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Abstract

It is shown that equal channel angular extrusion (ECAE) is an effective technique to control texture of metals and alloys. Two processing
parameters, the route and number of passes, exert an important influence on texture evolution. Routes define orientations allowing the creation
numerous new components. Before four passes, depending on route and initial texture strength, all types of texture strength, from weak to ve!
strong, are created, whereas after four passes, a global texture weakening is observed for all routes and medium to strong to very weak textul
are produced. A simple Taylor model shows that crystallographic slip mechanically activated by simple shear is the governing mechanisn
for evolution of texture orientations. However, after four passes, the creation of submicron-grained structures with high misorientations is
believed to limit crystallographic slip and weaken textures.
© 2003 Published by Elsevier B.V.
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1. Introduction or modeled. The intent of this paper is to present a sys-
tematic study of texture formation in materials subjected

Submicron-grained (SMG) materials (with a grain size to room temperature ECAE processing with a die angle

less than Jum) are attractive technical alternatives because of 90° and various numbers of passes and routes. This

they exhibit unusual physical and mechanical properties study clarifies the potential of ECAE technology to control

[1,2]. Intensive plastic deformation has been proven as antexture.

effective method to produce SMG materials. Several tech-

nigues are capable of achieving the required strain levels

[3-5]. Of particular interest, the method of equal channel 2 Experimental

angular extrusion (ECAE) allows for the production of

bulk pieces of SMG materials by simple sh¢é+8]. Mi- 2.1. Original material and ECAE processing
crostructures and properties of ECAE processed materials
have been of high interest for the last 5 yegis16]. Very High purity Al0.5Cu alloy was initially cast, homogenized

fine grain sizes €1um) result in unusual effects such as and solutionized. This single phase, high stacking fault en-
ideal plastic behavior, high strength, enhanced ductility and ergy (SFE) alloy is a convenient material to analyze texture
toughness, and low temperature superplasticity. Recentlyeyolution under processing. All samples were submitted to
some studies have focused on textures of ECAE deformedtwo ECAE passes via route [L0-12] followed by anneal-
metals[17-37] Texture analysis is of great relevance to jngat 250°C, 1 h in order to produce an uniform and strong
mechanisms of grain refinement during ECAE. At this stage original texture with a recrystallized grain size of |56
a few particular textures corresponding to various cases OfA|SO, some Samp|es were Subsequent]y deformed by four
ECAE deformation and die angles have been inveStigatedpasses route C and annealed at3001 h to produce aweak
texture with a recrystallized grain size of 10fh. Because
of significant interest in texture development for flat prod-
* Corresponding author. ucts, ECAE was performed for flat billetgi§. 1) [38,39] A
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Fig. 1. ECAE of flat billet.

special note should be added on the definition of processingsis of fibers (orientation tubes) was performed by examin-
routes for this case. Different routes, which define selected ing the ODF at constant valugsof 0, 5, 10, 15, 20, 22.5,
shear planes and directions, may be attained by billet rota-25, 30, 35, 40 and 45 according to the Roe/Matthies con-
tions about axig, y or z (Fig. 1) at subsequent passes. Simi- vention preferred in Beartex with Euler anglesg, y (see

larly to the elongated billets that are usually studi@, in Table ). Also, Beartex (option COMP) estimates the in-
route A, no change in billet orientation occurs between each tegral intensity of the orientation distribution (OD) inside
pass. In route B, the sample is alternatively rotate@l® a given sphere in the orientation space that represents the
aboutz axis at each pas$-ig. 1). In route D, the sample volume fraction of grains possessing a given orientation in-
is rotated continuously-90° about thez axis at each pass. side the chosen sphere. A Spread around the compo-

In route C, the sample is continuously rotateti80> about nent was considered. Texture or OD index, which is the
the z axis! Note thatz axis is the rotation axis of route B root-mean-squared (RMS) value of peak ODF, was also used
and D for flat billet instead of th& axis for elongated bil-  to evaluate texture strengi4,45] It was assumed that OD
let. For the strong initial texture, routes A, B and D were index between 1 and 3 times random (t.r.) corresponds to
studied for number of passes 1, 2, 3, 4, 6 and 8 and, forrandom-to-weak textures, between 3 and 5t.r. corresponds to
route C, all passes from one through eight were observed.weak-to-medium textures, between 5 and 20 t.r. corresponds
For the weak initial texture, only experiments via routes A to medium-to-strong textures and above 20 t.r. corresponds
and D from one to four passes were done. ECAE experi- to extremely strong textures. Finally, for each pole figure,
ments were performed at room temperature and a low ramthe extrusion axis of the last passais inFig. 1) is always
speed £0.75 mm/s). The processing of each route was care- oriented along th& direction indicated irFig. 4, and a per-
fully controlled. Well lubricated 75 mnx 75 mmx 15mm pendicular to the plane of pole figure is parallelztaxis in
samples were processed in a die with sharp corners and anFig. 1

gle of 90’ (Fig. 1) that corresponds to a true strain per pass

e = 116. 2.3. Texture modeling

2.2. Texture measurement A computer code based on a Taylor type crystal plasticity
model was used to predict texture for simple shear defor-
Measurements of crystallographic texture were obtained mation[45,46] It is applicable at low homologous tempera-
with a Phillips X'Pert diffractometer. Textures were inves- tures where plastic deformation is mainly accomplished by
tigated along the mid-thickness of a billet section parallel crystallographic slip. Other deformation mechanisms such
to thex—y plane Fig. 1). Partial pole figures on thgl 1 1}, as shear banding, twinning, grain boundary sliding and rota-
{200} and{2 2 0} planes were generated. The Beartex soft- tion, as well as effects of grain shape and size, are not taken
ware [41] was used to process the raw data, correct eachinto consideration. Despite this simplicity, it was found that
pole figure for background and defocusing, and calculate thethe model provides reasonable predictions for texture evolu-
orientation distribution function (ODH}#1-43] An analy- tion in single-phase, from medium to high stacking fault en-
ergy cubic metals whatever the deformation mpde 46}
"1 Some authors use the termy Bor route B and B for route D. In In simulations, 300 and 100 orientations were chosen to gen-

this case, routes B and D are not presented as basic routes but rather agfate th_e weak (near random) and strong original textures,
dependent of routes A and C. respectively.
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Table 1
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Basic description in the ODF space and inverse pole figure of principal fibers encountered for each route

Major types Limits of location of fiber in (001)
of Fxy fiber inverse pole figure (spreading due

Name of fiber for each route Range of Euler anglesx(8 y)
(x = name of route) (for typical ODF y-cross sections)

to ECAE route/pass).

and corresponding range of plane

Fx1

FAl, FB1, FD1 FBD1
(N = 2 for route B, D)
FC1 (route C,N odd)

FC1 (route C, N even)

([215-255] [10-30] 0)= (106)—(102),
([180—-230] [10-25] 25)= (218)—(214),
([135-190] [5-20] 45)= (118)—~(113)

([220-255] [30-40] 8) (203)—~(101),

Fx2

001

Fx3

001

([200-250] [20-40] 25)= (213)—(212),
([180-190] [15-25] 45)= (115)—(112)

FA2, FB2, FC2, FD2 ([20-45] [40-50] 22.53 (212),

([350-15] [35-50] 45)= (223)—(334)

FA3, FB3, FC3, FD3, FBD3 ([95-130] [15-35] 0)= (103)—~(304),
(N = 2 for routes B, D) ([90-120] [25-35] 15)= (7210)—(4 1 6),

([80-110] [25-45] 25)= (213)-(212),
([35-100] [20~35] 45)= (113)~(112)

3. Results

3.1. Initial textures

The strong initial texture (OD index 21.7 t.r.) contains
principally three major orientationsTgble 2for N = 0).

Figs. 2-5. For example, with a strong initial texture, as
many orientations as (10@41 (route A), (212j425
(route D), (416}413 (route C), (304)463 (route C)
and, (7210491 and (104}451) (route B) are created.
Such orientations are fairly unusual compared to those
obtained by traditional forming operations.

This atypical texture corresponds to the strongest textures Third, ODF analysis indicates that a limited group of
encountered in traditional forming processes. The weak ini- fibers containing one or several major orientations are asso-

tial texture has an OD index of 2.6 t.idble 2for N = 0).
3.2. Evolution of texture orientation

Table 1displays the definition of principal fibers found for
each ECAE routeTables 2-5describe major orientations
(with Euler angleg, 8, y (Roe/Matthies) and corresponding
{xyz} (uvw) ideal description) and associated fibers. Texture
orientation evolves similarly for both types of initial textures
with some notable features.

First, starting texture exerts a limited influence by shift-

ciated with each route irrespective of number of passes and
original texture Tables 1-5Fig. 6). The number of fibers
varies from three to six but only one or two fibers are pre-
dominant for each route. These main fibers are noted FA3
and FAZ2 for route A Fig. 6), FBD2 for routes B and D at
two passes, FD1 for route D after three passes, FB3 and FB1
for route B after three passes, and FC3 and FC1 for route C
(Table 3. The large number of fibers reflects the asymmetry
of textures created during ECAE as evidenced by the (111)
pole figure obtained after one pass for a random initial tex-
ture (Fig. 5b. Its patterns are similar to a plane rolling tex-

ing or weakening orientations for one and two passes ture[19,45]with a rotation of 10—15abouty axis, which is

(Tables 2-5see route A and D ifig. 2a and h At a higher

directly responsible for the observed asymmetry. At a higher

number of passes, influence of the original texture on orien- number of passes, textures remain planar and asymmetric
tation disappears. For example, for three and four passes viaand gradually different from the rolling case.

route D Fig. 2c and Jl inverse pole figures exhibit similar
orientations either for a strong or random initial texture.

Fourth, there is also some similarity between the tex-
tures created by different routes as evidenced by pole fig-

Second, ECAE route has a tremendous impact on textureures Figs. 5 and pand deformation fibersTéble J). For a
orientation especially at low number of passes. In fact, all given fiber andy cross-section in the ODF space, the effect
orientations created with the four considered routes cover of route on orientation is to change the anglend, in a

a significant area of the standard trianglEalfles 2-5

lesser extent, the angte As a result, since anglegsanda
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Table 2
Major orientations and corresponding fibers for route A

Number passebl Major orientations lotation: Euler angles Corresponding fiber
(aBy):{xyz} {uvw): % total volume with B spread)

Route A (strong initial texture)
Original (N = 0) (10.954.745): £111X1-23): 16
(10526.50): £102)X—28-1): 14
(11024 26.5): £215)—5-5-1): 9.3

N=1 (11926.50): £102)—2—-4-1): 17.62 FA3
(34643.345): £223)2-12): 7.62 FA2
N=2 (13826.50): £102)—2—-2—-1): 8.66 FA3
(3136.726.5): £213)3—-64): 8.6 FA2
N=3 (126.726.50): £102)—2—-3—-1): 7.45 FA3
(2136.726.5): £213)2—-43): 6.1 FA2
N=4 (26.536.7 26.5): 4213)2—-64): 9.42 FA2
(13826.50): £102)—2—-2—-1): 4.62 FA3
(16915.845): £115)5—-32-1): 4.32 FA1
N=6 (126.726.50): £102Y—2—-3—1): 6.66 FA3
(22833.70): £203)X—34-2): 5.8 FA1
(3136.726.5): £213)%3-64): 3.42 FA2
N=28 All major orientations< 3.1

Route A (weak initial texture)

N=0 (8025.245); £113)—8—111): 4.3

N=1 (046.745): £334)2-23): 5.8 FA2
(22226.50): £102)—22-1): 5 FAL
(12818.40): £103)—3—-4—1): 4.01 FA3

N=2 (126.726.50): £102)—2—3—1): 6.22 FA3
(26.548.226.5):4212)1-22): 5.4 FA2
(16213.245): £116)—42-1): 5.4 FAL

N=4 (23326.50): £102)—23—1): 4.63 FAL
(13619.545): £114Y—40-1): 4.54 FAL
(26.536.726.5): 421 3)3—64): 3.7 FA2

affect (xyz) plane anduvw) directions, respectively, either set of angles, y for most of the routes and passes (for ex-
the major orientation inside a fiber changes or a new fiber ample, from around (230, 0) to (180, 45) faxIHTable 1),

with new orientation is produced. The specific denomination but specific values of anglgsand, to some extent, depend
mentioned earlier takes into account these similarities. A on deformation pathTable 1shows the area of the inverse
fiber name has the fornx, where a lettek correspondsto  pole figure as well as the range of planes and Euler angles
the considered route (respectively A, B, C, D) and a number covered by each of these major fibers (for exampld,, F

y corresponds to a specific set of angles/. Three major when regrouping all studied routes corresponding to FAL,
types of fibers k1, Fx2 and &3 were identified as shownin  FB1, FC1, FD1 and FBD1 fiberdig. 6 shows fibers FA1,
Table 1 Each of these fibers exhibits similar values for the FA2 and FA3 in ODF space after the first pass.

Table 3
Major orientations and corresponding fibers for route B

Number of passebl Major orientations Iotation: Euler angles Corresponding fiber
(aBy):{xyz} {uvw): % total volume with B spread)

Route B (strong initial texture)

N=2 (048 26.5): £212)425: 24.24 FBD2
(216 15.845): £115)—24-1): 8.07 FBD1
(13826.50): £102)—2-2—1): 5.04 FBD3
N=3 (26036 74): £2710X94—1): 15.49 FB3
(11818.490): (013)-63—1): 5.23 FB1
N=4 (10036 16): £7210X—4—9—1): 12 FB3
(230.5140): £104)—45-1): 8.05 FB1
N=6 (230.5140): £104)—45-1): 12.46 FB1
(10036 16): (7210Y—4—9—1): 10.2 FB3
N=8 (230.5140): £104Y—45-1): 9.19 FB1
(18013.245): £116)—33—1): 8.21 FB1

(10036 16): £7210)—4-9—1): 7.48 FB3
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Table 4
Major orientations and corresponding fibers for route C

Number of passebl Major orientations lotation: Euler angles Corresponding fiber
(By):{xyz}{uvw): % total volume with B spread)

Route C (strong initial texture)

N=2 (034.514): £416)4—13): 43.3 FC3
(221.82650): £102)—22-1): 10.5 FCc1
N=3 (25418.40): £103)—311-1): 7.5 FCl
(111.546.518.4):4313)—2—3—1): 6.6 FC3
N=4 (13036.910): £304Y—4—6—3): 15.05 FC3
FCl< 3.75 FCc1
N=5 (270140): £104)010: 4.66 FC1
(26.54826.5): £212)1-22): 2.54 FC3
N=6 (11036 16): £7210)—5-8-2): 11.6 FC3
(23433.70): £203)—35-2): 5.7 FC1
N=7 (24218.40): £103)—36—1): 4.66 FC1
(18811.445): £117X—34-1): 3.36 FC3
N=8 (136.518.40): £103Y—331): 14.71 FC3
(257450): £101}—849-8): 8.75 FC1

Fifth, for any route, less variation in orientation is seen  However, for each pole figure or ODF, the extrusion di-
as the number of passBsaugments. Some principal fibers rection at the last pas¢ serves as reference and therefore
and orientations are gradually selected and conservét as s rotated 90 compared to pas¥y — 1;
increases. Texture evolution can then be described by sim-e For route B, a special evolution is noticed. After three
ple rules, which show how processing macromechanics in- passes, there is no significant changes in major com-

fluences texture: ponents although pole figure patterns appear different
(Fig. 4, Table 3. In fact, the pole figures corresponding
e For route A, material distorsion is close to monotonic, 0 0dd numbered of passes can be approximately deduced

which results in a few gradual changes in orientations  from those corresponding to even numbered of passes by
(Figs. 2 and 5Table 2. Mainly, the same planes, (102) @& mirror symmetry, whose plane is indicatedFig. 4.
and (213), are involved. This type of linear evolution is ~ This cyclic evolution is related to the consta#90”
similar to that found in rolling; rotation imposed to billet in route B;

e Forroute D, after three passes, no significant changes in ® Route C is the most atypicalKig. 3 Table 4. Textures
the ODF or pole figure is observed whatever the original ~ Should tend to come back to the original strong texture for
texture Fig. 2, Table §. This status quo can be surprising even numbered passes because simple shear is inverted
since a rotation of 90is continuously done at each pass.  at each subsequent pass. However, due to the constraints

Table 5
Major orientations and corresponding fibers for route D

Number of passebl Major orientations I{lotation: Euler angles Corresponding fiber
(By):{xyz} {uww): % total volume with 8 spread)

Route D (strong initial texture)

N=2 (04826.5): £212)425: 24.24 FBD2
(216 15.845): £115)—24—1): 8.07 FBD1
(13826.50): £102X—2—-2-1): 5.04 FBD3

N=3 (19720.426.5): €21 6Y—22—1): 9.57 FD1
Major orientation in FD2, FD6, FD3< 3

N=4 (22226.50): £102X—22-1): 13.34 FD1
FD2, FD3, FD6< 3.8

N=6 (223.518.50): £103)—33—1): 7.4 FD1
Major orientation in FD3, FD2, FD& 2.5

N=28 Major orientation in FD1, FD2, FD% 3.5

Route D (weak initial texture)

N=2 (24126.50): £102X—24—1): 12.72 FBD1
(26.548.226.5): 42121 -22): 4.1 FBD2

N=3 (19720.426.5): €21 6)—22—1): 8.8 FD1
(26.548.226.5): £212)1—22): 3.9 FD2

N=4 (221.826.50): £102)—22-1): 7.2 FD1

(26.548.226.5):£212)1-22): 3.1 FD2
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231
i 209
max
100
100
=1tr) (=1tr)
17 min 30 min
202 170
max max
100 100
(=1tr) (=1tr)
42 min 61 min

Fig. 2. Inverse (001) pole figures for route D after two passes for a strong (a) and weak (b) initial texture, and after four passes for a strong (c) and
weak (d) initial texture.

imposed by grain structure and deformation history, the for route A or D; after three passes only, weak textures
restoration at pashl of texture at pasv — 2 is never are present. For a strong initial texture, two areas can be
fully realized. Instead, slightly new types of textures are distinguished. The sharpest changes and strongest textures
permanently created due to the influence of a strong hys-are obtained before four passes, whereas, after four passes,
teresis phenomenon. As showrfig. 3, for N = 3, 5 and variations in texture strength decrease and medium-strong
7, main planes are close to the (1 03) and (2 1 2), whereasto very weak textures are created depending on the route.
for N = 2, 4, 6 and 8, main planes are located around Third, the evolution of texture strength depends on the
(7210)-(302). Similarly, strength of major fibers, FC1 route. Routes A, B and D exhibit a rather continuous diminu-
and particularly FC3, alternate$able 4. However hys- tion of texture strengthTables 2-5Fig. 79. Route D and

teresis decreases in amplitude aftee= 5 (Table 4. A are the most effective for texture randomization after four
passes with respective FD1 and FA1 fibers containing less
3.3. Evolution of texture strength than 4% of total volume. In route B, for a strong starting

texture, it is still possible to obtain medium-strong textures

Study of texture strength reveals several points evidencedafter six and eight passes with OD index from 5 to 7 t.r.
in Fig. 7a (Fig. 7g Table 3. Route C again is specidfig. 7g Table 4

First, Starting texture impacts great|y texture Strength at and exhibits a CyC”C evolution in texture Strength. Even af-
a low number of ECAE passes. For any route, the strongerter four passes, textures are very weak for odd numbered
the original texture, the stronger the texture for a few ECAE Passes and rather strong for even numbered passes as shown
passes as shown by OD index and percentage volume o'[by main orientations of fiber FC3, whose integral intenSity
major Componentsmg_ 78 Tables 2_5 At h|gh strains, oscillates between 12 and 14% and less than 'Bﬁbl(e 4
after three or four passes, the influence of original texture
on texture strength diminishes markedly. 3.4. Modeling of texture orientation

Second, there is a general decrease in texture strength as
the number of passes increases. OD index, maximum in pole In general, modeling provides good predictions of texture
figures or volume percentage of orientations diminish clearly orientations for both strong and weak initial textureggé. 5
(Tables 2-5Fig. 79. For a weak initial texture, the strongest and §. This confirms that ECAE deformation mode is sim-
textures (of a medium type) are created at one and two passeple shear. A closer match is found with a random starting
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530 223

max max
100

100 (=1tr)

(=1tr)

; 25 min

1 min

278 154

max max
100
(=1tr)

100

(=1tr)

21 min 40 min

246 182

max max

100

- 100

SR E1tr)

13 min 67 min

Fig. 3. Inverse (001) pole figures for route C after two (a), three (b), four (c), five (d), six (e€) and seven (f) passes.

903 977
max i max

100 - @ BTG o
=1tr) (=1tr)
7 min

(b)

Fig. 4. (111) pole figures after three (a) and four (b) passes via route B for a strong initial texture.
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600 632
max max
100 100
(=1tr) (=1tr)
0 min 2 min
600 600
i max
100 100
(=1tr) (=1tr)
0 min 5 min
500 500
max max
100 100
(=1tr) (=1tr)
0 min 0 min

Fig. 5. Predicted by modeling (a, c, e) and experimental (b, d, f) (11 1) pole figures for (a), (b)—one pass for a weak initial texture; (c) (d)—four passes
via route A for a strong initial texture; (e) (f)—four passes via route C for a strong initial texture.

texture because this texture was the easiest to generate anplane to the (117) plane 2 runs from the (21 2) to the

a larger number of orientations were considered during cal- (33 4)/(22 3) planes, andxB contains (103) and (7210)
culations. For example, for a random initial texture, a good as principal planes. Similar trends were experimentally ob-
correlation between experiments and simulation is obtainedserved for corresponding routes. Finally, modeling confirms
for route D up to three passes (compgigs. 2b and 8gand the cyclic evolution of texture for route C.

for route A up to four passes. Also major deformation fibers  Despite these successes, there are also discrepancies be-
given by the model are FA2 and FA3 for route A, FC1 and tween modeling and experiments as the number of passes
FC3 for route C, FD1 and FD2 for route D, and FB1 and increases. For example, for route D at four passes, computer
FB3 for route B. The KL type of fiber runs from the (103) code selects planes (10 3) and especially (334) instead of
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=15 gpo
max

100
(=1tr)

0 min

Fig. 6. Typical fibers after one pass for a weak initial texture. Partial ODF with the FA1, FA3 and FA4 fibers are represented according to the Roe/Matthie
convention at foury-sections ¢ = 0, 15, 25, 45), and fow € [0, 360] andp € [0, 45]. The remaining part of ODF (i.g8 € [45, 90]) is not represented
because of symmetry.

(103)and (21 2) obtained experimentally (comaigs. 2d 4.1. Evolution of texture orientation
and 81). More obvious variations are observable for a strong
original texture Fig. 5¢c—)). For route C, simulation is un- Texture orientations are very sensitive to processing
able to reproduce the gradual textural changes imposed bymacro-mechanics as evidenced by simulation. The simple
hysteresis. In fact, there is rather an oscillation between two model based on Taylor theory shows that crystallographic
limit textures, the initial one and the one after one pass.  slip, which is mechanically activated by simple shear along
crossing plane of channels, is the major mechanism con-
3.5. Modeling of texture strength trolling texture development during ECAE as also shown in
[21,25,26,28,33]This explains the origin of fiber formation
Simulation results on texture strength are shown on and the similarity between some fibers whatever the ECAE
Fig. 7h In all cases, simulation predicts much stronger tex- pass number or route. Due to the constraints imposed by
tures than experiments. There is always a huge differencesimple shear, crystallographic slip selects a few energeti-
in the value of the OD index often by two and three orders cally favorable stable orientations that all deformed grains
in magnitude (comparEig. 7a and h Moreover, whatever  tend to acquire, depending on their initial orientations.
the initial texture, a continuous strengthening is obtained However, in polycrystalline aggregates, most of the grains
for routes A, B and D when number of passes increasesfind only the closest orientations to these “ideal” orienta-
(Fig. 7. This result is contradictory to the significant tions. As a consequence continuous arrays of grains with
texture weakening observed experimentalig( 79. close orientations, more precisely called fibers or tubes, are
created inside the material. For a given material, such fibers
depend on the deformation mode. Since ECAE develops
4. Discussion simple shear at each pass whatever the route, similar sets
of fibers are created. Simple shear is also responsible for
Experiments and modeling demonstrate that, to a greatthe asymmetry of textures as evidenced by multiple sets of
extent, ECAE provides the freedom to control texture ori- fibers[17-36]
entation and strength. Two specific ECAE parameters, route Complexity in the evolution of orientations arises mainly
and number of passes, are proven to be very efficient foras a function of ECAE route. Route is the most influential
such control. The influence of strong and near random ini- factor because it selects a group of shear planes and di-
tial textures was also studied. It is convenient to comment rections at each pass and activates them in a precise order
on these effects, first, on texture orientation and, second, on[10-12] Therefore, even if simple shear acts at each pass
texture strength. and tends to produce a same texture, the starting texture of
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Fig. 7. Experimental (a) and modeling (b) OD indexes for a strong and weak initial textures as a function of number of passes via routes A, B, C and D.

a sample entering ECAE die at a paswill differ between at the expense of others; (iii) a fiber is partially or entirely
routes due the specific inter-pass rotations of each route. Asmodified. Since there is a multitude of combinations of pro-
a result, the end texture after completion of i pass cessing routes, the opportunities to control texture are nu-
differs for each routg22,25,27—-29,33]For route A, accu- merous. It is unlikely however to produce every possible
mulated strain is close to monotonic and planar so that only orientation because crystallographic slip induced by simple
a few gradual changes in texture orientations occur. Route Cshear will tend to select some particular orientations.

is a case of cyclic plane deformation, where shear direction Compared to ECAE route, starting texture and number
is reversed at each pass along the same shear plane therelnf passes have a limited effect on texture orientation. Initial
giving rise to a cyclic textural evolution. Routes B and D texture plays a limited role for the first few passas<£ 1, 2,
involve non-monotonic cross-loading deformation in three 3) and its effect disappears for > 3. A similar observation
dimensiong10,56] The non-monotonic routes B, D and C was made if21]. It can be argued that the amount of defor-
give the most atypical and variable textural evolutions. The mation involved at each pass is so high=f 1.16) that any
noticeable effects are (i) the main orientations within a fiber original influence is diminished. Even in route C, despite
change at each pass; (ii) some fibers become predominanthe inversion of simple shear and because of hysteresis, the
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Fig. 8. Inverse (00 1) pole figures predicted by modeling for a weak initial texture after two passes via route D (a), four passes via route D (b), and four
passes via route A (c).

components obtained after two passes differ from the origi- during ECAE[47,48] In particular, the simple Taylor code
nal texture[22]. Finally, as the number of passes increases, does not consider all microstructural changes occurring dur-
especially after four passes, less change in texture orientatioring ECAE [28,45-48] The abundant literature concerning
occurs. There is rather a global spreading around some finalECAE [8—-37,47,48hows that at high strains, a sub-micron
orientations for each route that results from texture weak- structure is created (see partfig. 1). Break up and refine-
ening and structural transformations as explained below. ment of microstructures is induced mechanically by dynamic
recrystallization, which is believed to involve mechanisms
4.2. Evolution of texture strength such as grain/subgrain rotation, flow localization in shear
bands and their intersectiof®,10,12,15,33,47-51]These

A global weakening of texture from medium to very weak mechanisms contribute to diminish texture strength after
is observed as the number of passes augments, especially athree passes. Basically, the areas belonging to each fiber at
ter three or four passes, whatever the initial texture. Textural first passes are divided into highly stressed and misoriented
randomization is enhanced by weaker initial textuji2?®), SMG structures, which disperse more X-rays and weaken
and, in decreasing order of influence, for routes D, A and C fibers.
(in the last case for odd numbered passes). Itis still possible The occurrence of texture spreading at high deformations
to obtain medium-strong textures after four passes as shownwas reported for different processes including, for example,
in routes B or C (for even numbered passes) with a strongrolling after 90—95% reductiof44,52-55] Most of these
initial texture. Texture softening at increased passes wasobservations were made for strains, which were not as large
also found in[18,28,31,35] Contrary to experiments, com- as in this study. As ECAE extends plastic straining to very
puter simulation predicts continuous texture strengthening high levels, it is possible to create weak, almost random tex-
for all routes when number of passes augments. Predictiongures by promoting mechanically induced dynamic recrys-
in orientation also become less accurate at high strains.tallization.
These contradictory results prove that crystallographic slip  In resume, ECAE was proven as an effective technique
is not the only mechanism responsible for texture evolution for grain refinement to sub-micron size in massive billets
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