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Equal channel angular extrusion (ECAE) has been studied at the lab scale for many years. However, few
successful industrial applications of the ECAE process have been reported. In the present work, a process
referred to as Ex-ECAE that was composed of two processes of the direct extrusion and the ECAE via route C,
was developed. The Ex-ECAE process was developed to refine the microstructure of the extrudate, particular
the coarse grain layer (CGL) on the surface of the extrudate. The Ex-ECAE die with a die angle of 120°
contained three segments and was used in the conventional direct extrusion press. The high friction and
the continuous routes of the ECAE resulted in asymmetric dead metal zones (DMZs) to be formed at the
comners of the die channel. It revealed that the visible grains in the CGL were refined and became invisible due
to the intense shear deformation as the CGL flowed along the boundaries of the asymmetric DMZs. The textures
of the Ex-ECAE at the various segments were studied by EBSD. This study demonstrated that the ECAE
process could be scaled up using the extrusion press. Success or lack of success depended on the capacity

of the extrusion press and the die design.
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1. INTRODUCTION

Equal channel angular extrusion (ECAE) has been studied
at the lab scale for many years [1-14]. As shown in Fig. 1(a),
the die of an ECAE is quite simple. It contains two channels
of equal cross section that meet at a die angle ®. The lubri-
cated rod billet is pressed through the channels. Under ideal
conditions, the majority of the billet is deformed in a narrow
deformation zone at the plane of intersection of the two
channels. On the intersected plane (the shear plane), a simple
shear is imposed on the rod billet [1-2]. The dimensions of the
cross section are almost unchanged during the ECAE process.
Therefore, the deformed rod billet can be reinserted into the
die to impose more plastic strain. The ECAE process became
well known as an effective technique for grain refinement
of a bulk material [9-10,15].

However, although the ECAE process has been studied at
the lab scale for many years, few successful industrial appli-
cations of the ECAE process have been reported [16-18].
Moreover, the extrudate of the ECAE process was usually a
raw material, for example, forging stock, but not a product
or a semi-product. The length of the rod billet used and the
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extrudate were short because of the inlet channel is short.
The profile of the cross section of the rod billet was usually
quite simple. For a product with a complex or irregular
cross-sectional profile, the manufacture of the initial rod billet
might be very difficult. Moreover, the ECAE is not a continuous
process. This is disadvantageous in terms of production effi-
ciency. However, these drawbacks of the ECAE described
above can be improved by combining this process with the
direct extrusion process.

In the direct extrusion process, a preheated billet was
placed in a heated container, and a stem or ram protected by
a dummy block then pressed the billet through the die with
an opening in the shape of the desired profile. The deforming
billet in the container was divided into three main regions: a
primary deformation zone, a dead metal zone (DMZ) and an
intense shear deformation zone [18-20]. The materials that
flowed through the shear deformation zone would have a large
shear strain and a high temperature. Therefore, dynamic recrys-
tallization will occur in the shear deformation zone. Then,
these intense shear deformed materials will create a "visible"
coarse grain layer (CGL) on the surface of the extrudate [21-
26]. The extrudate with the CGL is typically regarded as an
undesirable product and must be scrapped. CGL could cause
many problems, such as bending failure, orange peel finish,
streaking and variations in surface brightness [21]. Typically,
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Fig. 1. (a) Schematic drawing of the ECAE process. (b) one half of the designed Ex-ECAE die used in the present study. Diameter of the channel
was 20 mm. Extrusion direction is indicated by the black hollow arrow. (c) schematic drawing of the designed Ex-ECAE die.

the CGL was removed by machining or refined by thermo-
mechanical treatment (TMT). However, these methods result
in reduced productivity and increased costs.

In this study a process, referred to as the Ex-ECAE pro-
cess, which was composed of the direct extrusion and the
ECAE via route C two processes, was developed. The Ex-
ECAE die, as shown in Fig. 1(b) and 1(c), with a die angle
of 120° contained three segments and was used in the con-
ventional direct extrusion press. Considering the capacity of
the existed direct extrusion press, Ex-ECAE die was designed
with a high die angle and with only two passes of the ECAE
process. However, the refinement efficiency was increased as
the die angle was decreased and the pass number was increased.
The first segment of the Ex-ECAE (i.e., direct extrusion segment)
could continuously produce long rod billets with any cross-
sectional profile. Therefore, using the billet-to-billet loading
method, the Ex-ECAE process could be regarded as a continu-
ous process. The second and third segments (ECAE segment)
were designed to refine the microstructure of the rod billet,
particular the CGL (coarse grain layer) on the surface layer
of the extrudate.

Finally, it is well known that a heavily deformed material
usually contains a strong texture. However, texture is not a
desired phenomenon for most structural material applications.
Therefore, it is quite important to understand the texture of
the product for structural applications. In the present study, the
textures of the Ex-ECAE sample at various segments are mea-
sured using EBSD.

2. EXPERIMENTAL PROCEDURES

A DC (direct-chill) cast AA 6063 billet with a diameter of
88.9 mm was homogenized at 470 °C for 8 h. After homog-
enization, a 250 mm long billet was cut and preheated to
250 °C. In the direct extrusion process, the temperatures of
the Ex-ECAE die and the container were both set at 200 °C.
The ram speed was fixed at 1.5 mm/s. The diameter of the

extrudate (i.e., rod billet) was 20 mm. The speed of the rod
billet flow through the channel of the die was approximately
30 mmy/s. After the Ex-ECAE process was finished, the material
left in the channel, which was referred as to Ex-ECAE sample,
was cooled down to room temperature in the die. Then, the
Ex-ECAE sample was cut along the parting line. After polish-
ing, the parting plane of the Ex-ECAE sample was immersed in
a 10% NaOH solution for 20 min at room temperature to reveal
the macrostructure and the flow pattern of the material. To
compare the different effects between the Ex-ECAE and ECAE
processes, a 50 mm long annealed bar with 20 mm diameter
of AA 6063 without lubrication was put inside the die chan-
nel of the first segment in advance. During the Ex-ECAE pro-
cess, the annealed bar was pressed through the ECAE segment
by the Ex-ECAE extrudate. The annealed rod that flowed through
the ECAE segment only was referred to ECAE sample. The
ECAE sample was short and was totally out of the die, rather
than was taken from the die channel.

To measure the textures, the EBSD specimens were sam-
pled from the core of the billet, and the core and sub-surface
of the Ex-ECAE sample at various segments in the transverse
cross section. The EBSD specimens were twin-jet polished
in a 30% HNO; + 70% CH;OH solution at -30 °C and at 20 V.
The EBSD and CPF (Continuous Pole Figure) analyses were
carried out by using a system of NOVA NANO SEM 450 +
EDAX/EBSD. However, in the present study the texture is
indexed in the form - plane of the transverse cross section of
the sample/direction of the normal of the die's parting plane.

3. RESULTS AND DISCUSSION

3.1. The Analysis of the AA 6063 Billet

Figure 2 shows the grain structure of the DC cast AA 6063
billet used in the present study. During the DC casting, the
Al-Ti-B wire is added to the melt for grain refinement [27].
The use of the grain refiner results in the growth direction of
the nuclei is not influenced by the heat flow. Therefore, the
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Fig. 2. (a) EBSD image of the grain structure of the extrusion billet AA 6063 used in the present study. (b) the CPF of the AA 6063 extrusion billet.

billet contains equiaxed grains, as shown in Fig. 2(a). The grain
size of the billet is approximate 200 um. As expected that the
billet with the equiaxed grain structure has a random texture,
as shown in Fig. 2(b).

3.2. Macrostructures and Flow Patterns of the Extrusion,
Ex-ECAE and ECAE Processes

Figure 3 and Fig. 4 show the macrostructures and flow
patterns of the Ex-ECAE and ECAE process, respectively.
In reality, the first segment of the Ex-ECAE process is only
subjected to an extrusion process. Therefore, the macrostructure
of the first segment represents the one of the extrusion pro-
cess.

In Fig. 3, the first segment of Ex-ECAE sample shows a
typical macrostructure of the direct extrusion, i.e., a fibrous
structure covered with a visible recrystallized CGL on the
surface of the extrudate. The grain sizes of the CGL are approxi-
mate 0.68 mm -2 mm. The large plastic strain (extrusion
plastic strain is 2.932) deformation results in the develop-
ment of the fibrous microstructure in the core region, which
are aligned parallel to the extrusion direction. As shown in
Fig. 3, the CGL with visible equiaxed grains in the first segment
become more longitudinal when it flows through the second
segment. However, the CGL is thinned during it flows through
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Fig. 3. The macrostructure and flow pattern of the Ex-ECAE sample
at various segments. A sketch of the direct extrusion process was also
shown in the left.
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Fig. 4. The macrostructure and flow pattern of (a) the annealed rod
billet and (b) the ECAE sample.

the die channel. Finally, the CGL disappeared before it enters
the third segment. In the final stage, the grains at the whole
cross section of the Ex-ECAE sample are invisible.

In terms of the ECAE process, an annealed rod containing
larger grain size (~200 pum) at the core, as shown in Fig. 4(a),
is chosen to evaluate the grain refinement of the ECAE process.
Figure 4(b) shows the macrostructure and flow pattern of
the ECAE sample. The ECAE sample is not straight due to
the non-uniform flow in the die channel. It is obviously that the
grains at the whole section of the ECAE sample are invisible.
From Fig. 3 and Fig. 4, it may conclude here that regardless
of the coarse grains are, the ECAE segment in the Ex-ECAE
die without any lubrication can refine them to the extent invisible.
However, ECAE sample has an undeformed area as shown
in Fig. 4(b). It means that the ECAE process has less pro-
ductivity than Ex-ECAE process.

3.3. Refinement of the Coarse Grain Layer on the Surface
of the Ex-ECAE sample

Figure 5 shows the grain structures of the surface of the
Ex-ECAE sample at various segments. It can be seen in Fig. 5
that the grains of the CGL on the surface are refined during
the Ex-ECAE process. At the first segment, the CGL contains
coarse equiaxed grains. These coarse equiaxed grains become
longitudinal as they flow into the second segment. At the third
segment, the coarse equiaxed grains of the CGL are refined
to fine equiaxed grains. In fact, at the second segment, the
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Fig. 5. The grain structures of the surface of the Ex-ECAE sample at various segments. (a) the first segment, (b) the second segment, and (c) the

third segment.

grain structure is a mixture of the majority of longitudinal
grains and some recrystallized fine grains.

In the ECAE process, the rod billets are usually well lubricated.
However, in the Ex-ECAE process, the rod billet is produced at
the first segment and not to be lubricated. Moreover, the
continuous routes of the designed ECAE resulted in a back
pressure effect [4]. These two factors led to the formation of
the DMZs, as shown in Fig. 3, at the outside corners (a and
¢) and the inner corners (b and d), respectively. However, it
is interesting that the DMZs that occurred at the corners are
asymmetric. The asymmetric flow pattern results from the
corners, for example, a and b, are too close and the high friction
of the die channel. To obey the continuum conditions between
the DMZ and CGL, the CGL would be subject to a high intense
shear stress when it flowed through these DMZ boundaries.
The intensity of the shear strain is high and caused a color
difference between the refined CGL and the core materials,
as shown in Fig. 3 in the third segment. Accordingly, the grain
subdivision mechanism, a metal under heavily cold plastic
deformation could be subdivided by grain boundaries and
dislocation boundaries that formed during plastic deforma-
tion [28-31]. An EBSD specimen is sampled from the CGL
near the DMZ b, as shown in Fig. 3, to observe the subdivision
of the coarse grains. The subdivision of the coarse grain
with a diameter of 0.68 mm - 2 mm in the CGL is demonstrated
in Fig. 6. The flow direction of the CGL is indicated by a white

arrow. Figure 6 showed that one of the longitudinal coarse
grains in the CGL is subdivided into small equiaxed grains.
These continuous dynamic recrystallized grains had a diam-
eter of 15.5-25.8 pm. The original grain boundary profile could
still be identified. Up to 86% of these recrystallized grains
are bounded by HAGBs (high angle grain boundaries).

3.4. Refinement of the Core Materials of Ex-ECAE sample
The evolutions of the grain structure of core materials of
the Ex-ECAE sample at various segments are shown in Fig.
7. It reveals that the huge longitudinal grains are refined and
become an equiaxed grain structure at the second and the
third segments, as shown in Fig. 7(b) and 5(c), respectively.
The grain boundaries of the huge longitudinal grains at the
first segment are characterized by their serrated and there
existed many embellished small equiaxed grains, as shown
in Fig. 7(a). These characteristics indicated the occurrence
of so-called GDRX (geometric dynamic recrystallization)
[32-36]. GDRX usually occurs when the materials are deformed
with large plastic strains at an elevated temperature, such as
during the extrusion process. During plastic deformation, the
original grains became highly elongated and the grain boundaries
would migrate along subgrain boundaries and became ser-
rated. When the thickness of these elongated grains is reduced
to approximately two subgrain diameters, some serrations
met causing the grains to pinch off, and new equiaxed grains
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Fig. 6. Representation of the grain subdivision that occurred in a coarse grain of the coarse grain layer.
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Fig. 7. The grain structures of the core of the Ex-ECAE sample at various segments. (a) the first segment, (b) the second segment, and (c) the

third segment.
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Fig. 8. (a) The grain boundary misorientation angle distribution of the core of the Ex-ECAE sample at the first segment. color-coding showed the
spatial location of selected misorientation ranges. (b) the grain boundary angle distribution of the core of the Ex-ECAE sample at various seg-

ments.

are created [36]. Figure 8 illustrated the variation of grain
boundary angles at the various segments. The Ex-ECAE sample
at the first segment, as shown in Fig. 8(a), contained a higher
fraction of LAGB (low angle grain boundaries). As shown
in Fig. 8(a), the fraction of LAGB is up to 47%. However, as
the material flows into the second and the third segment (ECAE
segment), these LAGBs will be transferred to HAGBs. As
shown in Fig. 8(b), as the Ex-ECAE process progress, more
and more HAGBSs. In the second segment, the subdivided
fine equiaxed subgrain has a grain size of approximately 25 um,
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as shown in Fig. 7(b). However, these subgrains slightly grow
to a grain size of approximately 30 pm when they flow through
the third segment. Subgrain growth has been attributed to either
one of two distinctly different mechanisms: (a) subgrain coales-
cence [37-39] or (b) migration of sub-boundaries [40-41].

3.5. Texture Evolution of the Ex-ECAE Sample

The CPF of the core of the Ex-ECAE sample at various
segments are shown in Fig. 9. The texture indices of this study
are summarized in Table 1. The CPF of the first segment of the
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Fig. 9. The continuous pole figures of the core of the Ex-ECAE sample at various segments. () the first segment, (b) the second segment, and (c)

the third segment.
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Table 1. Summarization of the texture indices of the Ex-ECAE
samples at various segment

Sample  Euler angle (¢, @, ¢,) Texture Indices
C-1 fiber texture <0 0 1> Strong
fiber texture <11 1> Weak
ca (26, 79.8, 50) {110} <1-21>48.6x
(9.4, 32.6, 15) {011} <2-10>21.0x
C-2 (76.2, 6, 50) {001} <-1-10>254x
(54,548, 35) {111} <1-10>8.90x
Sl (20.1, 51, 35) {I11}<1-10>113.7x
(47.2,44.5,30) {122} <1-21>49.9x
S0 (0, 69.5, 55) {432} <1-10>17.5x
(57.5,55.3,15) {011} <467>820x
S0 (48.8,77.5, 40) {110} <1-12>18.2x

(72.7,36.3, 75) (101} <-1-11>18.0x

C: core. S: surface. 1, 2 and 3: the first, second and third segment,
respectively.

core has a zone with a uniform band, as shown in Fig. 9(a).
As expected, the first segment of the core exhibits a perfect
fiber texture, due to the axisymmetric deformation mode of
the extrusion process. The texture of the first segment con-
sists of the expected mixture of strong <0 0 1> and weak <1
1 1> fiber components. This is a typical fiber texture often
occurs in the wire drawing process of FCC metals and alloys
[42]. However, the center of the zone does not coincide with
the center of the pole figure. This phenomenon shall result from
the processing of the specimen preparation. As the first seg-
ment of the core flows into the second segment, the deformation
mode changes from axisymmetric deformation mode to simple
shear deformation mode. In the second segment, simple shear
occurring on the shear plane will destroy the fiber texture
and create a new texture. As shown in Fig. 9(b), the second
segment has a texture of strong {1 10} <1 -2 I>+weak {011}
<2 -1 0>. However, the texture of the main component is the
well-known "alloy" or "brass" type texture [42]. The texture
of the third segment, as shown in Fig. 9(c), is also a mixture
of two components - the strong component {0 0 1} <-1 -1 0>
and the weak component {1 1 1} <1 -1 0>. However, the CPF
of Fig. 9(c) shows that an incomplete zone is developed.
Iwahashi ef al. [43] has illustrated that each ECAE process

max = 22,152
13.218
7.888

4707

2808

1.676

1.000

0.597

Cheng-Hsien Liu et al.

had its own particular shearing pattern. The ECAE via route
C is a reverse process because the shear stress is reversed on
the same shear plane between the passes. It implies that the
texture of the second segment will be reversed to that of the
first segment as it flows into the third segment. However, the
deformation modes between the direct extrusion (the first
segment) and ECAE (the second and the third segments) are
quite different. The fiber texture is difficult to be completely
recovered in the third segment. In the present study, there
are only two passes of ECAE in the Ex-ECAE die. It is expected
that the more passes the Ex-ECAE die had, the less recovery
of the fiber texture would be.

The textures of the surface at various segments are shown
in Fig. 10. Comparing of Fig. 9(a) and Fig. 10(a), the texture dif-
ference between the core and the surface of the first segment is
enormous. At the first segment, the texture of the surface
material consists of the mixture of strong {1 1 1} <1 -1 0> and
weak {122} <I -2 1>. Itis believed that the dynamic recrystal-
lization results in the formation of the CGL and destroys the
original deformed texture of the surface during the extrusion.
As the surface material flows into the second segment, the
texture transfers to the mixture of strong {4 3 2} <1 -1 0>+ weak
{011} <4 -6 7>, as shown in Fig. 10(b). It is interesting to note
that as the surface material flows into the third segment, two
incomplete zones appear, as shown in Fig. 10(c). One is located
at the center and the other is located at the circumference of
the CPF. It reveals that an incomplete fiber texture has been
developed in the surface material during Ex-ECAE process.
In terms of surface material, the deformed texture, which is
developed during the ECAE process, is mainly strongly
dependent on the friction shear stress rather than the simple
shear stress. As the Ex-ECAE sample flows through the die
channel, it is subjected to an annular shear stress resulted from
the friction on the surface. Then a shear stress gradient, also a
velocity gradient, will be built up along the radial of the sample.
And the advancing cross section plane of the sample will be
a curved surface rather than a flat plane. The flow speed of sur-
face material will be slower than that of the core material.
To obey the continuum theory, the surface material will sub-
ject to an intense shear deformation between the die channel
wall and the core material. Under the intense shear deformation,
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Fig. 10. The continuous pole figures of the surface of the parting line at various segments. (a) the first segment, (b) the second segment, and (c)

the third segment.
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a fiber texture will be developed in the surface material. Finally,
in comparison of Fig. 9 and Fig. 10, there exists a texture gradi-
ent from the center to the surface along the radial of the Ex-
ECAE sample. It results from the strain gradient built along
the radial of the sample during Ex-ECAE process, especially
during the extrusion step.

3.6. The Comparison of the Ex-ECAE Process and the
ECAE Process

The operating conditions of the Ex-ECAE process and
ECAE process are quite different. (1) The rod billets used in
the ECAE are short, lubricated and loaded piece-by-piece.
The cross-sectional profiles of the rod billet are simple and
regular. In the Ex-ECAE process, the rod billets are extruded
from an extrusion billet. Therefore, a continuous, unlubricated
and long rod billet can be supplied. Additionally, the rod billets
with any complex and irregular cross-sectional profile can
be directly extruded if the extrusion die can be designed and
machined. (2) The initial microstructure of the ECAE rod
billets is usually annealed, and the grains have a low dislocation
density. However, the Ex-ECAE rod billet has fibrous structures
and contains many subgrains with LAGBs and/or HAGBs.
Therefore, with the help of extrusion, only one pass of the
ECAE process is needed to refine the grains of the rod billets.
(3) Unlike the ECAE, the rod billets used in the Ex-ECAE
are produced without any lubrication. High friction and the
continuous routes of the designed ECAE result in the forma-
tion of the asymmetric DMZs at the corners of the channel. The
formation of the asymmetric DMZs resulted in the refinement
of'the CGL. (4) ECAE is a discontinuous process. However,
using the billet-to-billet loading method [19], Ex-ECAE can
be regarded as a continuous process. (5) The flow speed of
the rod billet in the Ex-ECAE process, which depends on the
extrusion ratio and the ram speed, is much faster than the flow
speed in the ECAE process.

4. CONCLUSIONS

(1) An Ex-ECAE process composed of extrusion and
ECAE via route C two processes is developed. The Ex-ECAE
die with a die angle of 120° contained three segments and is
used in a conventional direct extrusion press.

(2) The high friction and the continuous routes of the
designed ECAE resulted in asymmetric DMZs to be formed
at the corners of the channel. The study revealed that the visible
grains in the CGL are refined and became invisible due to the
shear deformation when the CGL flowed along the bound-
ary of the asymmetric DMZs.

(3) Moreover, most of the huge longitudinal grain structures
in the core of the Ex-ECAE sample could be refined and
became equiaxed grains when the core flowed through the
ECAE segment.

(4) The deformed textures of the Ex-ECAE at the various

segments are studied. In the first segment, the texture of the
extrudate is a typical fiber texture: strong <001> + weak <111>.
The texture that resulted from the extrusion is an axisym-
metric deformation process. In the second segment, a specific
weaker deformed texture, strong {1 1 0} <1 -2 1>+ weak
{011} <2 -10>, is developed. In the third segment, the texture
of the extrudate is reversed to an incomplete fiber texture:
strong {0 1 1} <-1-10>+weak {1 11} <l -10>.

(5) This study demonstrated that the ECAE process could
be scaled up using a conventional direct extrusion press. Suc-
cess or lack of success depended on the capacity of the extru-
sion press and Ex-ECAE die design.
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