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Abstract

The influence of strain path during equal channel angular pressing (ECAP) has been evaluated in pure aluminum by orientation imaging
microscopy (OIM) and transmission electron microscopy (TEM). The material was examined after four pressing operations by route BC in a
90◦ die, or eight pressing operations by route BC in a 135◦ die. The von Mises equivalent strains were essentially the same for these two ECAP
procedures. The microtexture data indicate that the distortion during ECAP corresponds to a simple shear in a direction approximately parallel to
die-channel exit and on a plane perpendicular to the flow plane. For both procedures, the OIM data reveal prominent meso-scale band-like features.
Lattice orientations in each band correspond to a texture orientation but the particular combinations of orientations depend upon ECAP die angle.
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igh-angle boundaries in the structure correspond to interfaces between the bands.
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. Introduction

Equal channel angular pressing (ECAP) is advantageous in
roducing of ultrafine-grained (UFG) structures in bulk mate-
ial because the procedure may be applied repeatedly to a billet
ithout changing its cross section[1]. This is in contrast to other
ethods, such as high-pressure torsion (HPT)[2] and accumula-

ive roll-bonding (ARB)[3]. The applicability to bulk material
f still other methods, such as friction stir processing (FSP)

4], must still be established. Although the first publications
n ECAP appeared almost 25 years ago[5] in the last decade,

here has been a surge of interest in the development of UFG
tructures in pure metals and alloys by this method. A survey
f the literature reveals that most publications have been con-
erned with the capability of ECAP to produce highly refined
rains in a range of industrially important materials. The roles
f ECAP parameters (die-channel angle, the number of press-

ng passes, billet rotation between passes and relief angles in
he die) in grain refinement have been of primary interest. In
eneral, microstructure refinement and texture evolution during

ECAP have been studied separately and few systematic
tigations have been conducted on the concomitant develop
of texture and microstructure.

The strain state during an ECAP pass depends strong
the die angle. Band-like arrangements of characteristic te
orientations have been reported in the microstructure of
aluminum processed by repetitive ECAP using a 90◦ die [6].
Recently, texture measurements after one ECAP pass th
a 90◦ die for pure aluminum[7], pure copper[8] and pure alu
minum again[9] have shown that simple shear tends to occu
a plane perpendicular to the flow plane and with shear dire
nearly parallel to the axis of the die exit channel. These obs
tions are in disagreement with the usual theoretical interpret
[5,10,11]of the strain state associated with ECAP proces
which assumes that shear occurs on the plane of the die-ch
intersection in the direction of the bisector of the die angle.
discrepancy has been attributed to the combined effect o
wall friction, constitutive behavior of the billet material and
of the relief angle in ECAP die[7–9].

The role of the die angle in microstructure and texture de
opment has been examined through scanning of large are
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orientation imaging microscopy (OIM) in pure aluminum pro-
cessed by ECAP using route BC with a 90◦ die (four passes)
and a 135◦ die (eight passes). The development of the textures
and band-like arrangements in the resulting microstructures has
921-5093/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2005.08.144
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been analyzed, and the band-to-band disorientations have been
evaluated.

2. Experimental procedure

Full details of the materials and processes of this work have
been given previously[12,13]. Briefly, the pure aluminum mate-
rial (99.99%) was swaged to a rod 10 mm in diameter and
60 mm in length for pressing in the 90◦ die. The material
was cold rolled and billets were machined with dimensions of
10 mm× 10 mm× 60 mm for pressing in the 135◦ die. Prior to
ECAP, these materials were given annealing treatments resulting
in initial, recrystallized grain sizes of∼1 mm. ECAP of these
materials was conducted at room temperature following route
BC. The round billet was repetitively pressed four times in a die
with an angle,Φ, between channels of 90◦ and a relief angle,
Ψ , of ∼20◦, and is denoted here as the 90◦ sample. The square
billet was pressed eight times through a 135◦ die with a relief
angle of∼13◦, i.e., the 135◦ sample. The accumulated equiv-
alent strain values for each of these processes were calculated
using the die-channel and relief angles in Eq.(1) [10]:

εN = N√
3

[
2 cot

(
Φ

2
+ Ψ

2

)
+ Ψ cosec

(
Φ

2
+ Ψ

2

)]
(1)

Thus,ε4 = 4.2 for the 90◦ die andε8 = 3.7 for the 135◦ die and
s ame
f am-

ples were, first, mechanically polished and then electropolished
in the Buehler Electromet 4 apparatus using a 20% perchloric
acid—80% ethanol electrolyte solution cooled to−25◦C. OIM
analyses were always conducted on the flow plane. The sym-
metry of an ECAP billet is monoclinic, and so the senses of
the coordinate axes in the flow plane were carefully ascertained.
Transmission electron microscopy (TEM) foil preparation has
been described previously[13].

3. Results and discussion

Fig. 1 shows gray-scale OIM maps and corresponding dis-
crete pole figures that have been highlighted in colors, using a
tolerance of 15◦, according to the distinct orientations in the
texture. Data for aluminum pressed following route BC are
included in for (a) the 90◦ sample and (b) the 135◦ sample.
These microstructures and textures are represented in the flow
plane and the insets that are included with the pole figures are
aligned to illustrate the orientation of the ECAP dies for these
data.Fig. 1 includes coordinate axes for both samples. Thus,
the x–y plane is the flow plane and the billets exit their corre-
sponding dies along the−x direction. The shape changes in the
flow plane for unit cubes after a single pass through each die are
included inFig. 1. Two distinct texture orientations are apparent
in the 90◦ sample and the shapes of the regions that correspond
t lume
e

F
h
r

o the von Mises equivalent strains were effectively the s
or these two procedures. Prior to examination by OIM, s
ig. 1. OIM maps and pole figures for aluminum after (a) 90◦ sample, four pas
ighlighted by different colors corresponding to characteristic orientations in
elative to the sample coordinates.
o these orientations are congruent with the shape of a vo
lement subjected to a single ECAP pass through a 90◦ die. In
ses and (b) 135◦ sample, eight passes. Gray-scale maps and pole figures were
the textures. The insets with the pole figures indicate the orientation of the die sets
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Fig. 2. Point-to-origin disorientation profiles for ECAP aluminum processed by route BC: (a) the 90◦ sample, four passes and (b) the 135◦ sample, eight passes.

contrast, there are apparently three orientations in the 135◦ sam-
ple. Regions corresponding to these orientations are band-like
in nature but are only partly congruent with the shape change of
a volume element for this die angle.

For the 90◦ sample, a traverse was made along a line inclined
at ∼63.4◦ to the x-axis and the corresponding point-to-origin
disorientation distribution is shown inFig. 2(a); a similar tra-
verse was made for the 135◦ sample, but at an angle of∼39.6◦
to thex-axis. This result is included inFig. 2(b). In both cases,
these traverses are approximately normal to a set of boundaries
between texture orientations. Inspection of these disorientation
profiles shows that the difference in lattice orientation across
boundaries has a range of 45◦–50◦ for 90◦ sample and about 30◦
for 135◦ sample. Boundaries of disorientation≥40◦ are high-
lighted in yellow inFig. 1and it is apparent that there are more
of these boundaries in the 90◦ sample.

Orientation distribution functions (ODFs) were calculated
from the texture data for these samples using Bunge’s definition
of the Euler angles in relation to the axes indicated inFig. 1. The
results are depicted inFig. 3where the 3D-ODFs are represented
by iso-surfaces of 1/8, 1/4 or 1/2 of maximum intensity in each
case. In this representation,ϕ1 is a rotation aboutz-axis (i.e., the
flow plane normal),Φ is a rotation about the newx′-axis andϕ2
is a rotation about the finalz′′-axis. The fundamental zone of the
ODF involves 0◦ ≤ ϕ1 ≤ 180◦ because of the monoclinic sym-

metry of an ECAP billet[9]. An ECAP pass is often described in
terms of a simple shear in the flow plane. Canova et al.[14] have
classified fcc torsion (shear) textures in terms of three compo-
nents: the A-fiber,{1 1 1}〈h k l〉, the B-fiber{h k l}〈1 1 0〉 and
the C-component{0 0 1}〈1 1 0〉, where the notation refers to
{plane parallel to the shear plane}〈direction parallel to the shear
direction〉. In the coordinate system chosen here, observed and
theoretical shear textures would differ only by an apparent rota-
tion of the shear plane and shear direction about the flow plane
normal (thez-axis). This would be reflected in a translation along
ϕ1 in the ODF.

The distinct orientations in the observed textures mainly
lie near variants of the B-fiber in the ODF although the spe-
cific texture components differ for these two strain paths. A
C-component (located at one end of the B-fiber) is also appar-
ent in the 90◦ sample but does not appear in the 135◦ sample.
The prominent lattice orientations and nearest ideal shear tex-
ture components for these samples are summarized inTable 1.
In both samples, the experimental texture data suggest that the
shear direction is more nearly aligned with the axis of the die
exit channel rather than with the bisector of the die angle. It is
implicit in Segal’s analysis[15] that such an alignment reflects
the effect of the wall friction and constitutive behavior.

Disorientations among the prominent orientations were cal-
culated for each sample; the maximum disorientation was 55◦

F le, fo o 1/8,
1

ig. 3. 3D ODFs for ECAP aluminum processed by route BC: (a) the 90◦ samp
/4 and 1/2 of the maximum intensity in each case.
ur passes and (b) the 135◦ sample, eight passes. Iso-surfaces correspond t
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Table 1
Prominent texture orientations observed in the 90◦ and 135◦ samples

φ2 Experimental orientations I/I0 Nearby ideal shear texture components ∆b Color

Type Euler angles (◦) FP//SP//SDa

90◦ sample
0 35, 35, 0 12 A 35, 45, 0 (0 1 1)//(1̄ 1̄ 1)//[2 1̄ 1] 10 Red

75, 45, 0 30 C 90, 45, 90 (0 1 1)//(1 0 0)//[0 1̄ 1] 15 Blue

45 120, 90, 45 7 A 125, 90, 45 (1 1 0)//(1 1̄ 1)//[1̄ 1 2] 5 Red
165, 90, 45 28 C 180, 90, 45 (1 1 0)//(0 0 1)//[1̄ 1 0] 15 Blue

75 85, 45, 75 60 B 100, 45, 75 (4 1 4)//(1 8̄ 1)//[1̄ 0 1] 15 Blue

135◦ sample
0 51, 81, 0 6 – – – – Green

135, 82, 0 5 – – – – Green

45 15, 50, 45 12 B 0, 54, 45 (1 1 1)//(1 12̄)//[1 1̄ 0] 21 Red
55, 55, 45 33 B 60, 54, 45 (1 1 1)//(2 1̄ 1̄)//[0 1̄ 1] 5 Blue
140, 60, 45 12 B 120, 54, 45 (1 1 1)//(1 2̄ 1)//[1̄ 0 1] 21 Red
175, 60, 45 49 B 180, 54, 45 (1 1 1)//(1̄ 1̄ 2)//[1̄ 1 0] 8 Blue

a (Flow plane)//(shear plane)//[shear direction].
b Deviation from ideal position assuming that shear direction//x-axis, shear plane//(x–z) plane inFig. 1.

Fig. 4. TEM images of ECAP (route BC) aluminum: (a) 90◦ sample, four passes and (b) 135◦ sample, eight passes.

about{1 0 1} for the 90◦ sample and 35.5◦ about{3 2 0} for the
135◦ sample. From these data, use of a 90◦ die results in texture
variants of higher disorientation and, thus, is more effective in
creating high-angle boundaries than use of a 135◦ die.

Fig. 4shows typical TEM micrographs; these images reveal
microstructures having comparable (sub)grain sizes (∼1.2�m)
and morphologies in these two samples. At the resolution of
TEM, there is little difference in microstructure and a similar
conclusion can be drawn from another study[12]. Comparison
of the dimensional scales inFigs. 1 and 4reveals that the regions
examined by TEM may not include all relevant features of the
microstructure. In particular, the distribution of the band- or
block-like features apparent at a meso-scale in the OIM data
would be difficult to establish by TEM examination alone.

4. Conclusions

1. Alternating band- or block-like features are apparent in alu-
minum after four passes through 90◦ die and eight passes
through 135◦ die by route BC.

2. Individual bands correspond to characteristic lattice orienta-
tions in the texture.

3. The band- or block-like features have shapes more or less
congruent with the shape change of a volume element as it
passes through the die-channel intersection.

4. Disorientations between these features are high angle bound-
aries (up to 55◦ for the 90◦ sample and up to 35◦ in the 135◦
sample).

5. From analysis of texture data, the shear plane and shear direc-
tion are rotated about the flow plane normal, and are almost
parallel to the axis of the die exit channel.
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