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Abstract

The influence of strain path during equal channel angular pressing (ECAP) has been evaluated in pure aluminum by orientation imag
microscopy (OIM) and transmission electron microscopy (TEM). The material was examined after four pressing operations kyinoate B
90 die, or eight pressing operations by routgiB 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 paralle
die-channel exit and on a plane perpendicular to the flow plane. For both procedures, the OIM data reveal prominent meso-scale band-like feat
Lattice orientations in each band correspond to a texture orientation but the particular combinations of orientations depend upon ECAP die ar
High-angle boundaries in the structure correspond to interfaces between the bands.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ECAP have been studied separately and few systematic inves-
tigations have been conducted on the concomitant development
Equal channel angular pressing (ECAP) is advantageous iof texture and microstructure.
producing of ultrafine-grained (UFG) structures in bulk mate- The strain state during an ECAP pass depends strongly on
rial because the procedure may be applied repeatedly to a billdte die angle. Band-like arrangements of characteristic texture
without changing its cross sectifit]. This is in contrastto other orientations have been reported in the microstructure of pure
methods, such as high-pressure torsion (HRJTand accumula- aluminum processed by repetitive ECAP using & @@ [6].
tive roll-bonding (ARB)[3]. The applicability to bulk material Recently, texture measurements after one ECAP pass through
of still other methods, such as friction stir processing (FSPR 90 die for pure aluminunf7], pure coppef8] and pure alu-
[4], must still be established. Although the first publicationsminum agair{9] have shown that simple shear tends to occur on
on ECAP appeared almost 25 years @gjoin the last decade, a plane perpendicular to the flow plane and with shear direction
there has been a surge of interest in the development of UF@Gearly parallel to the axis of the die exit channel. These observa-
structures in pure metals and alloys by this method. A surveyions are in disagreementwith the usual theoretical interpretation
of the literature reveals that most publications have been corj5,10,11]of the strain state associated with ECAP processing,
cerned with the capability of ECAP to produce highly refinedwhich assumes that shear occurs on the plane of the die-channel
grains in a range of industrially important materials. The rolesntersection in the direction of the bisector of the die angle. The
of ECAP parameters (die-channel angle, the number of pressliscrepancy has been attributed to the combined effect of die
ing passes, billet rotation between passes and relief angles wall friction, constitutive behavior of the billet material and use
the die) in grain refinement have been of primary interest. Irof the relief angle in ECAP digr-9].
general, microstructure refinement and texture evolution during The role of the die angle in microstructure and texture devel-
opment has been examined through scanning of large areas by

T comesoond o |- 41831 656 2216 { 631 656 2238 orientation imaging microscopy (OIM) in pure aluminum pro-
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been analyzed, and the band-to-band disorientations have beples were, first, mechanically polished and then electropolished

evaluated. in the Buehler Electromet 4 apparatus using a 20% perchloric
acid—80% ethanol electrolyte solution cooled+a5°C. OIM
2. Experimental procedure analyses were always conducted on the flow plane. The sym-

metry of an ECAP billet is monoclinic, and so the senses of

Full details of the materials and processes of this work havéhe coordinate axes in the flow plane were carefully ascertained.
been given previouslii2,13] Briefly, the pure aluminum mate- Transmission electron microscopy (TEM) foil preparation has
rial (99.99%) was swaged to a rod 10mm in diameter andeen described previous|¥3].
60mm in length for pressing in the 9@lie. The material
was cold rolled and billets were machined with dimensions of3  Results and discussion
10 mmx 10 mmx 60 mm for pressing in the 13%lie. Prior to
ECAP, these materials were given annealing treatments resulting rig. 1 shows gray-scale OIM maps and corresponding dis-
in initial, recrystallized grain sizes ef1 mm. ECAP of these ¢yete pole figures that have been highlighted in colors, using a
materials was conducted at room temperature following routgyjerance of 15, according to the distinct orientations in the
Bc. The round billet was repetitively pressed four times in a digaytyre. Data for aluminum pressed following route Bre
with an angle,di,_ between channels of 9@nd a relief angle, iycluded in for (a) the 90sample and (b) the 135%ample.
v, of ~20°, and is dgnoteq here as theeS@mple. The Squareé These microstructures and textures are represented in the flow
billet was pressed eight times through a 188 with a relief  ane and the insets that are included with the pole figures are
angle of~13’, i.e., the 138 sample. The accumulated equiv- gjigned to illustrate the orientation of the ECAP dies for these
alent strain values for each of these processes were calculatggia Fig. 1 includes coordinate axes for both samples. Thus,
using the die-channel and relief angles in £.[10]: the x—y plane is the flow plane and the billets exit their corre-

N ® v ® v sponding dies along thex direction. The shape changes in the
EN = ﬁ [2 cot(2 + 2) + d/cosec(2 + 2)] (1)  flow plane for unit cubes after a single pass through each die are
included inFig. 1 Two distinct texture orientations are apparent
Thus,e4=4.2 for the 90 die andsg=3.7 for the 135 die and in the 90 sample and the shapes of the regions that correspond
so the von Mises equivalent strains were effectively the sam#o these orientations are congruent with the shape of a volume
for these two procedures. Prior to examination by OIM, samelement subjected to a single ECAP pass throughali#0 In

I Bundary Ievls:
50.00 pm=>50 steps I1Q 14.7...140 (a)

. & ™ o 0 : %
ss————  Boundary levels:
50.00 pm=>50 steps IQ 35.5...217.6

Fig. 1. OIM maps and pole figures for aluminum after (ay 8&ample, four passes and (b) 23ample, eight passes. Gray-scale maps and pole figures were
highlighted by different colors corresponding to characteristic orientations in the textures. The insets with the pole figures indicate tioa ofi¢gh¢éadie sets
relative to the sample coordinates.
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Fig. 2. Point-to-origin disorientation profiles for ECAP aluminum processed by ragitéathe 90 sample, four passes and (b) the 13&mple, eight passes.

contrast, there are apparently three orientations intheda%-  metry of an ECAP bille[9]. An ECAP pass is often described in
ple. Regions corresponding to these orientations are band-likerms of a simple shear in the flow plane. Canova ¢14l.have
in nature but are only partly congruent with the shape change aflassified fcc torsion (shear) textures in terms of three compo-
a volume element for this die angle. nents: the A-fiber{111}(hkl), the B-fiber{hkI}(110 and
For the 90 sample, a traverse was made along a line inclinedhe C-componen{001}(110), where the notation refers to
at ~63.4 to the x-axis and the corresponding point-to-origin {plane parallel to the shear plandirection parallel to the shear
disorientation distribution is shown iRig. 2@a); a similar tra-  directior}. In the coordinate system chosen here, observed and
verse was made for the 135ample, but at an angle 6f39.6° theoretical shear textures would differ only by an apparent rota-
to thex-axis. This result is included iRig. Z(b). In both cases, tion of the shear plane and shear direction about the flow plane
these traverses are approximately normal to a set of boundariesrmal (thez-axis). This would be reflected in a translation along
between texture orientations. Inspection of these disorientatiop; in the ODF.
profiles shows that the difference in lattice orientation across The distinct orientations in the observed textures mainly
boundaries has arange of450 for 90° sample and about 30  lie near variants of the B-fiber in the ODF although the spe-
for 135> sample. Boundaries of disorientatiot0° are high-  cific texture components differ for these two strain paths. A
lighted in yellow inFig. 1and it is apparent that there are more C-component (located at one end of the B-fiber) is also appar-
of these boundaries in the 98ample. ent in the 90 sample but does not appear in the 13ample.
Orientation distribution functions (ODFs) were calculatedThe prominent lattice orientations and nearest ideal shear tex-
from the texture data for these samples using Bunge’s definitioture components for these samples are summarizédite 1
of the Euler angles in relation to the axes indicatelign L. The  In both samples, the experimental texture data suggest that the
results are depicted Fig. 3where the 3D-ODFs are represented shear direction is more nearly aligned with the axis of the die
by iso-surfaces of 1/8, 1/4 or 1/2 of maximum intensity in eachexit channel rather than with the bisector of the die angle. It is
case. In this representatiapy, is a rotation abow-axis (i.e., the  implicit in Segal’s analysi§l5] that such an alignment reflects
flow plane normal)g is a rotation about the nev-axis andp,  the effect of the wall friction and constitutive behavior.
is a rotation about the fingl'-axis. The fundamental zone of the  Disorientations among the prominent orientations were cal-
ODF involves 0 < ¢1 <180 because of the monoclinic sym- culated for each sample; the maximum disorientation w&s 55

Fig. 3. 3D ODFs for ECAP aluminum processed by rouge @) the 90 sample, four passes and (b) the 13&mple, eight passes. Iso-surfaces correspond to 1/8,
1/4 and 1/2 of the maximum intensity in each case.
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Table 1
Prominent texture orientations observed in the &d 135 samples
b2 Experimental orientations 1y Nearby ideal shear texture components Ab Color
Type Euler angles’f FP/ISP//SB
90° sample L _
0 35, 35,0 12 A 35, 45,0 (O1na11y/[211] 10 Red
75, 45,0 30 c 90, 45, 90 (014)100)/[011] 15 Blue
45 120, 90, 45 7 A 125, 90, 45 (1100111)//[112] 5 Red
165, 90, 45 28 C 180, 90, 45 (1109Y001)/[110] 15 Blue
75 85, 45, 75 60 B 100, 45, 75 (41/4(181)//[101] 15 Blue
135 sample
0 51,81,0 6 — — - - Green
135, 82,0 5 - - - - Green
45 15, 50, 45 12 B 0, 54, 45 (114X112)//[110] 21 Red
55, 55, 45 33 B 60, 54, 45 (114)211)//[011] 5 Blue
140, 60, 45 12 B 120, 54, 45 (11/121)//[101] 21 Red
175, 60, 45 49 B 180, 54, 45 (11/0(112)//[110] 8 Blue

2 (Flow plane)//(shear plane)//[shear direction].
b Deviation from ideal position assuming that shear directieakis, shear plane#{z) plane inFig. 1

Fig. 4. TEM images of ECAP (routed3 aluminum: (a) 90 sample, four passes and (b) 23&ample, eight passes.

about{1 0 1} for the 90 sample and 35%about{320} forthe 4. Disorientations between these features are high angle bound-

135 sample. From these data, use of & 8@ results in texture aries (up to 55for the 90 sample and up to 35n the 135

variants of higher disorientation and, thus, is more effective in sample).

creating high-angle boundaries than use of & 188. 5. From analysis of texture data, the shear plane and shear direc-
Fig. 4 shows typical TEM micrographs; these images reveal tion are rotated about the flow plane normal, and are almost

microstructures having comparable (sub)grain sizeésZpm) parallel to the axis of the die exit channel.

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 stiitl]. Comparison

of the_dimensional scales ﬁigs. 1 and 4eveals that the regions The authors acknowledge provision of ECAPed materials by

examined by TEM may not include all relevant features of theProfs. T.G. Langdon (University of Southern California, Los

microstructure. In particular, the distribution of the band- OrAngeIes) and Z. Horita (Kyushu University, Fukuoka Ja’lpan)

block-like features apparent at a meso-scale in the OIM datgy o ¢ the 4thors (APZ) thanks the National Research Coun-

would be difficult to establish by TEM examination alone. cil of the National Academy of Science (U.S.A.) for financial
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