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An investigation was conducted on the tensile and compressive properties of commercially pure Al pro-
cessed by equal-channel angular pressing (ECAP) with two different dies. The specimens along two
different directions were cut from the ECAPed billets to study the effect of orientation on the compressive
yield strength and the surface deformation morphologies along normal direction (ND) and extrusion direc-
tion (ED). It was found that the yield strength of the specimens along ED under tension was lower than that
along ED under compression, but higher than that along ND under compression. The surface observations
showed that there were some differences in the deformation morphologies under compression along two
different directions. Based on the mechanical tests and observations of surface morphologies of ECAPed
pure Al, the relationship between shear deformation behavior and tension/compression asymmetry was

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the past decade, the technique of equal-channel angu-
lar pressing (ECAP) has attracted much attention as a method
of severe plastic deformation (SPD) to produce ultrafine-grained
(UFG) or submicron-grained (SMG) materials [1-6]. Up to now,
many metals and alloys have been fabricated into UFG materials
with high strength or superplasticity via ECAP technique, albeit
their ductility is decreased in comparison with that in their coarse-
grained counterparts [7-9]. In general, ECAP can apply a high
shear strain to materials through a specially designed die having
two equally sized channels connected at a finite angle [1,10]. It
is noted that the high shear strain often induces shear flow lines
or textures in the ECAPed materials [1,11-14], leading to a sig-
nificant anisotropy in strength [11-13]. Although the mechanical
properties of ECAPed materials have been extensively investi-
gated, there are few reports about their anisotropic properties
[13].

Tabachnikova et al. [11] studied the tensile and compressive
properties of commercially pure Ti and UFG Ti at ambient tem-
perature processed by ECAP, and found that the stress differential
(SD) effect values (anisotropic degree in strength) are significantly
different for samples strained along the directions parallel and
perpendicular to the ECAP axis. Han et al. [12] investigated the
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anisotropic compressive properties and shear deformation mech-
anism of pure iron subjected to ECAP with single-pass, suggesting
that the shear plane induced by the first pass of ECAP is a relatively
weak plane to resist subsequent shear deformation. In addition, the
effects of strain path on the flow stress anisotropy and Bauschinger
effect (BE) in UFG Cu were investigated by Haouaoui et al. [13].
They found that the SD ratio was always negative along the extru-
sion direction, regardless of the route and number of ECAP pass.
They argued that the change of SD ratio could be affected not
only by the crystallographic texture and grain size but also by the
grain morphology and grain boundary characters. Recently, Yu et
al. [14] reported that the yield strength under compression was
about 20% higher than that under tension for SMG Al processed
by ECAP over a grain size range of 350-750nm, which disap-
peared for their counterparts with larger grain size. For ECAPed
materials, the plastic deformation often localizes into some shear
bands [1,15]. The shear localization was observed in compres-
sion tests in ECAPed samples [14], but the strength asymmetry
between tension and compression in ECAPed Al and its alloys has
not been paid much attention to establish the relationship between
the shear localization and strength asymmetry. In particular,
most researches ignored the differences in the shear deformation
behaviors on the specimens compressed along different directions
[11,13].

In general, most ECAP process are conducted using a die angle
of 90°, applying the equivalent strain of about 1 per pass [16].
But some researches have also performed ECAP tests in the dies
having different channel angles in order to reveal its deformation
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mechanism. Furukawa et al. [6] studied the shearing patterns dur-
ing ECAP under three different routes using die angles of 90° and
120°, respectively, and discussed the microstructure evolution in
different routes. Furuno et al.[17] observed the microstructures and
texture of the ECAPed pure Al and Al-1%Mg-0.2%Sc alloy with a die
having an internal channel angle of 60°. In addition, Zheng et al. [ 18]
investigated the structure and mechanical properties of 7050 and
2224 Al alloys with ultrafine grains produced by ECAP using a die
angle of 120°. Though pure Al has been studied by many researchers
as a model material to reveal the deformation mechanism of ECAP
in dies having different channel angles, the anisotropic properties
and the strength asymmetry under tensile and compressive load-
ing have not been systematically investigated for pure Al processed
by ECAP using dies with different channel angles. In the present
work, we studied the mechanical properties of commercially pure
Al processed by ECAP for one or two passes using dies with 90° and
120° channel angles, respectively. The strength asymmetry under
tension and compression is discussed in terms of their surface
deformation morphologies.

2. Experimental procedure

The experimental material in the present work is 1060 com-
mercially pure Al. Firstly, the Al plate was annealed at 390°C
for 0.5h, gaining the average grain size of about 20 pm. Sec-
ondly, the plate was made into some billets with a dimension
of 8 mm x 8 mm x 70 mm by spark cutting technique. Then, ECAP
was conducted at room temperature (RT) to extrude the Al billets
using two kinds of dies having different intersecting channel angles,
which one is @=90° and ¥ =90° and the other is ¢ =120°and
¥ =0°. The estimated equivalent strain applied in each pass is 0.91
for the 90° die, and 0.67 for the 120° die, respectively [3]. Fig. 1
demonstrates the schematic drawing of the ECAP die, where three
perpendicular directions are defined as extrusion direction (ED),
transverse direction (TD) and normal direction (ND).

The samples were subjected to ECA pressing for one or two
passes in the 90° die. Between the two passes, the samples were
rotated by 90° around ED. But the samples were only extruded
for one pass in the 120° die. Before pressing, the billets were
coated with MoS, as lubricant. After ECAP, some tensile specimens
with cross-section of 1.5 mm x 2 mm and gauge length of 8 mm
were machined from the ECAPed samples with their tensile axes
parallel to the ED, as shown in Fig. 2. Then, some compressive spec-
imens with a dimension of 3 mm x 3 mm x 6 mm were cut from
the extruded billets. Fig. 2 illustrates the compressive specimens
having different orientations with respect to the ED. Tensile and
compressive specimens were then mechanically grounded by using
abrasive papers and finally electro-polished in a solution of 20% per-
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Fig. 1. Illustration of ECAP die and the definitions of ND, ED and TD, respectively.

Z(ND)

X(ED)

Fig. 2. Illustration of tensile and compressive specimens with the ECAPed billet.

chloric acid and 80% alcohol. Tensile and compressive experiments
were conducted at room temperature using Instron 8871 testing
machine operated at a constant rate of cross-head displacement
with a strain rate of about 5 x 10~4s~1. Three tensile experiments
were conducted to check the repeatability of the results up to
fracture. Two compressive specimens were performed under each
condition: one sample was compressed to an engineering strain
of about 10% for the observation of surface deformation morpholo-
gies, while the other was compressed to an engineering strain more
than 25%.

After tension or compression tests, surface deformation mor-
phologies and fractographies were observed using a LEO Supra 35
scanning electron microscope (SEM), as well as Quanta 600 SEM.
The microstructure of the ECAPed samples were examined by a
JEM-2000FX Il transmission electron microscope (TEM). Specimens
for TEM observations were cut from the center of the ECAPed billets
parallel to the Y-plane, mechanically grounded to about 50 m and
finally thinned by twin-jet electro-polishing method with a solu-
tion of 25% nitric acid—-methanol. The TEM observation shows that
the grains were elongated along the ECAP shear direction and there
are many elongated dislocation cells. The statistics analysis shows
that the average width of the elongated grains is about 1-2 pm
after two ECAP passes, and the length of the grains is in the range
of 2-3 wm.

3. Results and discussion
3.1. Tensile deformation and fracture behaviors

The tensile stress—strain curves of commercially pure Al before
and after ECAP are shown in Fig. 3. Fig. 3(a) demonstrates that
commercially pure Al has been significantly strengthened after
ECAP, but its elongation decreases drastically. For example, its yield
strength is more than doubled after extrusion only for one pass,
from 41 to 108 MPa, but the uniform elongation decreases from
about 40% to less than 3%. After ECAP for two passes, the increase
in strength is less significant, indicating that there is slight strain
hardening similar to that of most ECAPed materials [19].

Fig. 3(b) presents the tensile stress-strain curves of commer-
cially pure Al extruded only for one pass with two different dies.
It is noted that the strength of the specimens conducted through
120° die is always lower than that conducted through the 90° die
because the strain applied to the extruded sample in the 120° die
is lower than that of the 90° die. In addition, it should be pointed
out that the tensile properties of the specimens extruded by the
120° die have more scatter than those of the 90° die, as shown in
Fig. 3(b). Wu and Baker [15] have simulated the shear deforma-
tion processes using plasticine and concluded that the die with a
lower ¥ value will result in more non-uniform deformation than
that with a higher one. In present work, the ¥ value of the 120° die
is 0°, which will introduce more non-uniform deformation during
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Fig. 3. Tensile stress-strain curves of commercially pure aluminum before and after
ECAP. (a) Tensile stress—strain curves of specimens after ECAP for one and two passes
by 90° die and (b) comparison of tensile stress-strain curves after ECAP for one pass
using different dies.

the ECAP process, making the tensile properties of different samples
more scatter.

Fig. 4 shows the fractographies of tensile specimens before and
after ECAP. All the tensile specimens display obvious necking, and
some slip bands appear on the surface of tensile specimens. It is
noted that the uniform elongation of ECAPed specimens is very low,
which leads to immediate necking after very little work hardening
in tension. In addition, it is found that there are a large number of
equiaxial dimples in the fracture zone for all the specimens, indi-
cating a typical ductile fracture. At the bottom of the dimples, there
are small holes, which are the initiation sites for fracture [20]. The
holes were probably induced by impurities. The average densities
of the holes were measured and seem to be approximately the same
(about 6 x 10% to 7 x 10* per mm?) before and after ECAP. The rea-
son might be that the densities of the impurities are also the same
[20].

With the ECAP pass increasing, the distribution of dimples has
slightly changed. For the annealed specimens, the dimples in the
fracture zone are mainly large and deep, as shown in Fig. 4(a).
Between the large ones, there are also some small and shallow
dimples. When the samples were extruded for one pass, the dim-
ples become shallow and distribute more uniformly, as shown in
Fig. 4(b). After ECAP for two passes, there are few large dimples and
nearly all the dimples become very small and shallow, as shown in
Fig. 4(c). This indicates that the size and distribution of dimples
on tensile fracture surfaces are also dependent on the number of
ECAP pass. It is known that the ductility of material was signifi-

Fig. 4. The tensile fractographies of commercially pure aluminum before and after
ECAP: (a) annealed, (b) ECAPed for one pass and (c) ECAPed for two passes.

cantly decreased after ECAP and the uniform elongation becomes
very low, indicating a great lose in the work hardening ability. Once
the dimples nucleated, there is no enough time to grow and assem-
ble with other dimples around it, inducing shallower dimples. In
addition, according to the results of previous researches [20-23],
the decrease in the dimple size should be associated with the grain
refinement of samples processed by ECAP. It is known that after
ECAP for one pass, the grains were elongated along a direction about
27° with respect to the tensile axis [ 13,24]. Although the grains can-
not be refined to a fine level along its length direction after one or
two ECAP passes, the average width should be smaller [13], which
should affect the dimple size. The smaller the width of the grains
is, the smaller the dimples on the tensile fracture are.
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Fig. 5. Comparison of tensile and compressive true stress-strain curves of the spec-
imens along (a) ND and (b) ED. (c) Comparison of compressive true stress—strain
curves of the specimens along different directions.

3.2. Compressive behavior

The asymmetry of plastic deformation in ECAPed materials has
been proved by many researches [11-14]. Fig. 5 shows the true
stress—strain curves of specimens along different directions before
and after ECAP under tension and compression. When compressing
along ND, the ECAPed specimens show practically no work harden-
ing after yielding when the applied strain is low, and the specimens
show slightly softening with the strain increasing, as shown in
Fig. 5(a) and (c). Fig. 5(b) shows the true stress—strain curves of
the specimens along the ED under compression. It can be seen that
there is an obvious strain softening in the stress—strain curves of

the ECAPed specimens after yielding, which is different from that
along the ND. With the compressive strain increasing, compressive
stress along the ED will continue to decrease, making the speci-
mens softening. The true stress-strain curves along the ND and ED
under compression are presented in Fig. 5(c) for comparison. It is
noted that the strain softening rate along the ED under compression
seems to be higher than that along the ND no matter whether for
the samples extruded for one or two passes. In addition, the com-
pressive yield strength along the ED is higher than that along the
ND, which is well consistent with the result of AISI 304L stainless
steel under compression [25].

When compressing along different directions, the surface defor-
mation morphologies display quite different features, as shown in
Fig. 6. The surface of the annealed specimen has very dense multiple
slip bands in the interior of coarse grains, as shown in Fig. 6(a) and
(b). After ECAP, the plastic strains mainly localized in shear bands,
as shown in Fig. 6(c)-(f). On the other hand, there are also some
slip bands on the specimen surface after ECAP for one pass, but
with low density compared with that of the annealed specimen,
as shown in Fig. 6(a) and (c). In addition, with the accumulation
of compressive strain, some shear bands will develop to form the
highly plastic strain localization zone, and they are small and dis-
continuous when the strain is low. With further increase in the
accumulation of compressive strain, more and more shear bands
will evolve and link each other. After ECAP for two passes, the shear
bands become more straight and dense and only few slip bands can
be seen on the specimen surface, as shown in Fig. 6(e) and (f).

The surface topographies of specimens under compression
along the ED are very different from that along the ND, as shown in
Fig. 7. It seems that the plastic strain is mainly localized within the
slip bands on the specimen surface when pressing along the ED,
but the shear bands become not obvious. When the specimen was
pressed for one pass, the localized shear bands and slip bands only
formed and developed along one direction, as shown in Fig. 7(a)
and (b). However, the dense slip bands along two directions arise
to form a cross-weaved structure when specimen was subjected to
two passes, as shown in Fig. 7(c) and (d). One group of slip bands is
very strong, and the other is relatively weak.

It is well known that dislocations were piled-up at the bound-
aries of the elongated grains after ECAP [13,26-28]. Fig. 8(a)
illustrates the distribution of dislocations in the elongated grains
after ECAP for one pass. In addition, the normal and shear stresses
conducted on the ECAP shear plane for one-pass pressing under
tension and compression are demonstrated in Fig. 8(b)-(d). The
normal stress o and shear stress t acted on the ECAP shear plane
can be expressed as [29]:

ngosinz 0 (1)
T =o0sinfcos6 (2)

where, ¢ is the applied stress under tension or compression and 6
is the angle between the ECAP shear plane and the loading direc-
tion. For the compression specimens along the ND and ED, the
angles 6 are approximately equal to 63° and 27°, respectively. It is
known that a large shear strain has been conducted and the grains
were elongated along the ECAP shear direction in the ECAP process
[30,31]. When dislocations move along the ECAP shear direction,
it will have a larger free slip distance for dislocations than along
other directions [12]. With more and more dislocations slipping
along this direction and terminate at grain boundaries, the dislo-
cations are piled-up along this direction near the elongated grain
boundaries [13,28], as illustrated in Fig. 8(a). Then, it is difficult
to move for dislocations under the subsequent stress conducted
along the same direction, which makes further deformation more
difficult. Under tension, the direction of shear stress T conducted
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Fig. 6. The surface deformation morphologies of compressive specimens along ND. (a) and (b) annealed specimens; (c) and (d) ECAPed specimens for one pass; (e) and (f)

ECAPed specimens for two passes.

on the ECAP shear plane is identical to the ECAP shear direction,
as illustrated in Fig. 8(b). It will be very difficult for dislocations
to slip along this direction, behaving in a lower strain hardening
before necking [27,32], as shown in Fig. 3. Therefore, the low strain
hardening should be associated with the dislocations trapped at
the elongated grain boundaries [27].

However, it will produce reverse shear stress T and normal stress
o on the ECAP shear plane under compressive stress, as shown in
Fig. 8(c) and (d). Under the shear stress t, dislocations can contin-
ually slip along the opposite direction of the ECAP shear direction
and be annihilated [11,13], as illustrated in Fig. 8(c) and (d), resulting
in an asymmetry of the strength. When compression is conducted
on specimens along the ND, the normal stress o acted on the ECAP

shear plane is much higher than the shear stress T under compres-
sion along the ND, as shown in Fig. 9. Under the normal stress o,
the ECAP shear plane will rotate around the compressive axis, which
will make the shear plane gradually become perpendicular to the
compressive axis [33]. In this process, it is accompanied by the geo-
metric hardening and softening of material [33]. The competition of
hardening and softening induces very little work hardening when
the applied strain is low, as shown in Fig. 5(c). Under compres-
sion, it can also be extruded along the shear plane in the strain
localization zone, which will develop to severe surface shear bands
even cracking with the compressive strain accumulation, as shown
in Fig. 6. When compressing along the ED, the shear stress on the
ECAP shear plane is a little bit larger than the normal stress, as illus-
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Fig. 7. The surface deformation morphologies of compressive specimens along ED. (a) and (b) ECAPed specimens for one pass; (c) and (d) ECAPed specimens for two passes.

trated in Fig. 9. Under the shear stress 7, dislocations can easily slip
along the opposite direction of the ECAP shear direction, inducing
positive geometric softening, as illustrated in Fig. 5(b) and Fig. 8(d).
In addition, the higher shear stress along the ECAP shear plane will
induce dense slip bands on the specimen surface, as shown in Fig. 7.

3.3. Strength asymmetry under tension and compression

The dependence of yield strength under tension and compres-
sion on the number of ECAP passes is shown in Fig. 10. It can be seen
that the specimens without ECAP have identical tensile and com-
pressive strength, indicating a good isotropic property. However,
with increasing the number of ECAP pass, the yield strength in both

T \I,gt
O

tension and compression has a great increase. Comparing the yield
strength under tension and compression, it is found that the yield
strength along the ED under tension is lower than that along the
ED under compression, but higher than that along the ND under
compression, as shown in Fig. 10. The yield strength asymmetry
under tension and compression along different directions might be
associated with texture. It has been revealed that a B-type rolling
texture could be formed in an aluminum single crystal after ECAP
only for one pass by Fukuda et al. using a 90° die [34]. However, the
grain morphology and grain boundaries may also affect the strength
asymmetry [13].

The asymmetry of plastic deformation of crystalline materials
widely consists in the difference in their mechanical properties

T’I\
Ocy O

\

27°)

(b)

Fig. 8. The illustration of dislocation distribution in the elongated grains for the specimens ECAPed for one pass and the shear stress conducted on the ECAP shear plane
under tension and compression. (a) As ECAPed specimens; (b) tension and (c) compression along ND; (d) compression along ED.
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Table 1
Stress differential values along different directions before and after ECAP

Number of ECAP pass a5, (MPa) 05, (ND) (MPa)

a5, (ND) (MPa) Stress difference (SD), A (%)

ND ED

Annealed 41 41
1P 108 104
2P 119 112

41 - 0
122 -15.9 12.17
126 -11.8 5.71

1.0

08

0.6 -

Stress (oc)

04}

0.2}

ED ND

0.0

0 27 45 63 90
0 (degree)

Fig. 9. Distribution of normal and shear stresses on different shear plane.

under uniaxial tension and compression. This phenomenon has
been well pronounced during plastic deformation by slip of bcc
transition metal single crystals and in a number of polycrystalline
metals [11]. It is known that there is a stress differential effect [35],
which can be expressed as [11]:

oS — ot

y — 9
[ S S 3
0.5(0§ +0y) (3)

where o}, and oy areyield strengths under tension and compression.
The yield strength and SD values were calculated and are listed in
Table 1. Since the tensile strength along the ND cannot be tested due
to the limitation of the ECAPed billet dimension, the compressive
yield strength under different directions were used to calculate the
SD values along the ND. It is noted that the SD values along the ED

decrease with the increase in the ECAP pass, which means that the
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Fig. 10. Dependence of yield strength in tension and compression on the number
of ECAP passes.

tension/compression (T/C) asymmetry decreases. In addition, the
T/C asymmetry along the ND also decreases with increasing the
ECAP pass, as shown in Table 1. The factors responsible for the SD
effect have been analyzed by Haouaoui et al. [13]. They argued that
not only the crystallographic texture and grain size are the factors
affecting the phenomena observed, but also grain morphology and
grain boundaries play an important role in the strength asymme-
try. On the other hand, the ECAP shear plane should also affect the
strength asymmetry under tension and compression [12,25].

4. Conclusions

(1) The tensile stress-strain curves of the specimens pressed by a
120° die is much scatter than that by a 90° die, which should be
highly associated with much non-uniform shear deformation
during pressing.

(2) There are mainly large and deep dimples in the fracture zone
of the annealed tensile specimens. With increasing the number
of ECAP pass, the amount of small dimples increases, and the
dimples become shallow and more uniform.

(3) When compressing along different directions, the specimens
displayed different compressive stress-strain curves and their
surface deformation morphologies are also different. The spec-
imens under compression along the ND show practically no
strain hardening after yielding when the compressive strain is
low and some shear bands formed on the specimen surface.
However, there is obvious strain softening after yielding in the
compressive stress—strain curves along the ED. With compres-
sive strain increasing, specimens along two directions show
continual strain softening.

(4) Theyield strength of the specimens along the ED under tension
is lower than that along the ED under compression, but higher
than that along the ND under compression. In addition, the T/C
asymmetry along both directions decreases with increasing the
ECAP pass.
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