crystals II and III will
have no difference in nature. However, in the ECAP defor-
mation, they may behave in quite a different manner.

2.2. The ECAP procedures

Samples of three Al single crystals with 40 mm long were
cut according to the design, as shown in Fig. 1. Then these
single crystals were extruded for only one pass by a right-
angle ECAP die at room temperature with an extrusion
rate of 5 mm min�1 and lubrication of MoS2. The cross-
section of the work piece is 10 mm in diameter. Three
orthogonal directions are defined as shown in Fig. 1, where
the ID-ED plane is just the ð�11�2Þ crystallographic plane
for the three single crystals in the present experiment.

2.3. Microstructural characterization

After ECAP, the microstructural characterizations were
performed using transmission electron microscopy (TEM;
JEM-2000FXII) and scanning electron microcopy (SEM;
Cambridge S-360 and LEO SUPRA 35-FEG-SEM). Thin
foils for TEM and the samples for SEM were focused on
the ID-ED plane in the center of the pressed rods. The pre-
pared thin foils were then first mechanically ground to
�50 lm thick and finally thinned by a twin-jet polishing
method in a solution of 20% nitric acid and 80% carbinol
in a voltage range of 8–10 V at room temperature. The
samples for SEM and EBSD experiments were then
mechanically ground using the abrasive paper and finally
electro-polishing in a solution of 20% perchloric acid and
80% alcohol. The EBSD experiment was conducted on a
LEO SUPRA 35-FEG-SEM with map step size of 0.8 lm
and the image area was set at 500 · 500 lm2.

3. Experimental results

3.1. Microstructures and misorientations observed by SEM

and EBSD

Fig. 2 shows the SEM electron channeling contrast
(SEM-ECC) images on the ID-ED plane of three single
crystals after one-pass ECAP. It can be seen that the refine-
ment results are totally different for the three single crystals
due to the orientation differences. Crystal I is composed of
relatively coarser microstructure than crystals II and III.
The finest microstructure with almost equiaxed grains or
sub-grains is achieved within crystal II. While the micro-
structure for crystal III only consists of a series of ribbons.
One can find that those ribbon structures make an angle of
�45� with respect to the ED for crystal III, as demon-
strated in Fig. 2c.

The corresponding EBSD images and the misorientation
distributions for crystals I, II and III are shown in Figs. 3–
5, respectively. Fig. 3a demonstrates the EBSD image of
crystal I, and the color lines stand for grain boundaries
(GB) with different misorientations. Fig. 3b shows the dis-
tribution of the misorientation angles of crystal I after
ECAP. It should be pointed out that the GB with misorien-
tation angle smaller than 3� are not shown on the EBSD
images. It is found that the microstructures for crystal I
after ECAP are large, as observed by SEM-ECC in
Fig. 2. All the misorientation angles are <15�. Therefore,
after one-pass ECAP crystal I may still be regarded as a
single crystal if 15� is considered as a critical value of
high-angle GB. The current result is comparable with the
report by Miyamoto et al. [22,23], who utilized a series of
copper single crystals with similar orientation.

Fig. 4 shows the EBSD image of crystal II and the cor-
responding misorientation distributions. The grains and



Fig. 3. EBSD micrographs of crystal I: (a) band contrast image combined
with GB contours; (b) GB misorientation distribution.

Fig. 4. EBSD micrographs of crystal II: (a) band contrast image
combined with GB contours; (b) GB misorientation distribution.

Fig. 5. EBSD micrographs of crystal III: (a) band contrast image
combined with GB contours; (b) GB misorientation distribution.
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sub-grains are the smallest among the three single crystals
and the grain size is on a scale of several microns. The
red lines in Fig. 4a stand for the GB with misorientation
angle >15�, the corresponding fraction reaches as high as
20%. This demonstrates that the misorientation angles
have been significantly increased even by only one-pass
ECAP for crystal II, which is different from the misorienta-
tion changes for crystal I and crystal III, indicating that
crystallographic orientation plays a significantly role in
the microstructural refinement and the dislocation struc-
ture evolution. The largest misorientation angle for crystal
II is �50�, which is comparable with the results by Fukuda
et al. [20,21].

Fig. 5 demonstrates the EBSD image of crystal III and
its GB misorientations. The blue lines on the image stand
for the GB with misorientation angles smaller than 10�.
It can be clearly observed that those GB get an angle of
45� with respect to the ED, which is the same as the result
by SEM-ECC. Most of the GB misorientation angles are
smaller than 10�, and only a few parts have larger misori-
entation. Compared with crystal I, crystal III is closer to
a single crystal, because most of the GB misorientations
are <10�.

The (111) pole figures of the three single crystals before
and after ECAP measured by EBSD are shown in Fig. 6.
The metal billets have been rotated �90� around the TD
during extrusion. Therefore, the pole figures of the
deformed crystals have a 90� anti-clockwise rotation com-
pared with the initial pole figures, as shown in Fig. 6. It can
be seen that the orientations of the sub-grains in crystal I
after ECAP are uniformly scattered around the initial posi-
tion which reflects a homogeneous distribution of the ori-
entations, while for crystal II, its orientations have been



Fig. 6. Pole figures for three single crystals before (upper one) and after (lower one) one-pass ECAP in ID-ED plane: (a) crystal I; (b) crystal II; (c) crystal
III.

Fig. 7. TEM micrographs of deformation microstructures for crystal I
after one-pass ECAP.
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scattered along certain directions with maximum misorien-
tation >50�, indicating a kind of non-uniform deformation,
whereas the most special result comes from crystal III: its
orientation almost has no scatter, which strongly displays
that crystal III still remains single orientation in nature.
The above results remarkably demonstrate the significant
effects of crystallographic orientation on the microstruc-
tural refinement and the dislocation structure evolution
during ECAP.

3.2. Microstructures characterized by TEM

The extruded samples were inspected by TEM, with the
observations taken on the ID-ED plane at the centre part
of the billet. Totally different microstructural features were
found in those ECAPed single crystals. Fig. 7a and b pre-
sents typical bright-field TEM micrographs of the micro-
structures and the corresponding selected area diffraction
(SAD) patterns of crystal I. After the first pressing, the
microstructures in the ID-ED plane mainly consist of cell
blocks with approximately square shape divided by two
sets of dense dislocation walls perpendicular to each other.
As shown in Fig. 7a, most boundaries are sharply delin-
eated, and the contrast across them is small, i.e., these
are typical images of sub-boundaries. The existence of
sub-grains with small misorientation is also confirmed by
the corresponding SAD pattern with almost no scatter.
Fig. 7b is a magnification of local microstructures of crystal
I. Well-developed sub-grains with curving GB were
formed. The SAD patterns and the lower contrast of the
bright-field TEM image demonstrate that the misorienta-
tion angles between those cell blocks are small, which is
well consistent with the observations by EBSD, as shown
in Fig. 3.
Fig. 8 displays the bright-field TEM micrographs of
microstructures and the corresponding SAD patterns of
crystal II. The characteristic of the microstructures for
crystal II is distinct from the cell block microstructures of
crystal I. The microstructures for crystal II consist mainly
of two sets of sub-grains. The angle between the two direc-
tions is �70�. This feature is similar to the structures



Fig. 8. TEM micrographs of deformation microstructures for crystal II after one-pass ECAP.

Fig. 9. TEM micrographs of crystal II: (a) a magnification of local image;
(b) microstructural image at the lower edge of billet.
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observed by Huang et al. [37] and Liu et al. [38]. But the
deformation mode and the total strain applied during their
experiments are different from the present ECAP process.
The SAD patterns are composed of scattered and elon-
gated spots, indicating the average misorientation angle is
large for crystal II. The diffraction patterns clearly demon-
strate that the two sets of ribbon grain structures are
induced by activating two slip planes during ECAP. Fuk-
uda et al. [20,21] also found two types of microstructures
in their experiment, labeled A and B, within a single crystal
with the same orientation to crystal II, but extruded in a
slightly different ECAP die. However, they considered that
the formation process of regions A and B were induced by
rotating crystallographic orientations. The observations by
Fukuda et al. [20,21] are totally different from the present
experimental results. Section 4 attempts to give a reason-
able explanation for the present observation.

Fig. 9a is a magnification of local microstructures in
Fig. 8. Most boundaries with distinct contrast are found
to be high-angle ones, while sub-boundaries with low-angle
misorientations exist inside some refined grains. The
refined grains are further subdivided by the sub-bound-
aries. Low- to high-angle boundaries are spatially mixed
throughout the microstructures owing to the inhomogene-
ity of deformation, which is similar to Cu after SPD [7].
Fig. 9b presents the microstructures of crystal II close to
the lower edge of the ECAPed billet. A clear shear feature
can be found in this picture, indicating that there is a
remarkable influence of friction on the microstructural for-
mation during ECAP.

Fig. 10 demonstrates the bright-field TEM micrographs
of microstructures and the corresponding SAD patterns of
crystal III. Its microstructure is characterized by one set of
extended dislocation boundaries and is parallel to one slip
plane trace. These parallel boundaries are inclined with
respect to the shear direction and separate blocks of ordin-
ary dislocation cells. The SAD patterns clearly show that
this kind of ribbon microstructures is the result of activat-
ing one primary slip plane during ECAP. Liu et al. [38] and
Huang et al. [37] also found similar microstructures in their
experiments, and they considered that their crystals have a



Fig. 10. TEM micrographs of deformation microstructures for crystal III after one-pass ECAP.

Fig. 11. Magnification TEM micrographs of deformation microstructures
for crystal III after one-pass ECAP.
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tensile axis close to [110], whereas the crystals in this inves-
tigation were sheared along [110] direction during ECAP.
A magnification observation reveals that the dense disloca-
tion walls are formed within those ribbon structures, and
most boundaries are sharply delineated and the contrast
across them is small, as demonstrated in Fig. 11a and b.
The TEM observations above clearly display that the crys-
tallographic orientations have a considerable influence on
the microstructural evolution during ECAP.

4. Discussion

The results obtained in this investigation provide a clear
demonstration of the significant influence of crystallo-
graphic orientation on the dislocation structure formation
and the misorientation distribution of induced grains and
sub-grains in single crystals subjected to ECAP. The differ-
ent microstructural features for single crystals with differ-
ent orientations must be induced by the interaction
between shear deformation imposed by the ECAP die
and the intrinsic slip deformation of those single crystals.

4.1. Definition of shear factor

In order to evaluate the activated slip systems, the mag-
nitudes of the resolved shear stresses and the interaction
pattern between ECAP die and single crystals, shear factors
were calculated with a similar definition as in Refs. [20,21].
Fig. 12 shows a schematic illustration of the relationship
between the slip plane and the slip direction in the single
crystals and the relationship between the shear plane and
the shear direction in the ECAP die. Noting that the spec-
imen is pressed through the die in a vertical sense, as indi-
cated by the upper vertical arrow in Fig. 12, and defined F



Fig. 12. Schematic illustration of the geometric relations between the
resolved shear stresses for a slip system in a single crystal and the shear
plane and shear direction in an ECAP die.

Table 1
The shear factors, and their relevant importance, for various slip systems
in crystal II based on the general simple shear theory; the shear plane and
the shear direction are ð�111Þ and [110], respectively

Slip plane Slip direction Shear factor, v Order of shear factor

�111 110 1.00 (1)
01�1 0.50 (2)
101 0.50 (2)

111 011 0.17 (4)
101 0.17 (4)
110 0.00 (5)

11�1 �10�1 0.17 (4)
011 0.17 (4)
110 0.00 (5)

�11�1 110 0.33 (3)
10�1 0.17 (4)
011 0.17 (4)

Fig. 13. TEM micrographs of deformation microstructure for crystal II in
the central portion of the deformed materials showing the presence of two
set of sub-grain structures induced by two primary slip planes activated.
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as the force in the shear direction and A as the area of the
shear plane, it follows that the shear stress s operating on
the slip plane in the slip direction is given by a relationship
of the following type for each possible slip system within
the three single crystals:

s ¼ F
A

� �
cos h cos b ð1Þ

where h is the angle between the shear direction and the slip
direction, and b is the angle between the two normals to the
shear and slip planes, respectively. Here, we define the mag-
nitude of the angular term x = coshcosb as shear factor.
When considering all the possible slip systems, x will have
values ranging from 0 to 1. It follows, therefore, that the
preferential slip system may be predicted by estimating
the values of shear factors for all possible slip systems
and then selecting the system with the highest value of
shear factor.

4.2. The relationship between deformation mode and

microstructures

For convenience, let us consider the cases of crystal II
and crystal III first. Since the two crystals have the same
orientations in nature, their deformation behaviors would
have no difference when subjected to uniaxial tensile or
compressive loading while, during ECAP, crystal II and
crystal III exhibit totally different microstructural features,
implying that the ECAP die has a significant constraint
effect on the deformation processes of the two single crys-
tals. It is generally considered that the deformation in
ECAP is realized through simple shear along the intersec-
tion plane [27–29]. Therefore, the values of shear factors
for all the slip systems in crystal II and crystal III can be
calculated according to the simple shear model and the def-
inition of shear factor above.
For crystal II, the shear plane and the shear direction
should be ð�111Þ and [110], respectively. The corresponding
shear factors for all the slip systems in crystal II are listed in
Table 1, where the slip systems with the highest shear factor
are in bold. It is apparent that there is only one primary
slip system ð�111Þ [110] with the highest shear factor of
1.00 for crystal II, while the other three slip planes only
have lower shear factor values <0.50 and are hard to be
activated during ECAP deformation. Let us have a look
at the typical bright-field TEM micrography of the micro-
structures of crystal II, as shown in Fig. 13. The crystal II is
composed of a cell block with two sets of extended sub-
grain structures, which are parallel to the traces of (111)
and ð�111Þ, respectively. This result indicates that there
are two primary slip planes activated during ECAP, which
is inconsistent with the prediction by simple shear model
above [30–32].

For crystal III, in the simple shear model, the shear
plane and the shear direction are (110) and ½�111�, respec-
tively. The corresponding shear factors for all the slip sys-
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tems in crystal III are listed in Table. 2. In this case, there
are four slip systems on the (111) or ð11�1Þ plane with the
same shear factor of 0.67; however, the shear factors of the
other slip systems are close to zero. This indicates that
there are four possible slip systems activated in crystal III
during the ECAP deformation, which will result in a com-
plicated microstructure. Fig. 14 shows a typical bright-field
TEM image of the microstructures of crystal III. It can be
seen that there is only one set of extended dislocation
boundaries, which are well developed and parallel to the
traces of ð�111Þ. The microstructural features above
strongly indicate that there is only one activated primary
slip plane in crystal III, which is also contradictory with
the prediction by theoretical analysis. It seems that the gen-
eral understanding of the deformation mode of ECAP can-
not well explain the different microstructures in the current
single crystals.

Recently, there have been many finite element analyses
investigations [39–41] and modeling experiments [35,36]
Table 2
The shear factors, and their relevant importance, for various slip systems
in crystal III based on the general simple shear theory; the shear plane and
the shear direction are (110) and ½�111�, respectively

Slip plane Slip direction Shear factor, v Order of shear factor

�111 110 0.00 (2)
01�1 0.00 (2)
�10�1 0.00 (2)

111 01�1 0.00 (2)
10�1 0.67 (1)
�110 0.67 (1)

11�1 �10�1 0.00 (2)
011 0.67 (1)
�110 0.67 (1)

�11�1 110 0.00 (2)
10�1 0.00 (2)
011 0.00 (2)

Fig. 14. TEM micrographs of deformation microstructure for crystal III
in the central portion of the deformed materials showing the presence of
one set of sub-grain structures induced by one primary slip plane
activated.
on the deformation mode of ECAP. They considered that
the shear deformation may mainly occur along the direc-
tion perpendicular to the intersection plane, which is differ-
ent from the general understanding above. For the right-
angle ECAP die, the macro-scale shear deformation may
be imposed along the direction vertical to the intersection
plane, which is also one of the maximum shear stress direc-
tions as pointed out by Segal [28], but no direct experimen-
tal evidence can prove this. In the current experiment,
crystal III was specially selected to verify this idea. Based
on the hypothesis about the deformation mechanism in
ECAP and the definition of shear factor above, we recalcu-
lated the shear factors of all the slip systems in crystal II
and crystal III.

According to the suggested shear direction above, for
crystal II, if the corresponding shear plane and shear direc-
tion are regarded as (110) and ½�111�, respectively, the
recalculated shear factors for all the slip systems in crystal
II can be found in Table 3. It can be clearly seen that there
are two highest shear factors of 0.67 on the two primary
slip planes (111) and ð11�1Þ, based on the new suggested
shear direction. This prediction is well consistent with the
experimental observations about the two sets of sub-grain
structures parallel to the traces of (11 1) and ð11�1Þ, as
shown in Fig. 13. For crystal III, the shear deformation
should occur on ð�111Þ plane and along [110] direction.
The corresponding shear factors for all the slip systems in
crystal III are also calculated and listed in Table 4. The
results obviously indicate that only one primary slip system
was activated during ECAP for crystal III, because there is
only one highest shear factor of 1.00. While the other three
slip planes have lower shear factor values <0.50 and are
hard to activate during ECAP deformation. This predic-
tion is well consistent with the experimental results either,
as presented in Fig. 14. Based on the new suggested shear
deformation direction, the microstructural features of crys-
tals II and III can be well illustrated. Therefore, the sugges-
tion about the shear deformation occurring along the
direction perpendicular to the intersection plane should
be more reasonable than the simple shear theory [27–29].
Table 3
The shear factors, and their relevant importance, for various slip systems
in crystal II based on the new suggested shear direction; the shear plane
and the shear direction are (110) and ½�111�, respectively

Slip plane Slip direction Shear factor, v Order of shear factor

�111 110 0.00 (2)
01�1 0.00 (2)
�10�1 0.00 (2)

111 01�1 0.00 (2)
10�1 0.67 (1)
�110 0.67 (1)

11�1 �10�1 0.00 (2)
011 0.67 (1)
�110 0.67 (1)

�11�1 110 0.00 (2)
10�1 0.00 (2)
011 0.00 (2)



Fig. 15. The illustration of the deformation principle during ECAP for
ideal state.

Table 4
The shear factors, and their relevant importance, for various slip systems
in crystal III based on the new suggested shear direction; the shear plane
and the shear direction are �111 and [110], respectively

Slip plane Slip direction Shear factor, v Order of shear factor

�111 110 1.00 (1)
01�1 0.50 (2)
�10�1 0.50 (2)

111 01�1 0.17 (4)
10�1 0.17 (4)
�110 0.00 (5)

11�1 �10�1 0.17 (4)
011 0.17 (4)
�110 0.00 (5)

�11�1 110 0.33 (3)
10�1 0.17 (4)
011 0.17 (4)
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For crystal I, its crystal orientation is very special among
the three orientations. For [110] single crystal, its orienta-
tion will stay without rotation during uniaxial compression,
because this orientation may slip symmetrically on four slip
systems from two slip planes [21], and this also can be con-
firmed by calculation using the shear factor. This symmetri-
cal slip is considered to be the reason that the crystals tend
to form the homogeneous deformation microstructure and
have a very low shear banding tendency, while crystal I not
only has an insert direction parallel to [110], but also has
ED parallel to ½�111�. On one hand, this orientation meets
the symmetrical slip; on the other hand, the special selected
ED also satisfies the shear deformation during ECAP to
some extent. For these two reasons, the microstructures
for crystal I will stay homogeneous and have relatively
low misorientation as shown in Figs. 2a, 3 and 6.

4.3. Deformation mode in ECAP

The specially designed experiments described above
obviously indicate that the microstructural features of the
three single crystals are not well explained by the simple
shear theory [27–29], while the new suggested deformation
mode can give a more reasonable explanation. Previous
Fig. 16. Illustration of the formation process of 45� ribbon structures for crys
combined deformation of simple shear and bending.
studies [35,36,39–41] have demonstrated that deformation
takes place only near the intersection plane for the ideal
case or within a deformation zone for the real case. The sin-
gle crystal experiments above displayed that the macro-
scale shear deformation actually occurs along the direction
vertical to the intersection plane, which is the same direc-
tion as the tangent of the flow lines [36], rather than the
general considered shear deformation along the intersec-
tion direction. Based on the analysis above, a possible
deformation mode during ECAP is proposed for the ideal
case, as shown in Fig. 15. The material will undergo SPD
at the adjacent region of the intersection plane, while the
macro-scale shear deformation direction is vertical to the
intersection plane.

As demonstrated in Fig. 2, for crystal III, a set of ribbon
structures with an angle of �45� with respect to the ED
were formed after one-pass ECAP. Those ribbon structures
are different from the shear flow lines formed within poly-
crystalline materials after ECAP, which makes an angle of
�27� with respect to the ED [30–35]. The formation mech-
anism of those ribbon structures in crystal III is illustrated
schematically in Fig. 16. The ECAP process can be consid-
ered as a combination of simple shear perpendicular to the
intersection plane and bending imposed by the ECAP die.
tal III after one-pass ECAP. The ECAP process can be considered as the
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For crystal III, the initial shear deformation occurs along
the (111) plane and forms a set of extended dislocation
structures. After that, the whole billet has a 90� rotation
around the TD, which was realized through gradually
bending deformation. In this case, it is not difficult to
understand why those ribbon structures make an angle of
�45� with respect to the ED in the final state, as illustrated
in Fig. 16. Therefore, the shear stress along the intersection
plane makes the metal billet rotate during deformation,
whereas the shear stress perpendicular to the intersection
plane leads to the shear deformation.

In summary, crystallographic orientation has a remark-
able influence on the dislocation structure evolution of dif-
ferent single crystals during ECAP. The new suggested
shear deformation mode in ECAP can well illustrate the
microstructural evolution of the three Al single crystals in
the present study. According to the deformation process
of crystal III, one finds that the ECAP process could be
considered as a special one-dimension deformation for sim-
plicity, which is a unique feature of the ECAP deformation.
Furthermore, the present results may be beneficial to the
optimum properties of the ECAPed materials and the
understanding of the texture evolution during ECAP as
well as the application of ECAP technique.

5. Conclusions

Three Al single crystals with different orientations were
subjected to ECAP for one-pass. The microstructural evo-
lution and the orientation changes were characterized by
various techniques. Based on the experimental observa-
tions and the analysis, the following conclusions can be
drawn.

(1) Crystallographic orientations have a remarkable
influence on the microstructural evolution of the sin-
gle crystals subjected to ECAP. For crystal I, there
are some cell block structures with multi-slip charac-
ters induced by slip symmetrically on four slip sys-
tems. In crystal II, two sets of sub-gain structures
with high misorientation are formed and make an
angle of �70� because of two asymmetric primary
slip planes activated simultaneously. For crystal III,
there is only one set of ribbon structures parallel to
the traces of ð�111Þ with lowest misorienation angle
among the three single crystals, induced by the
homogenous slip on one primary slip plane.

(2) It is suggested that the macro-scale shear deformation
during ECAP occurs along the direction vertical to
the intersection plane, which is different from the gen-
eral simple shear theory. There are two maximum
shear stresses during ECAP. However, they play a
different role in the shear deformation. The shear
stress along the intersection plane makes the metal
billet rotate with a local bending during deformation;
whereas the shear stress perpendicular to the intersec-
tion plane leads to the shear deformation of the metal
billet. The process of ECAP can be considered as a
combined deformation of simple shear and local
bending.
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