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Rotary-die equal channel angular pressing (RD-ECAP) is a specially designed continuous processing
technique to prepare bulk ultrafine-grained/nanostructure (UFG/NS) materials. In this article, an Al-7wt.%
Si-0.35wt.% Mg alloy was processed by up to four RD-ECAP passes. The deformation behavior was
studied by experiments and FEM simulation, including the observation of the scribed deformation patterns,
the macrostructures, the simulated flow lines feature, and the equivalent stain distribution after different
RD-ECAP passes. The results show that the shear deformation can accumulate effectively all over the entire
billet via multi-pass RD-ECAP. The observed zigzag shape metal flow is formed after three ECAP passes,
and the structure homogeneity can be achieved by RD-ECAP with more processing passes.
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1. Introduction

Equal channel angular pressing (ECAP), initially developed
by Segal and his colleagues (Ref 1, 2), is a severe plastic
deformation (SPD) process, which is an efficient approach to
produce ultrafine-grained (UFG) metals. The microstructures
and corresponding mechanical properties of a metal after ECAP
processing have been extensively investigated (Ref 3–7).
Furthermore, the finite element method (FEM) has been
applied to reveal the deformation process of a metal during
ECAP, which includes simulating the plastic deformation
features and the effects of die geometry/friction/material
properties on the metal flow and deformation uniformity (Ref
8–17). However, most of these studies are focused on
simulating the process of single pass ECAP. Multi-pass ECAP
is required to obtain an ultrafine bulk material and thus, it is
necessary to investigate the corresponding deformation char-
acteristics by means of FEM. In order to simulate the
deformation process of multi-pass ECAP with different routes,
some researchers established S-type/multi-channel die model
(Ref 18–20), which are not applied during the actual multi-pass
ECAP processing.

Rotary-die equal channel angular pressing has been recently
developed to realize multi-pass ECAP continuously without the
need for removing the billet from the die and then re-inserting it
into the die for the next pass (Ref 21, 22). Ma et al. (Ref 23, 24)
have investigated mechanical properties of Al-11mass% Si
alloy and ZE41 Mg alloy (Ref 25) processed by RD-ECAP. The

results show that after 32 ECAP passes, impact toughness of
the Al alloy increases greatly with the absorbed energy 10 J/cm2,
which is 10 times the value of as-cast alloy of 0.9 J/cm2. For
the Mg alloy, both the yield strength and the elongation
increase by 120 and 75%, respectively, at room temperature,.
Therefore, these results indicate that RD-ECAP is an efficient
process to improve the mechanical properties of a metal and for
this reason, it is necessary to investigate the deformation
features during RD-ECAP process via FEM. Yoon et al.
(Ref 26) have studied the plastic flow, the strain distribution,
and strain hardening behavior of pure copper by means of
RD-ECAP via FEM, where the length-width ratio of the billet
is 50 mm/6 mm, with the friction between the billet and die not
being considered. However, when the length-width ratio
becomes small and the friction exists, the deformation distri-
bution will be complex. In this study, the flow lines of the billet
of Al-7wt.%Si-0.35wt.%Mg alloy during the first four passes
with length-width ratio of 2 was first analyzed by FEM; then
the physical grids deformation characteristics of the Al alloy
and its macrostructures evolution after 1-4 RD-ECAP passes
were observed; finally, the equivalent stain distribution in the
billet was discussed to reveal the deformation features of the
RD-ECAP.

2. Experiments

2.1 RD-ECAP Process of Al Alloy

Rotary-die equal channel angular pressing was applied to
process the Al alloy in this study, and a schematic of the
processing apparatus is shown in Fig. 1. The die has two
crossed channels with inner corner angles (U) of 90� and outer
corner angles (W) of 0�. The billet and punch were inserted into
the vertical channel sequentially (Fig. 1a), and then a force was
exerted on the punch, which led to the billet being extruded into
the horizontal channel (Fig. 1b). The die was then rotated 90�
clockwise, which oriented the billet vertically in the same
position as at the beginning of the process (Fig. 1c). This
process can be repeated, and the continuous ECAP is realized.
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When the ECAP process was completed, the die holder was
changed with the one that has a hole in the center, after which
the billet could be extruded through this hole.

In this study, the cross section of the channel is 20 mm9
20 mm, and so, the corresponding cross section of the Al alloy
billet was 19.5 mm9 19.5 mm. Note that the 0.5-mm differ-
ence between the billet and the channel is to accommodate the
lubricant. The length of billets was processed as 40 mm
according to the dimension of the die.

In order to observe the metal flow of the billet after ECAP,
the billet was cut into two pieces along the longitudinal center
axis. Also 4 mm square grids were scribed on the faces. During
the processing, these two half billets were put into the die with
the scribed planes face to face and parallel to the front view
shown in Fig. 1. After different ECAP passes at 300 �C, the
billets were extruded out of the die, separated into two pieces,
and the surfaces with grids were observed. Note that, after two
ECAP passes, the grids are too degraded to discern. Therefore,
the macrostructure in this cross section was observed instead,
where the observed surface was polished and then etched by
5% HF aqueous solution.

2.2 Finite Element Analysis

Finite element analysis simulation of the multi-pass
RD-ECAP was carried out by means of the commercial finite
element code MARC. A finite element mesh model, shown in
Fig. 2, has been established to simulate the RD-ECAP process.
Because it is assumed that there is no deformation in the
direction perpendicular to the front view, the two-dimensional
plane strain model was used. The sizes of the channels in this
model are the same as the actual die channels, and the
arrangement of the mesh is similar to the grids as described
previously. The size of the billet is 40 mm9 20 mm, and the
width of the billet is the same as the channels.

While it is not necessary to rotate the die when these
processes are simulated, in the actual RD-ECAP experiments,
the die has to be rotated after finishing every pressing pass
because the force can only be exerted from the top of a die. In
the progress of FEM simulation, there is a punch placed in each
of the four channels to exert load on the billet. Thus, after the
billet is extruded by the punch 1 from channel 1 to channel 2,
we can control the movement of the punch 2 in the channel 2 to
extrude the billet into the channel 3, and so on. Therefore, this

FEM model can simulate the multi-pass RD-ECAP process
successfully.

The die and the punches were assumed rigid so that there
was no deformation during the ECAP processing. The billet
was supposed to possess the rigid-plastic properties following
the power law model (S = Ken), where the S is equivalent
stress, e is equivalent strain, and the constants K and n were
derived by fitting the true stress-strain curve derived from the
compression test of the Al alloy. The friction coefficient was
assumed as 0.1 on all the sliding surfaces. Automatic
re-meshing was employed to prevent the elements from
distorting extremely during the progress.

3. Results and Discussion

3.1 Deformation Patterns

The simulated flow lines of themesh are usually used to reflect
the metal flow, and the deformation characteristics. There have

Fig. 1 Schematic illustration of RD-ECAP

Fig. 2 Finite element mesh and the die model of RD-ECAP
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been several articles in the literature, describing the character of
flow line patterns after single-pass ECAPprocess (Ref 10, 14–16,
27, 28); however, similar investigations of the flow line patterns
after multi-pass ECAP process is rather limited. Figure 3 shows
the mesh deformation over the whole billet with different
RD-ECAP passes. Figure 3o is the original mesh before ECAP,
and Fig. 3(a)-(d) represent the mesh distortion patterns with
ECAP pass number of 1, 2, 3, and 4, respectively.

As shown in Fig. 3(a), there appears to be a shear zone
along the shear direction after a single-pass ECAP, where the
mesh deforms severely and uniformly. Note that there is almost
no deformation in the mesh at the upper left and right down
regions of the billet because both of these parts did not shear
during the first ECAP. Furthermore, the acute outer angle
(W = 0�) (Ref 8, 11) and friction between the billet and the die
(Ref 27) can hinder the metal passing through the channel
corner. Thus, an extremely distorted mesh part is found at the
left bottom corner as marked by the circle in Fig. 3(a).

In the second ECAP process, the ‘‘front’’ (part B) and
‘‘rear’’ (part A) parts of billet during the first ECAP process
will be changed into the ‘‘rear’’ and ‘‘front’’ parts, respectively.
Therefore, the shear direction in the second ECAP process
(Fig. 3b) is perpendicular to that in the first ECAP as shown in
Fig. 3(a). Also, the sheared zone is perpendicular to that in the

first ECAP process. In view of above reasons, the shear
deformation of the mesh in different parts of the billet
accumulated unequally. The mesh in the center deformed more
severely, because the shear deformation in the center is high in
every pass. The acute outer angle and friction can still lead to a
new severe mesh deformation part as mentioned in the first
ECAP process, which appears in the upper left region as
marked by the circle in Fig. 3(b). In addition, the mesh which
do not undergo much deformation during the first ECAP are
considerably distorted, and the mesh in the upper right and left
down regions of billet in Fig. 3(b) also get deformed although
there is no shear deformation in the second ECAP process.

During the following ECAP process, the shear zone formed
in the third ECAP process is perpendicular to the one formed in
the second ECAP, and furthermore, the shear zone formed in
the fourth ECAP is perpendicular to the one formed in the third
ECAP. Therefore, as shown in Fig. 3(c) and (d), the extremely
distorted mesh in the center produce a zigzag shape that is
caused by the shear deformation accumulated after the third or
fourth ECAP process. This type of shear deformation also
accumulates in the other parts of billet. In addition, the mesh at
the edge of the billet significantly become deformed. This is
caused by the acute outer angle and the friction, which are
marked by the circles in Fig. 3(c) and (d).

Fig. 3 The deformed grids� patterns from the section of the billet that has been extruded by RD-ECAP with (o) 0 pass, (a) 1 pass, (b) 2 passes,
(c) 3 passes, (d) 4 passes
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3.2 Macrostructure Observation

The sectional images of Al alloy billets with different passes
of RD-ECAP are shown in Fig. 4. Figure 4(a) shows the
original grids scribed on the billet; Fig. 4(b) and (d) shows the
deformation features of grids after ECAP first and second
passes, respectively, and Fig. 4(c), (e), (f) and (g) shows the
macrostructures of metal flows for the Al alloy with ECAP pass
number of 1, 2, 3, and 4, respectively.

As shown in Fig. 4(b) and (d), the deformation patterns of
grids scribed on the Al alloy billet are similar with the mesh
deformation patterns simulated by FEM (Fig. 3a and b). A clear
deformation zone, indicated by the white arrow in Fig. 4(a)
after the first ECAP pass, is observed. The grids indicated by
black arrows are not appreciably deformed because these areas
did not undergo significant shear. Furthermore, the severely
distorted grids shown in the circled area appear at the same
location as the ones in Fig. 3(a). After two ECAP passes, all the
scribed grids were severely deformed because of the shear
accumulation, and the distortion patterns are quite similar to
those shown in Fig. 3(b).

After the third or the fourth ECAP pass, a zigzag shape (as
indicated by the white curve in Fig. 4e and f) can be observed
in the middle of the billet. The metal flow patterns after three or
four ECAP passes are similar to those of the distorted mesh

shown in Fig. 3(c) and (d), where the metal flow twists more
severely with increasing number of ECAP passes.

3.3 Equivalent Strain

The equivalent strain contour is often applied to reflect the
metal deformation characteristics quantitatively. Figure 5
shows the simulated results of the equivalent strain distribution
contours for the longitudinal section of the Al alloy billets with
different ECAP processing passes. Figure 6 shows the rela-
tionships between equivalent strain and locations along the
lines of ‘‘AB,’’ ‘‘CD,’’ and ‘‘EF’’ with different ECAP
processing passes.

Figure 5(a) shows that, after one ECAP pass, the equivalent
strain in the region of upper left and right bottom region are
much smaller than the value in the center of the billet. As
shown in Fig. 6(b) and (d), the strain values at B and E points
are approximately 0.001 and 0.4, respectively, whereas the
equivalent strain at the middle of line ‘‘CD’’ is approximately
0.8. This is because the region with lower strain undergoes less
deformation. According to Fig. 5(a), a severely deformed
region appears at the left bottom of the billet (as indicated by
the arrow in Fig. 5a), and the corresponding equivalent strain
value is about 2.3 (Fig. 6a at point A). This can be attributed to

Fig. 4 The traces of scribed grids in the original billet (a), and that after extruded with (b) 1 pass, (d) 2 passes of RD-ECAP; and the macro-
structure in the section of billet after extruded with (c) 1 pass, (e) 2 passes, (f) 3 passes, and (g) 4 passes
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the acute angle of the outer corner and the friction between
billet and die.

During the second ECAP process, the less-deformed regions
produced in the first ECAP process undergo severe deforma-
tion, and the corresponding strain values increase. As shown in
Fig. 6(b) and (d), the equivalent strain at both points B and E
increased to approximately 0.5. Because of shear accumulation,
the equivalent strain at the middle of line ‘‘CD’’ increased to
approximately 1.7. Note that, owing to the acute angle of the
outer corner and the friction between billet and die, a severely
deformed region appears at the upper left location of the billet
(indicated by the arrow in Fig. 5b). The corresponding
equivalent strain at point A in Fig. 6(b) is about 3.5.

During the subsequent third and fourth ECAP passes, the
shear accumulation causes the equivalent strain to increase over
the entire billet. The acute angle of the outer corner and the
friction between the billet and the die lead to the extremely high
value of equivalent strain shown in Fig. 5(c) and (d) (marked by
the black arrows). After four ECAP passes, the highest
equivalent strain is 5.3 at point A in Fig. 6(b). The shear
deformation continues to accumulate in the central region of the
billet and, as such, the corresponding equivalent strain also
increases. The average equivalent strain value in this region is
approximately 3.5 after four ECAP passes (as shown in Fig. 6c at
the middle of line ‘‘CD’’). Figure 5 and 6 indicate that the
equivalent strain difference among the billet becomes smaller
with increasing ECAP passes. The ratio between the highest and

the lowest equivalent strain values decreases from 100 (2.14/
0.21) to 2.12 (5.3/2.5) thereby indicating that the structure
homogeneity can be improvedwith additional RD-ECAP passes.

4. Conclusions

The deformation behaviors of multi-pass rotary-die equal
channel angular pressing (RD-ECAP) for Al-7wt.%Si-
0.35wt.%Mg alloy have been investigated using scribed grids�
deformation and macrostructure observation, and FEM simu-
lation. The results have led us to the following conclusions: (1)
During continuous multi-pass RD-ECAP, the shear direction
produced during each pass is perpendicular to that formed in
the last ECAP pass. Thus, shear deformation can accumulate in
different parts of the billet. After four ECAP passes, the shear
deformation accumulates uniformly over the entire billet. (2)
An extremely deformed region is formed near the edge of the
billet after every pass of ECAP, which is a result of the
combined effects produced by the acute outer corner angles of
the die and the friction between the die and the billet. (3) The
zigzag-shaped metal flow is formed in the billet with the third
and fourth passes of ECAP. The accumulated equivalent strain
in the center of the billet is rather high (approximately 3.5) after
four ECAP passes and the ratio of the highest to lowest
equivalent values in the entire billet decreases from 1000 to

Fig. 5 The equivalent strain distributions in the section of billet after extruded (a) one pass, (b) two passes, (c) three passes, and (d) four
passes of RD-ECAP
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2.12, which imply that the deformation homogeneity can be
improved by RD-ECAP with more passes.
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