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Abstract Texture development and substructure evolu-

tion are described for pure beryllium given two-pass equal

channel angular extrusion (ECAE) processing following

routes A and C. These routes impose different strain paths

between the first and second passes—the former cross-

shearing and the latter reversal. Polycrystal calculations

that are in good agreement with the texture measurements

suggest that basal slip and, secondly, prismatic slip are

operative in both passes of both routes. Multi scale poly-

crystal modeling is shown to effectively predict texture

evolution to strains of two caused by both ECAE pro-

cessing routes. Shear-like deformation textures observed in

the second pass of route C are explained by differences in

deformation characteristics between the first and second

passes.

Introduction

Equal channel angular extrusion (ECAE) is a well-known

severe plastic deformation (SPD) process for reducing

grain sizes down to the submicron (ultra-fine grain) or

nano-scale (nano-crystalline) [1–3] in conventional metals.

It also results in substantial texture development, that is,

changes in the distribution of crystallographic orientations

of the grains [4]. A single pass through an ECAE die

imposes severe plastic deformation via simple shearing,

with equivalent strains ranging from 0.8 to 1.1 for most

ECAE tooling geometries. In this operation, the cross

section of the workpiece (billet or bar) remains constant

enabling re-insertion of the extruded bar into the die. Each

new pass introduces a strain path change, and any rotation

about the sample long axis prior to re-insertion alters the

path change or so called ‘‘route.’’ The first pass leads to

significant texture changes, producing a typical simple

shear texture which can be formally characterized by ideal

simple shear components [5]. In multi-pass ECAE, the

resulting cumulative severe plastic deformation through

frequent strain path changes causes texture development in

all crystal types to vary with processing route and number

of passes. Texture development in such severely deformed

samples is relevant because it contributes critically to

anisotropy in elastic, plastic [6, 7], fracture, fatigue, creep,

and superplastic behavior [8].

Influences of processing parameters, including pass

number, die angle, and route, on texture development have

been examined mainly in cubic metals, usually at room

temperature (see [4] and references therein). There are far

less ECAE texture studies on ECAE-processed hexagonal

close packed (hcp) metals. Experimental work has been

done on Ti, Be, Zr, and Mg and their alloys [9–16] pro-

cessed at various temperatures. Theoretical studies have

been limited to predicting texture development after one

pass [14, 17–19], with the exception of [20], where the

second pass of route A in Mg was also simulated. Com-

pared to cubic metals, hcp metals present difficult

challenges in characterization and modeling due to the
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multiplicity of deformation modes by slip and twinning.

The combination of modes operating depends largely on

the metal’s c/a ratio (ratio of the long to short dimension of

the unit cell) and individual grain orientation and secondly

on processing temperature and strain rate, grain size, and

alloying. The wide use of this class of metals and the strong

dependency of their mechanical behavior on texture

encourage more texture and anisotropy studies. In these,

texture prediction should be an important component as

this capability is critical for texture-property control and

efficient forming operation design.

In this work we have examined texture development

through measurement and multi-scale modeling in beryllium

(Be) processed by ECAE routes A and C at 425 �C. These

two routes impose different strains in going from the first to

the second pass [2, 21]. Route A induces cross-shearing. For

route C, the direction of shearing is reversed in the second

pass. Beryllium has an hcp crystal structure and deforms

primarily by basal slip [22–24]. Non-basal slip systems, such

as prismatic and pyramidal\c+a[, and deformation twin-

ning, are possible secondary modes. At 425 �C, Be is ductile

and its deformation response exhibits the conventional work

hardening stages II, III, and IV, characteristic of thermally

activated slip (and no twinning) [25].

The key objective of our work is to extend modeling

capabilities for texture development in hcp metals under

SPD with a strain path change, including perhaps the most

difficult one, a strain path reversal. Although the present

work focuses on ECAE, many forming operations involve

similar large strains and frequent strain path changes. Like

Be, many other hcp metals, such as Zn, Cd, and Mg, also

deform primarily by basal slip [23, 24].

ECAE extrusion and experimental techniques

For the current investigation, Be rods canned in Ni were

subjected to both single- and two-pass ECAE processing.

The starting material was powder metallurgy source Be

(0.72 wt% BeO), designated as P31664, manufactured by

the Brush-Wellman Company by vacuum hot pressing of

attrited powder. Cylinders 0.7500 in diameter and 5.500 long

(19.1 mm 9 139.7 mm) were extracted from the bulk

using wire electro-discharge machining and then machined

to fit into 100 square by *500 long (25.4 mm 9 127 mm)

Ni-200 cans with a central 0.7500 diameter hole bored for

the Be cylinders. Before being placed in the cans the Be

samples were vacuum-annealed for 1 h at 800 �C to relieve

machining stresses. A plug with a step joint was then

electron-beam-welded onto the top of the can.

Three billets were extruded: a single pass, two passes

with no rotation (route A), and two passes with a 180�
rotation (route C) about the sample long axis between

passes. The extrusions were performed in a warm tool

(350 �C) through a sharp 90� angle at a nominal billet

temperature of 425 �C and with a punch velocity of

25.4 mm/s. An estimated upper limit for the corresponding

strain rate is *10 s-1, assuming the width of the shear zone

is 10% of the billet thickness. For all extrusions a solid state

lubricant was used. The peak loads seen for the first and

second passes were nominally 250,000 and 350,000 lbs.

force (1.11 9 106 and 1.56 9 106 N), respectively.

Thermodynamics considerations of the combined effects

of rapid deformation, thermal isolation of the Be by the Ni

can, and a lower temperature tool lead to an estimated Be

temperature rise of *50 �C during extrusion and maxi-

mum adiabatic temperature of 490 �C [26]. Such

temperature rises have been measured and calculated

elsewhere [26–28]. A post-heat treatment study indicates

that this temperature rise would not lead to recrystallization

and grain growth. In this study, some pressed pieces were

subjected to 1 h heat treatments at 600, 700, and 800 �C.

No appreciable grain coarsening occurred below 800 �C.

At 800 �C, the grain size approached that of the as-

received material. Vickers hardness measurements showed

decreasing strength for heat treatments at 600 �C and

above, with the hardness returning to approximately that of

the as-received material after the 800 �C treatment.

Microstructural characterization was performed using

both optical and TEM techniques to investigate grain

refinement and deformation microstructures. Metallographic

preparation was standard. TEM foils were made by first

taking 350–500 lm slices using a diamond saw in the flow

(billet side) plane. The slices were then ground to *150 lm

using 400–600 grit SiC paper and 3 mm discs removed using

an abrasive core drill. The foils were thinned to perforation in

a Fischione automatic electropolishing unit, using a solution

of 8% perchloric acid, 20% water, 12% isobutyl alcohol, and

60% methanol at a temperature of -50 �C, and a potential of

65 V. TEM was performed in a Philips CM30 instrument at

an accelerating potential of 300 KV.

Texture development was characterized by bulk X-ray

diffraction (XRD). Raw texture intensities were collected

on metallographic samples using a Scintag 5-axis X1 pole

figure goniometer at 40 kV/20 mA, with a count time of

2 s and sample oscillation of 4 mm. Using the popLA

software package [29], the (0001), 1010
� �

, and 1011
� �

pole figures were corrected for background and defocusing

and used to determine the orientation distribution function

(ODF) with its WIMV algorithm. Full pole figures were

re-calculated from the ODF.

Figure 1 shows optical and TEM micrographs of the as-

received material. The grains are equi-axed with sizes

ranging from 10 to 40 lm. TEM reveals tiny BeO particles

in the grain boundaries. The initial texture was nearly

random [17].
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Experimental results

This section focuses on results for the two-pass material. A

detailed examination of the one-pass material was pre-

sented previously [17]. For descriptions in the text below,

the horizontal 1-axis is the extrusion axis (ED), the vertical

2-axis is parallel to the entry-channel axis (ND), and the

3-axis (FD) lies normal to the side plane of the ECAE die

which we also call the flow plane.

Figure 2 shows cross sections of the two-pass billets in

the flow plane. No cracking is observed in either billet.

Figure 3 presents optical micrographs in the flow plane of

the one-pass and two-pass materials. These images show

that the grain shapes evolve as expected [2]. After one pass,

the grains are elongated in nearly the same direction. After

two-pass route A, the grains remain elongated and become

more closely aligned with the extrusion direction. After two-

pass route C, the grains are more or less equi-axed again.

Continuum mechanics considerations predict that a sphere

will deform into an ellipse with inclination 22.5 and 14.3�

from the ED after one pass and two passes of route A,

respectively, and will return to a sphere after two passes of

route C [30]. Anisotropic polycrystal calculations predict

inclinations of 20 and 15� after one- and two-pass route A,

respectively [21]. Generally these predictions provide good

estimates of the microstructural shape evolutions observed

in Fig. 3. Optical microscopy of ingot source Be shows even

more grain refinement after four passes of route Bc [12].

A curious feature seen in all the Fig. 3 micrographs is

the appearance of localized microscopic bands. The nom-

inal width and separation distance of these localizations are

similar for all cases: 10 and 50 lm, respectively. This

feature may help to explain the directional nature of the

substructure seen at higher magnification (Fig. 4a). These

are to be distinguished in length scale and origin from

macroscopic shear bands, which have been associated with

flow softening [31].

As shown in Fig. 4, low magnification TEM reveals that

substructure development occurs in both routes, interest-

ingly, with route A grains containing an elongated directional

(bamboo-like) substructure, like in the first pass [17], while

route C grains contain a more equi-axed cellular substructure.

However, the route A specimen also contains fine subgrains,

giving rise to further refinement of the microstructure and a

more equi-axed appearance in higher magnification TEM

(see Fig. 5). Twinning was not observed.

Texture developments after one pass and two passes of

route A and C are compared in Fig. 6a using (0001) pole

figures in the transverse plane. The transverse plane is

parallel to the billet long axis direction. The first-pass tex-

ture exhibits a monoclinic symmetry and maximum

intensity around 4.0 mrd (multiples of random distribution).

The maximum (0001) pole densities are tilted roughly 25�
from the ND-axis (2-axis). Despite the different strain path

Fig. 1 Microstructures of the starting material prior to ECAE

processing: (a) light optical micrograph and (b) TEM micrograph.

The arrows in (b) indicate BeO particles

Fig. 2 Flow plane cross sections of the two-pass Ni canned Be

billets. Top: route A. Bottom: route C. The arrow designates the

extrusion direction
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changes invoked by routes A and C, the second-pass tex-

tures have some features in common, namely a monoclinic

symmetry and maximum intensities ranging from 3.5 to

4.0 mrd which are similar to that of the first pass. Also, in

all cases, some very low intensity (*1 mrd) components

are observed on the rim, near the ED. Differences are found

in the location of the maxima: *15 and *35� from the ND-

axis in route A and C, respectively. These maxima are more

diffuse in the route C texture than those in the single-pass

and two-pass route A textures.

Unlike in route A, the texture development observed in

route C is not expected. Because the shearing direction is

reversed in the second pass of route C, a return to the initial

texture may be expected instead. Indeed this recovery is

what standard polycrystal models would predict [21, 32].

The shear-like texture in the route C measurement,

however, is similar to the unaltered shear textures observed

after reverse torsion tests. These were first reported for

iron, brass, and copper with much larger pre-strains [33]

than in one ECAE pass. They have been observed more

recently in [34, 35] with similar pre-strains but much

weaker textures than observed here in the route C texture.

Our route C measurement is very similar to what has

been reported in several previous ECAE texture studies on

fcc and bcc metals [32, 36–44], and in those few studies on

hcp metals [45, 46]. In these, shear-like textures after

second, and higher even-numbered, passes of route C were

observed albeit with varying intensities. The consistency of

this result in fcc, bcc, and hcp metals alike suggests that the

primary reason for unaltered shear textures following

multi-pass route C processing must have little to do with

the small-scale mechanisms that distinguish texture evo-

lution in one material from another.

Next we briefly describe a multi-scale model used to

understand and predict texture evolution during routes A and

C. It will be suggested that the reason for shear-like route C

textures is found in the largest length-scale component, the

macroscopic ECAE deformation. The deformation in the

second pass is not a pure reversal of the shear given in the first

pass, which leads to a ‘‘residual’’ deformation shear texture

after two passes of route C. This explanation should apply to

nearly all metals, and is an important conclusion of this work.

Multi-scale method

Several 2D and 3D finite element studies have shown that

for the same die geometry and lubrication, ECAE defor-

mation characteristics depend on material behavior, e.g.,

[47, 48]. For sharp corner dies, like the one used here,

when the material is strain hardening, a corner gap forms

and a fan-like plastic deformation zone (PDZ) is generated

[47, 49], as illustrated in Fig. 7a. When the material is

perfectly plastic, however, it fills the die, and the defor-

mation is close to simple shear [2, 47, 49] (Fig. 7b).

Consequently, when the material strain hardens within the

first 0.5 to 1.0 strain but not thereafter, the first-pass

deformation would resemble Fig. 7a, and the second-pass

Fig. 3 Optical micrographs in the flow plane of the as-extruded (a)

one-pass, (b) two-pass route A, and (c) route C material. The arrows

show the extrusion direction
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deformation, Fig. 7b. This or similar two-pass deformation

pattern has been confirmed by FE simulations in [37, 50].

Hot-pressed Be is found to strain harden under com-

pression at 425 �C ([25], private communication with D. W.

Brown), a temperature which is sufficiently far below its

recrystallization temperature. The deformation response

exhibits stage II, stage III, and a weak stage IV, which are

respectively dominated by dislocation storage, dynamic

recovery, and possibly substructure evolution. The presence

of well-developed substructures after two passes (Figs. 3–

5) further supports the idea that dynamic recovery in the

form of cross slip and climb occurred in Be at 425 �C.

Therefore the deformation sequence in Fig. 7 should apply.

Rather than using FE simulations, we model the ECAE

deformation described in Fig. 7 analytically. The velocity

gradients used for each deformation are developed in [30]

and found to agree well with FE simulations [51]. They are

imposed uniformly and sequentially to a polycrystal, and

the texture evolution is predicted by the visco-plastic self-

consistent (VPSC) scheme [52]. The methodology for

modeling the rotations corresponding to the ECAE routes

is described in [21].

The development of VPSC was developed for low-

symmetry metals like hcp Be, and explicitly incorporates

anisotropic interactions between individual grains and the

surrounding polycrystalline aggregate. Even for cubic

crystal structures, the VPSC model proves to be superior to

the Taylor model in predicting texture evolution during

ECAE [32, 42, 43, 53]. The reasons have partly to do with

large-strain deformation. Unlike the Taylor and Sachs

models, self-consistent schemes allow for intergranular

heterogeneities, which could grow with increased strain.

Fig. 4 Low magnification TEM

micrographs in the flow plane of

material: (a) as-extruded two-

pass route A and (b) two-pass

route C

Fig. 5 High magnification

TEM micrographs in the flow

plane of the as-extruded two-

pass (a) route A and (b) route C

material
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Like the actual starting material, VPSC simulations begin

with a computer-generated random texture represented by

1,000 discrete orientations and initially spherical grains. A

modified secant approximation is used. In this work, grain-

grain interactions are simulated by invoking a co-rotation

scheme [54], which slows down texture evolution and leads

to intensities in better agreement with measurement [32, 55].

Also, in this and previous applications to ECAE, the shape of

each grain is made to evolve according to its individual

anisotropic response.

In the VPSC calculation, the hardening behavior of the

critical resolved shear stresses sV in each Be grain follows

an extended Voce law [56] and evolves differently

according to its crystallographic orientation and strain

history. Three slip modes are made available to each grain:

basal slip, prismatic, and pyramidal\c+a[. Twinning was

suppressed in this calculation because it was not experi-

mentally observed. In the Voce law, sV for each of the

basal, prismatic, or pyramidal\c+a[slip systems evolves

with the total accumulated strain in the grain C according

to

sV Cð Þ ¼ s0 þ s1 þ hs
1C

� �
1� exp �h0C=s1ð Þ½ �; ð1Þ

where the set of parameters (s0, s1, h0, and h1) are the same

for each slip system belonging to the same slip mode. This

phenomenological law models work hardening from stage

II to stage IV. A different set, however, is estimated for

each slip mode by fitting to mechanical test data of pure Be

under monotonic loading at 425 �C ([25], Private com-

munication D. W. Brown). The parameters corresponding

to the fit are shown in Table 1. No attempt was made to

adjust these parameters after either pass and the simulated

ECAE textures that follow are fully predictive. We also

have the option to assign latent hardening parameters

between these modes, as was done for Zr [18] following

Hill [57], but due to lack of experimental evidence, we

set all latent hardening parameters to unity.

The macroscale model (Fig. 7) works in series with the

VPSC model and Eq. 1. Of course, a fully coupled finite-

element/polycrystal/crystal plasticity/single-crystal hard-

ening formulation would prove more accurate, but no more

effective in demonstrating our point that shear textures

after two passes of route C result from differences in the

macroscale deformation between the first and second

passes.

ED

ND(a)

(b)

(c)

ND ND

ED

NDNDND

ED

NDNDND

Fig. 6 (a) XRD measured basal pole figures of pure Be after a first

pass, second pass route A, and second pass route C of ECAE

processing with a sharp-corner U = 90� die. (b) Predicted texture

evolution for the first two passes of routes A and C assuming the

deformation sequence in Fig. 7 with PDZ b = 10� in the first pass. (c)

Predicted texture evolution assuming ideal uniform deformation in

both passes (perfect reversal). Contour levels are 1/2/2.83/4.0 mrd

βm α 

α 

(a) (b)Fig. 7 Hypothetical sequence

of deformation in two passes of

ECAE for a die with a sharp

outer corner angle. (a) First pass

deformation characteristics. The

deformation spreads out over a

fan-shaped zone and a corner

gap forms due to strain

hardening. (b) Second pass

deformation is close to ideal

simple shearing because work

hardening in the material has

saturated. bm is the fan angle;

the angles on either side of the

fan angle a are equal
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Modeling interpretations and discussion

Figure 6b presents the simulated (0001) pole figures cor-

responding to the measured cases in Fig. 6a. The model

captures the main features of each texture: the location of

the maxima from the ND-axis, the intensities (4.3, 4.7, and

3.6 mrd for one-pass, two-pass A, and two-pass C,

respectively), and the monoclinic symmetry. Most impor-

tantly, the two-pass route C texture contains relatively

strong shear components, consistent with the measurement.

Minor discrepancies are the low intensity components

predicted near the FD and the lack of those at the rim near

the ED.

For the predictions in Fig. 6, the model calculates the

contribution of each slip mode averaged over all grains in

the polycrystal. In the first pass, basal slip was the most

active (*65%), followed by prismatic slip. Basal slip

becomes more active in the second pass, *70% for route A

and 80% for route C. The increase in basal activity can be

easily explained when considering texture development.

The texture produced after the first pass and subsequent

rotations for route C results in a second-pass ‘entry texture’

that favorably orients a majority of the grains for easy basal

slip in the second pass. Pyramidal slip was negligible in

any case. However, this slip mode was identified in TEM

analysis of the single pass specimen and attributed to local

accommodation at grain boundaries [17].

For comparison, Fig. 6c shows the texture predictions

assuming ideal simple shearing for both ECAE extrusions,

in which case the macroscopic strain path is a pure rever-

sal. The same material model assuming grain-grain

interactions, individual grain shape evolution, and aniso-

tropic hardening was used. In this case, the route A texture

is practically unaffected by the change. In route C, how-

ever, the initial texture is nearly recovered. The relative

activities of basal, prismatic, and pyramidal do not change

appreciably from those in Fig. 6b.

The modeling results show that the observed texture

development in route C can be explained by a large dif-

ference in deformation characteristics between the first and

second pass. The plausibility of this hypothesis was first

demonstrated in Mahesh et al. [58] in copper ECAE-pres-

sed using a rounded corner die. In this case, a fan-shaped

deformation zone develops in every pass, but is skewed in

the first pass relative to the second due to strain hardening

in the first pass [43]. There are, of course, other possible

factors that could explain shear-like textures in route C,

such as grain-grain interactions, texture gradients across

the ECAE sample [32], substructure development [58, 59],

work hardening, and latent hardening [37]. All calculations

in Fig. 6 accounted for grain–grain interactions in an

approximate way using the co-rotation scheme; however,

the calculation in Fig. 6c assuming a perfect reversal could

not reproduce the second-pass route C measurement. Cer-

tainly texture measurements made over large regions of a

sample containing significant texture gradients (particu-

larly with shear textures in the surface layers) will lead to

weak shear textures on average [32]. However, spatially

resolved texture measurements in the central homogeneous

region of a two-pass route C sample also produced shear

textures [37]. Sophisticated theoretical models for sub-

structure evolution, which involve development of

intergranular regions misoriented from the parent grain,

have been developed and applied to ECAE [58–60]. While

implementing these subgrain models into either a Taylor

[58], or VPSC [59] formulation predicted second-pass

shear textures, they were still much weaker than the copper

measurement. Previous work on copper [37] suggests that

anisotropic hardening, simulated by affecting latent hard-

ening, could lead to weak shear textures after a reversal. In

the present case of hcp Be, the hardening was anisotropic,

and yet, as shown in Fig. 6c for a perfect reversal, this

alone did not lead to relatively strong shear textures in two-

pass route C. Although not presented, we tested latent

hardening parameters greater than unity for Be and this did

not change the result appreciably from that shown in the

perfect reversal calculation, Fig. 6c.

In summary, while each alternative explanation above is

certainly plausible, none alone can explain the generation

of a complete shear texture in the second pass of route C.

We show here that the more effective explanation is given

by changes in deformation characteristics, such as the fan-

shaped plastic deformation zone in pass one changing to a

more ideal simple shearing in going from pass one to pass

two (see Fig. 7). When Fig. 7 is applied to route C (with

the 180� twist) the sense of shearing in the second pass is

still largely reversed from the first, but it is not a perfect

reversal. The present model suggests that this slight

imperfection can result in a shear deformation texture in

even passes of route C. The microstructure, on the other

hand, is not as sensitive to this minor deviation from a pure

reversal. Both measurement and modeling find nearly equi-

axed grain shapes after the second pass of route C. This is a

reflection of the fact that, again, the sense of shearing is

largely reversed, even when the sequence shown in Fig. 7

is applied to route C.

Table 1 Deformation modes and Voce parameters associated with

Eq. 1 for 99.9% Be at 425 �C. Latent hardening between all modes is

1.0

Deformation mode s0 (MPa) s1 (MPa) h0 (MPa) h1 (MPa)

Basal slip 100 130 3,500 0

Prismatic slip 150 150 4,500 70

Pyramidal \c+a[ slip 420 1,100 1E + 05 0
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Conclusions

A multi-scale ECAE model is shown to effectively predict

texture evolution in Be for two-pass route A and route C

processing (see Fig. 6b). In principle, the sample experi-

ences shearing on different planes in route A and on the same

plane but in the reverse direction in route C. Both routes

generate simple shear textures with monoclinic symmetry

and strengths *4 mrd, much like after one pass. Model

results suggest that the nearly unaltered shear texture in

route C is due to differences in the macroscale deformation

characteristics between the first and second pass. Aniso-

tropic hardening, which is strong in Be, and grain-grain

interactions cannot explain this result. Optical and TEM

microscopy show that substructure evolution is substantial

with no evidence of twinning. Substructure evolution, which

is the usual explanation for unaltered shear textures after a

strain reversal, was not included in our modeling. However,

previous experimental and theoretical studies in cubic

metals imply that with only *1.0 strain per pass, sub-

structure development is not significant enough to impact

texture evolution after a few passes, and second-pass route C

textures would still be much weaker than observed here.
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