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a b s t r a c t

Microstructural evolution and shear segmentation of Cu–16 at.% Al alloy with extremely low stacking
fault energy (SFE) subjected to multiple-pass equal channel angular pressing (ECAP) were investigated.
With increasing plastic deformation, the accommodation of the severe shear strain is transformed from
the dislocation slip, stacking faults and deformation twins on the lattice scale to the microshear bands on
the grain scale during one- and two-pass ECAP. However, shear fracture happened due to the formation
of macroscale shear bands, which can be ascribed to its extremely low SFE leading to the easy saturation
of microscale shear bands during plastic deformation during third-pass ECAP. Furthermore, the effects
of the SFE on microstructures, grain refinement and shear fracture of various fcc metals were discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ultrafine-grained (UFG) or nanostructured (NC) metallic mate-
rials induced by severe plastic deformation (SPD) have been
extensively investigated over last decades [1–3]. Various SPD tech-
niques, including equal channel angular pressing (ECAP) [3–8], high
pressure torsion (HPT) [2], accumulative roll bonding (ARB) [9], and
dynamic plastic deformation (DPD) [10], have been widely devel-
oped to produce the UFG or NC materials that can be used in a
wide range of structural applications. As one of the most versatile
SPD methods, ECAP was utilized to fabricate bulk billets of dense
and contamination-free UFG or NC metallic materials with differ-
ent crystallographic structures including fcc, bcc and hcp crystals
[3–5]. During the ECAP process, a severe shear strain is imposed
on the sample when it passes through the main shear plane. Since
the cross-section geometry is unchanged after pressing, repetitive
pressings and different routines can be easily performed in the
same sample. Thus, this technique can provide sufficiently high
strain to harvest fairly homogeneous structures and extensively
refined grains [3].

Significant progresses have been made in profoundly under-
standing the nature of shear flow and microstructure evolution of
the materials during ECAP via theoretical and experimental meth-
ods [11,12] by using single-phase materials including monocrystals
[13,14], bicrystals [15], polycrystalline metallic materials [16–18]
and two-phase alloys [19]. Moreover, previous investigations docu-
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mented that the grain refinement processes during ECAP generally
originate from the accumulation, interaction, tangling and spatial
rearrangement of dislocations in the metals with medium or high
stacking fault energy (SFE) [16,17], and the subdivision of origi-
nal coarse grains is dominatingly operated by twin fragmentation
in the materials with low SFE [6–8]. Meanwhile, the microscale
shear bands play increasingly crucial roles in refining the coarse
grains with decreasing the SFE of materials [8]. Compared with
the hcp materials with limited number of slip systems which has
high potential for segmentation of the billet and multiple crack-
ing [5], the fcc metals and solid solution alloys with good ductility,
can be successfully processed by conducting ECAP using a die
with an internal angle of 90◦ at room temperature (RT) [3]. How-
ever, catastrophic cracking occurred along the main shear plane at
approximately 45◦ to the exiting direction when the Cu–16 at.% Al
alloy with extremely low SFE of about 6 mJ/m2 was pressed during
third-pass ECAP with Bc route (90◦ clockwise rotation around the
sample axis between the pass) [6]. In order to unveil the main fac-
tors resulting in the shear fracture, the microstructure evolution of
Cu–16 at.% Al alloy during ECAP will be systematically explored by
recourse to the detailed transmission electron microscope (TEM)
observations in this study. Moreover, the roles of both the intrin-
sic property of materials and external deformation factors in the
microstructural evolutions, grain refinement and shear fracture
will be meticulously analyzed.

2. Experimental procedure

The Cu–16 at.% Al alloy rods were annealed at 800 ◦C for 2 h to
diminish the effect of mechanical processing and obtain homoge-
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Fig. 1. Microstructures of Cu–16 at.% Al alloy after one-pass ECAP: (a) deformation twins, (b) twin intersections, (c) HRTEM images of deformation twins, stacking faults and
twin intersections and (d) microscale shear bands.

neous microstructures with average grain size of approximately
400 �m and the detailed initial microstructures of Cu–16 at.% Al
alloy in this work can be found elsewhere [6]. The annealed alloy
rods were cut into the samples with 45 mm in length and 8 mm
in diameter for ECAP process. The ECAP procedure was performed
using a die fabricated from tool steel with two channels intersecting
at inner angle of 90◦ and outer angle of 30◦, accordingly, yielding an
effective strain of ∼1 for each pass. All the rods coated with a MoS2
lubricant were pressed at RT with a pressing speed of 9 mm/min.

After ECAP, the microstructure characterization was performed
on TEM (JEM-2010 and FEI Tecnai F20) operated at 200 kV and on
FEI Tecnai F30 TEM operated at 300 kV for high-resolution TEM
(HRTEM) and the TEM images were taken on a transverse section
along the 〈1 1 0〉 zone axis. Thin foils for TEM observations, cut from
the Y plane (i.e. the flow plane parallel to the side face at the point
of exit from the die) [6–8] in the centers of the pressed rods using
spark cutting, were first mechanically ground to about 50 �m thick
and then thinned by a twin-jet polishing method in a solution of
25% phosphoric acid, 25% ethanol and 50% water with a voltage
of 8–10 V at RT. Fracture surfaces of shear fractured Cu–16 at.%
Al alloy were also examined in a LEO SUPRA35 scanning electron
microscope (SEM) with secondary electron imaging.

3. Experimental results

The characteristic microstructure features of Cu–16 at.% Al alloy
after one-pass ECAP are presented in Fig. 1. Profuse thin defor-
mation twins with a thickness of approximately 8–12 nm formed
in most grains. In comparison with the twin thickness in Cu and
Cu–Al alloys with higher SFE [7,8,17], the thickness of deforma-
tion twins greatly decreases due to thin twin embryos and lower
growth kinetics of embryos, both of which are controlled by the SFE
[20]. Meanwhile, twin intersections are detectable in some grains

favorable for twinning as illustrated in Fig. 1(b). The estimated vol-
ume fraction of the twin bundles based on a large number of TEM
images is about 60–70%. Based on the HRTEM observations in the
Cu–16 at.% Al after one-pass ECAP as exhibited in Fig. 1(c), defor-
mation twins and stacking faults are the main carriers of plastic
deformation at a size scale below which the plastic deformation is
nonuniform and heterogeneous [21]. However, as a consequence
of the nature of ECAP, shear bands, especially in the low-SFE mate-
rials, are always found. It is well known that twin boundaries are
an effective barrier for piling-up of dislocations which can cause
a high stress concentration at the boundaries. Then, twin struc-
tures with thin thickness will be destroyed by dislocation breaking
through and the localized deformation is created [22,23]. As shown
in Fig. 1(d), many microscale shear bands with thickness of about
400 nm traversed the whole grain, implying that localized plas-
tic deformation begins to accommodate severe shear strain on the
grain size level. Meanwhile, the nanograins with relatively random
orientation were found within each shear bands. The transverse
grain size is approximately 50–70 nm and the ratio of longitudinal
grain size to transverse size (L/N) is about 3:1 to 4:1.

After two-passes ECAP, as demonstrated in Fig. 2, the density of
shear bands was extremely increased and the width of these shear
band quickly grew up with the transverse size of about 1.3 �m.
Moreover, the shear bands intersection can also be found in many
regions, as shown in Fig. 2(b). The estimated volume fraction of
shear bands is approximately 60%, which signals that shear bands
become increasingly dominant deformation mechanism during
two-passes ECAP [21]. The transverse grain size of nanograins
developed in these shear bands is nearly unchanged, however, the
L/N decreases to about 2:1 after two-passes ECAP. This implies
that materials within shear bands continue to be deformed with
imposing further plastic deformation. Unfortunately, the catas-
trophic segmentation occurred in the Cu–16 at.% Al alloy subjected
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Fig. 2. Microstructures of Cu–16 at.% Al alloy after two-passes ECAP: (a) microshear
bands and (b) intersections of microshear bands.

to three-passes ECAP process. Different from the rolling process
during which fracture occurs at ±35◦ to the rolling plane [23], shear
fracture happened along the main shear plane at approximately
45◦ to the exiting direction during ECAP, which can be attributed
to the different deformation modes. As illustrated in Fig. 3(a) and
(b), the fractured samples show the dimple-dominant fracture fea-
ture along the shear direction. Meanwhile, the microstructures
underneath the fracture surfaces are predominated by the equiaxed
nanograins with average grain size similar to the transverse grain
size of nanograins formed in the shear bands as shown in Fig. 3(c)
and (d). Thus, these equiaxed nanograins may be evolved from the
previously formed nanoscale grains and the L/N becomes nearly 1
due to the further deformation and the change of strain path. This
also signals that the microscale shear bands are the dominantly typ-
ical microstructures of the Cu–16 at.% Al after three-passes ECAP
process.

4. Discussions

It is well established that the phenomenon of shear localiza-
tion is a significant precursor to microcracks due to the presence of

large strain gradient at the band boundaries and macroscale shear
bands will lead to fracture when the materials appear to become
saturated with a uniform distribution of microscale shear bands
[21–24]. Meanwhile, the shear bands in the micro- and macroscale
formed more readily with decreasing the SFE of materials [25]. In
the case of pure polycrystalline fcc metals with high SFE where
the dislocations have high mobility, the shear bands are formed
only on a microscopic scale and these microscale shear bands are
not instrumental in promoting failure [3,4]. However, in the low-
SFE materials whose dislocations activities are relatively limited
[25], plastic deformation induced microstructures are significantly
fine and the higher strain-hardening rate makes these materials
much harder with the plastic deformation. Then, at larger plastic
strain, the deformation induced characteristic microstructures will
be consumed by the nucleation, propagation and intersection of
microscopic shear bands to accommodate further plastic deforma-
tion [22]. Moreover, the grain boundaries of the nanograins, formed
in the microscale shear bands, are with high density of extrin-
sic dislocations and lattice distortion near grain boundaries, and
then these boundaries originated from SPD are non-equilibrium
and have high energy [3]. Therefore, these nanograins will promote
appropriate grain rotation which aligns the grain with the most
active slip planes leading to macroscopic shear bands [24]. Once a
macroscale shear band forms, very little additional overall defor-
mation takes places while large localized strain accumulates in the
bands, resulting in the shear fracture or segmentation. Thus, based
on the microstructure investigations mentioned above and the pre-
vious researches [6–8,21–23], the shear fracture can be ascribed to
the formation of macroscopic shear bands during multiple-passes
ECAP.

Furthermore, unlike the age-hardenable aluminum alloys
where the formation of metastable precipitates limits the deforma-
bility of the billets [26], the solid solution atoms in the single-phase
Cu–16 at.% Al alloy is not the crucial factor to make the sample
be segmented. In addition, for Cu–30 wt.% Zn alloy with a low
SFE of 14 mJ/m2, it can be still pressed even for four passes suc-
cessfully [27]; however, Cu–3 wt.% Si alloy with the lowest SFE of
3 mJ/m2 is also broken into several pieces by shear fracture occur-
ring along macroscopic shear bands at approximately 45◦ to the
pressing axis when subjected to third-pass ECAP [27,28]. Thus,
although the solid solution atoms, to some extent, can increase
the work hardening rate [25], the SFE may be still the most essen-
tial factor in controlling whether the shear fracture occurs or
not during ECAP. Moreover, previous documents presented that,
apart from the SFE, the characteristics of shear banding was deter-
mined by many factors including the method of deformation, strain
magnitude, temperature and strain rate [29]. Thus, the external
loading conditions also significantly influence the shear fracture
induced by the macroscopic shear bands. For the materials with
low SFE subjected to the rolling process, the threshold strain mag-
nitude forming the macroscale shear bands is relatively smaller
than that in these materials during ECAP [23]. And if the rigor-
ous external deformation conditions are applied, the critical strain
for crack formation will be significantly decreased [20]. However,
these low-SFE materials, such as Cu–Al [27] alloys and Cu–Zn
alloys [30–33], can be successfully processed up to 5 turns with-
out catastrophic failure during HPT deformation with constrained
conditions [27]. In fact, by recourse to the previous experiments
on the difficult-work materials successfully processed by ECAP,
such as Mg, Ti and their alloys, and age-hardenable Al alloys
[5,34–36], it is reasonable to expect that the low-SFE materials can
also be successfully prepared by multiple-passes ECAP to harvest
uniform microstructures without cracking at elevated tempera-
tures or by using a die with a larger channel angle, or using a
die equipped with a back-pressure facility. By using these process-
ing strategies [34–36], the severe plastic strain can be distributed
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Fig. 3. (a and b) SEM images of fracture surfaces of Cu–16 at.% Al after third-pass ECAP; (c and d) bright and dark filed TEM images of the nanograins formed along the shear
fracture plane.

more uniformly in the shear zone, which can delay or prevent
the formation of strain localization and then reduce or avoid the
propensity for shear cracking and segmentation. Thus, apart from
the crucial effect of SFE, external processing conditions also greatly
influence the formation of macroscopic shear bands or shear frac-
ture.

In cubic metals, the most intrinsic parameter determining the
choice of deformation mechanisms is the value of SFE, which

significantly controls the microstructural evolution and grain sub-
division. In combination with the results reported early [27,37–40],
the effects of the SFE on the microstructures, grain refinement
mechanism and the shear fracture can be summarized in Fig. 4. At
low strain level, the influence of the SFE on the microstructures dur-
ing ECAP is comparable to that during rolling and other deformation
modes [22,25]. When these fcc metals are processed at higher strain
level, the grain refinement mechanism gradually transformed from

Fig. 4. Effects of SFE on the microstructures, shear fracture, grain refinement and formation of uniform structures in various fcc metals and alloys during ECAP [6,27,37–40].
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the dislocation subdivision to the twin fragmentation due to the
transition of the deformation mechanisms with decreasing the SFE
of materials. For the materials with extremely low SFE, shear seg-
mentation happened due to the formation of macroscopic shear
bands although the nanograins formed underneath the fracture
surfaces. In addition, the easiness of the homogenous microstruc-
ture formation is also crucially influenced by the SFE. As exhibited
in Fig. 4, the uniform microstructure of materials with either high
or low SFE is much more readily achieved than that of metals with
medium SFE during ECAP. For the high-SFE materials, they have
a higher rate of recovery due to the strong dislocation activities,
resulting in a faster evolution of uniform microstructures. However,
deformation twinning transforms the homogeneously deformed
fcc metals into a laminar fine structure in the low-SFE metals [28].
The intersections of twins, secondary twins and shear bands will
accelerate the formation of nanograins with a uniform distribution
[6,41]. Consequently, the formation of uniform microstructures is
the most challenging in the medium-SFE materials due to their
lower recovery rate of dislocation and the difficulties of the homo-
geneously twinned structures formation at RT and low strain rate
[6,8,17].

5. Conclusions

In summary, with increasing plastic deformation, the accom-
modation of the severe shear strain is gradually transformed
from the dislocation slip, stacking faults and deformation twin-
ning on the lattice scale to the microshear bands on the grain
scale in Cu–16 at.% Al during multiple-passes ECAP. Due to
the easy saturation of microscale shear bands resulted from
its extremely low SFE, the macroscopic shear bands are read-
ily formed in this alloy, which will make the billets shear
fracture. Meanwhile, in combination with the previous inves-
tigations, the grain refinement and microstructures are greatly
influenced by the SFE of materials and the uniform microstruc-
tures can be readily achieved in the high/low-SFE materials during
ECAP.
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