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Abstract Although equal-channel angular pressing (ECAP)
is now an established technique for producing bulk ultra-
fine-grained metallic materials, processing difficulties may
arise because of the occurrence of cracking or inhomoge-
neities. This problem is examined with reference to exper-
imental data for aluminum and magnesium alloys and a
Pb-Sb alloy. It is shown that effective procedures are
available for avoiding the development of inhomogeneities
and the cracking of billets during ECAP: these procedures
include introducing a pre-deformation of the as-cast mate-
rial prior to ECAP, decreasing the strain produced in each
ECAP pass by using dies with angles higher than 90°, and
controlling the rotation of the billets between sequential
passes.
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Introduction

From the point of view of the end user, ultrafine-grained
(UFG) metallic materials display interesting mechanical
properties. Among the various available procedures for
the production of UFG materials, equal-channel angular
pressing (ECAP) [1] is the most established method for the
production of bulk billets, which usually have circular or
rectangular cross-sections.

Processing by ECAP has been applied to a wide range
of materials, such as pure aluminum, copper, magnesium,
titanium, iron, and their alloys. In practice, the billets
obtained from ECAP are well suited for the production of
small parts such as dental implants [2] and they are espe-
cially attractive where a small grain size is imperative in
order to circumvent undesirable grain size effects in the
material flow and/or in the final shapes of the processed
parts.

The use of ECAP billets in any commercial applications
demands a controlled and predictable grain size, a constant
cross-section, an absence of cracking, and an overall
homogeneity of the properties, which is related to the
homogeneity of plastic deformation in the material. For
many products, a general isotropy of the mechanical
properties may be desirable whereas for other applications,
as in micro-sheet metal drawing, a controlled anisotropy of
the material deformation may be desirable.

It is now well established that ECAP processing may
introduce significant damage, in the form of shear bands,
cracking, and segmentation, into the processed material.
Numerous procedures have been adopted in attempts to
avoid the development of cracking and deformation inho-
mogeneities during the processing operation. These pro-
cedures include (i) using ECAP dies having angles larger
than 90° [3-5], (ii) conducting the processing at a low
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speed [6-9], (iii) increasing the processing temperature [7,
9], (iv) the use of preliminary deformation step [10, 11],
and (iv) incorporating a back-pressure into the pressing
operation [12-14].

Earlier study focused on the use of finite-element
modeling (FEM) to understand plastic flow and damage
accumulation during ECAP [5, 15-17]. This research was
undertaken to provide experimental evidence for the
occurrence of cracks and shear localization in ECAP and to
use mechanical testing to evaluate the significance and the
sources of any softening that may occur during the pro-
cessing operation.

Experimental materials and procedures

Several different materials were incorporated into this
investigation in order to provide a comprehensive under-
standing of the problems of cracking and inhomogeneities.

First, an Al-1.3 wt% Fe—0.6 wt% Mg—0.1 wt% Si alloy
was received in the form of extruded rods with 15.6 x
15.6 mm?> square cross-sections, and these rods were
annealed at 513 K for 90 min. Processing by ECAP was
conducted at a pressing speed of ~0.3 mm s™' using a
split die with an angle of 90° between the two channels and
without any external curvature. Further details concerning
the ECAP processing of the aluminum alloy were given
earlier [16].

Second, a Pb—4.5 wt% Sb alloy was cast in the labora-
tory from commercial purity Pb and Sb. The material was
cast into ingots with 16 x 16 mm? square cross-sections
and processed by ECAP in the same die used for the pro-
cessing of the aluminum alloy but with a higher pressing
speed of ~5 mm s~ ",

Third, two magnesium alloys, AZ31 (Mg-3 wt% Al-
1 wt% Zn) and ZK60 (Mg—5.5 wt% Zn-0.5 wt% Zr), were
received as extruded rods with 10 mm diameter cross-sec-
tions: henceforth, this is designated the extruded condition
for both alloys. These rods were cut into billets and processed
by ECAP using solid dies with angles of either 90° or 110°
between the two channels, with an external arc of curvature
of 20°, and with the processing conducted at temperatures
from 473 to 513 K. Further details of the ECAP processing of
the magnesium alloys were given earlier [5, 18].

The structure of the aluminum alloy was evaluated by
optical microscopy under polarized light. Samples from the
longitudinal plane were extracted before and after ECAP,
and these samples were ground and polished to a mirror-
like finish. Electrolytic etching was carried out using
Baker’s reagent [19].

The structure of the lead alloy was evaluated on the
longitudinal planes of the billets before and after ECAP.
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The samples were ground and polished to a mirror-like
finish and etched in a solution of acetic acid and H,O,.
Some samples were overetched in order to facilitate the
observation of the distribution of the Sb-rich areas. These
samples were observed using scanning electron microscopy
(SEM). Further details on the ECAP processing of the lead
alloy and the structural evolution were given earlier [20]. It
should be noted that the deformation direction is horizontal
in all images of the structures of both the lead and the
aluminum alloys.

Compression tests were carried out on the aluminum
alloy after processing by two passes of ECAP and on the
lead alloy before and after ECAP. The compression spec-
imens were cylindrical with a diameter of 6 mm and a
height of 9 mm, and they were cut parallel to the axial
direction of the billets. Tensile specimens were machined
from the ZK60 magnesium alloy in the as-received con-
dition, in an annealed condition, and after one pass of
ECAP. These specimens had a gauge length of 4 mm and a
cross-section of 2 x 3 mm?®. It is important to note that
compression tests are attractive in determining the flow
behavior of a material because the results are more accu-
rate at large strains and the tests provide information on the
occurrence of any flow softening.

Experimental results

The development of damage and heterogeneous flow
during ECAP

Magnesium alloys

Experimental cracking of the billets was observed when
processing the magnesium AZ31 alloy in the extruded
condition and the ZK60 alloy after annealing at 673 K for
4 h. The billets cracked during ECAP when using a solid
die with 90° between the channels, pressing temperatures
in the range 473-523 K and punch speeds of ~ 10—
20 mm s~ . Figure 1 shows the appearance of representa-
tive billets after pressing under different conditions. It is
observed in Fig. la that the annealed ZK60 exhibits large
cracks throughout a large fraction of the cross-section
when processing at 473 K. For this sample, the billet shows
the occurrence of regular segmentation in which the billet
has become divided into relatively uniform and discrete
segments linked together by very small remaining portions
of the cross-section along the bottom surface. It is apparent
in Fig. 1b that the alloy also exhibits cracks when pressing
at a higher temperature of 523 K but it is apparent that,
unlike at 473 K, some of these cracks do not propagate
through the entire cross-section of the billet. The extruded
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Fig. 1 Evidence of (a)
segmentation in billets of
magnesium alloys: ZK60 (a)
and (b) in an annealed condition
and AZ31 (c¢) in an extruded
condition after processing for
one pass of ECAP (b)

ZKB0 — Annealed + ECAP (473 K)

ZK60 — Annealed + ECAP (523 K)

(¢) AZ31 - Extruded + ECAP (473 K)

AZ31 alloy shown in Fig. 1c exhibits cracking when pro-
cessed at 473 K, and some cracks propagate almost
through the total cross-section of the billet, whereas most
of the cracks are reasonably localized along the upper
surface. It is also apparent from inspection of the billets in
Fig. 1 that there is a significant reduction in the heights of
the cross-sections of the billets after processing by ECAP
where this is indicative of the occurrence of flow softening
[17].

Lead alloy

The as-cast lead alloy also cracked when processed at room
temperature using the split die with a punch speed of
~5 mm s~'. Figure 2 shows the appearance of a typical
billet after pressing for one pass. It was observed in this

Pb-4.5% Sb
As-cast + ECAP

Fig. 2 Cracking and segmentation in a lead alloy processed by ECAP
for one pass from the as-cast condition: the cracks initiate at the top
surface and propagate to the mid-section

alloy that the cracks are initiated at the upper surface and
extend toward the center of the billet.

Aluminum alloy

The aluminum alloy was successfully processed at room
temperature through two passes of ECAP following route
B, where the billet is rotated by 90° in the same sense
between consecutive passes [21]. However, shear bands
were observed after three passes using route B, as shown in
Fig. 3, which is a low magnification image of the longi-
tudinal plane of the billet. The wavy aspect of the structure
visible in Fig. 3 is due to the unstable flow during ECAP.
Some superficial cracking was also observed on the top
surface of the billet as reported earlier [16], but these
cracks failed to propagate through the cross-section.

Al-1.3% Fe-0.6% Mg-0.1% Si
Annealed + ECAP 3p

Fig. 3 Longitudinal section of the aluminum alloy after processing
for three passes using route B¢
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Characterization of the structure
Lead alloy

Two phases are observed in the Pb—4.5% Sb alloy: the
lead-rich matrix and the eutectic, which consists of
lamellae of an antimony-rich phase. The chemical etching
used in the samples preferentially attacks the lead-rich
matrix, and therefore, the eutectic phase may be readily
observed. Figure 4 shows the structure of the lead alloy
revealed by SEM (a) in the as-cast condition and (b) after
ECAP: the sample after ECAP was cut from the lower
volume of the billet where the cracks failed to propagate. It
is observed that the eutectic phase has no preferential ori-
entation in the as-cast material, but it attains a preferential
orientation in some layers after ECAP. These layers are
aligned at ~45° to the billet axis, which lies horizontally in
Fig. 4b. For ease of inspection, broken dashed lines are
drawn in Fig. 4b to distinguish the layers having prefer-
ential alignment of the eutectic from the layers where the
eutectic exhibits no significant alignment. The apparent
pattern in the orientation of the eutectic phase after ECAP
shows that the billet has undergone unstable flow such that
some layers have been subjected to larger amounts of
shear.

Figure 5 shows the grain structure observed in the lead
alloy after ECAP through one pass. The grain boundaries
were revealed by performing rapid chemical etching and
the structure was observed in an area where the eutectic
exhibited preferential alignment so that this area underwent
significant plastic deformation during ECAP. It is apparent
from Fig. 5 that the grains are not elongated, thereby
confirming that recrystallization has taken place in this
alloy during or after the ECAP processing.

Aluminum alloy

The structure of the aluminum alloy before and after
ECAP, as observed using polarized light microscopy, is

Pb-4.5% Sb
As-cast _

Pb-4.5% Sb
As-cast + ECAP 1p

Fig. 5 Grain structure on the longitudinal plane of the lead alloy after
processing by ECAP for one pass

shown in Fig. 6. Equiaxed grains are observed in the
annealed condition before ECAP processing in Fig. 6a,
where the dark areas are iron-rich intermetallics that
became aligned to the billet axis during the extrusion
process before the annealing. Figure 6b shows the structure
after one pass of ECAP where the grains are elongated and
aligned due to the plastic deformation. Careful observa-
tions showed that the structure was similar throughout the
billet except only at the front edge and at the tail, thereby
indicating that stable flow takes place during ECAP.
A similar structure, representative of stable flow, was also
visible after two passes. However, shear bands were
observed in several areas of the billet after the third pass of
ECAP as shown in Fig. 6¢c. The microstructure in Fig. 6¢
was recorded on the longitudinal plane with the billet axis
lying horizontal, and it demonstrates the presence of layers
with different levels of shear strain. This observation shows
that there is a transition from stable flow in the second pass
to unstable flow during the third pass of ECAP in the
aluminum alloy.

{ Pb-4.5% Sb
As-cast + ECAP 1p

Fig. 4 Structure of the lead alloy in SEM a before and b after ECAP where the bright areas are rich in antimony: the broken dashed lines

distinguish different amounts of deformation in (b)
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Al-1.3% Fe-0.6% Mg-0.1% Si
Annealed

Al-1.3% Fe-0.6% Mg-0.1% Si
Annealed + ECAP 3p

Al-1.3% Fe-0.6% Mg-0.1% Si

Fig. 6 Structure of the aluminum alloy observed under polarized light microscopy a in the annealed condition and after b one pass and ¢ three

passes of ECAP

Flow behavior
Magnesium alloy

Figure 7 gives the stress—strain curves obtained by tensile
testing of the ZK60 alloy in three different conditions: after
annealing the extruded condition for 4 h at 673 K to give a
grain size of ~ 180 um, in the initial extruded condition

160 T T T T T
ZK60

140 [T=473K, =1.0x 107 5"

120
& 100
=3
o 80
n
o
o 6o
40 —O— Annealed b
—{— As-received (extruded)
20 | —24— ECAP: 1p (473 K) ]
06 L L L L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Strain

Fig. 7 Stress—stain curves at 473 K for the ZK60 magnesium alloy
tested under different conditions

where the grain size was ~2.9 pm, and after ECAP of the
extruded condition for one pass to give a grain size of
~1.0 pm. The tests were carried out at 473 K, which
corresponds also to the ECAP processing temperature,
using an initial strain rate of 1.0 x 1072 s~'. Inspection
shows that the annealed material exhibits the highest flow
stress, the extruded material has an intermediate flow
stress, and the material processed by ECAP has the lowest
flow stress. As already documented in an earlier report
[18], the annealed material has a coarse grain structure, the
extruded material has an intermediate grain structure, and
the material processed by ECAP has the finest grain
structure. Thus, the curves in Fig. 7 show that lower flow
stresses are observed when the grain structure is refined
within the temperature and strain rate range corresponding
to the ECAP processing conditions. Although finer grain
structures are usually associated with higher strength, the
opposite trend is observed when testing at high tempera-
tures as finer structures facilitate diffusion processes.

Lead alloy

Compression tests were conducted on the lead alloy at
room temperature (298 K), and Fig. 8 shows the stress—
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Pb4.5% Sb
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Fig. 8 Stress—strain curves for the lead alloy before and after ECAP
through one pass [20]

strain curves for the material both in the as-cast condition
before ECAP and after processing by ECAP for one pass.
The flow curves for both conditions exhibit an initial strain
hardening up to a peak stress, a slight flow softening,
and then deformation under a quasi-steady-state condition.
These curves suggest the presence of dynamic recrystalli-
zation for both conditions. It is apparent also that the
as-cast material has a larger flow stress than its counterpart
processed by ECAP. This shows that the flow stress is
dependent upon the structure as the as-cast material had a
relatively coarse grain structure of ~250 pum, whereas the
material processed by ECAP had a much finer grain size of
~12 pm [20]. It is important to note also that lead has a
low-melting temperature, and deformation at room tem-
perature will be assisted by diffusion mechanisms, which
explains the lower flow stress in the sample with the finer
structure.

Aluminum alloy

Figure 9 shows a stress—strain curve for the aluminum
alloy processed by ECAP for two passes at room temper-
ature and then tested in compression at the same temper-
ature using a high strain rate of 1.0 s™'. It is observed that
this material exhibits a rapid hardening up to a strain of
~0.03, a softening up to ~0.23, and then a flow stress that
does not vary significantly at even larger strains. In fact, a
very minor increase in flow stress was observed at the
highest strains but this was attributed to friction effects
during compression testing. This result shows that the
strain hardening capability of the material is essentially
exhausted after two passes of ECAP.

@ Springer

400

Al -1.3% Fe - 0.6% Mg - 0.1% Si
350 [ECAP: 2p (298 K) B,
Compression test

300 [T=298K,£=10s" ]

Stress (MPa)

0 1 1 1 1 L
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Strain

Fig. 9 Stress—strain curve for the aluminum alloy processed through
two passes of ECAP

Discussion

The deformation inhomogeneity in billets produced
by ECAP

A critical problem associated with deformation inhomo-
geneity in ECAP processing is the presence of deformation
bands in the billets which are a consequence of cyclic
variations in the deformation level. Figures 4b and 6¢ show
examples of such bands in the lead and aluminum alloys,
respectively. The Pb—4.5% Sb alloy is an especially con-
venient model material for an experimental analysis of
plastic flow due to its low flow stress and the presence of a
eutectoid phase, which permits a clear visualization of the
flow patterns.

It is instructive to note that the formation of such bands
was analyzed quite early in the history of ECAP using slip
line field theory [6] and later it was confirmed using FEM
simulations [15]. An analytical description was presented
recently [22]. It is now clear that flow softening is an
important requirement for the occurrence of unstable flow.
In practice, the material in the deformation zone develops a
level of flow stress, which is below that of the incoming
unprocessed material and, as a consequence, the unpro-
cessed material is no longer deformed as it penetrates
the shearing zone. This forces a rotation of the material
undergoing shear and it moves away from the geometri-
cally defined shearing zone until the stress necessary for
further straining in this new position surpasses the stress
required to start a new deformation band in the geometri-
cally defined shearing region [15]. The process is cyclic in
nature, and it leads to the creation of successive deforma-
tion bands in the processed billet as shown experimentally
in Fig. 3 for the aluminum alloy.
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Strain softening may be caused by (i) adiabatic heat-
ing, (ii) dynamic recrystallization (DRX), (iii) softening
associated with a breakdown of the initially as-cast struc-
ture, (iv) changes in the strain path or by a combination of
these various factors. It is important to note, however, that
the sensitivity of the flow stress of the material to strain rate
changes may serve to alleviate or even fully suppress the
occurrence of these deformation bands. These various
possibilities are now examined.

Softening by adiabatic heating

Adiabatic heating of the material and its attendant soften-
ing is unavoidable and it is directly related to the pressing
speed, the deformation level imposed in a single pass and
the characteristics of the material including the flow stress.
A simple solution to the problem is to reduce the pressing
speed and thereby to incorporate a reduced heating of the
material due to heat transfer to the die walls. Other pos-
sibilities are either to increase the angle within the ECAP
die or to increase the pressing temperature. For the former
route, the strain level and thus the associated energy is
decreased, and for the latter route, the energy is also
decreased because there is a reduction in the flow stress.

Early reports described the occurrence of flow locali-
zation and cracking in copper [6], aluminum [8], titanium
[10, 23], and steel [23] processed by ECAP at a high punch
speed but with essentially steady flow when the pressing
was performed at lower speeds. These observations show
that adiabatic heating plays a significant role in promoting
failure during ECAP. The present results demonstrate the
occurrence of flow localization in an aluminum alloy after
only three passes of ECAP, and in this condition, the strain
hardening capability of the material is virtually exhausted
so that the higher flow stress leads to more heat generation
during the pressing operation. In practice, however, the
pressing speed used in the present experiments was only
~03 mm s~ ', and this is significantly lower than the
speed where adiabatic heating is observed in different
materials [6, 8, 23]. This low pressing speed allows a rapid
dissipation of heat and minimizes the softening effect
associated with adiabatic heating.

Softening by changes in the material strain path

It is well known that changes in the strain path of the
material may lead to transients in the flow curve, which
include changes in the yield stress during reloading, addi-
tional hardening and material softening, characterized by a
negative slope in the stress—strain curve. For ECAP, such
strain path changes are most directly associated with the
various processing routes that can be utilized when
undertaking successive paths through the die. Any accurate

description of the material behavior in ECAP depends upon
a determination of the strain path and the undertaking of
tests with changes in the orientation of loading. For
example, it is established that deformation occurs on the
same slip plane but in an opposite direction in successive
passes using route C [24] where the billet is rotated by 180°
between successive passes [21]. In order to accurately
predict the flow behavior of a material during sequential
passes of ECAP through route C, it is important to change
the sense of deformation during the test. A recent study
determined the stress—strain curves to be utilized for ECAP
by route C through reversed torsion curves [25]. These
curves displayed hardening transients but no softening and,
as a consequence, no deformation bands were observed in
the FEM simulation of the second pass of ECAP following
route C [25].

By contrast, the usual processing routes of A without
any billet rotation and B with billet rotations by 90° in the
same sense [21] are associated with dislocation phenomena
that are far more complex than the simple slip reversals
expected for route C. As a result, it is reasonable to
anticipate these changes in strain path will be more sus-
ceptible to transients and to flow softening. Furthermore,
this conclusion is consistent with experimental data for Cu
[26-29] and Al [29, 30] where samples were tested in
compression along different directions after processing by
ECAP. The stress—strain curve for the pure aluminum
processed by two passes of ECAP and compressed along
the billet axis [29] was similar to that observed in the
present experiments and shown in Fig. 9. The softening
observed in pure aluminum was successfully modeled by
considering transients in the strain path changes [29]. Thus,
the softening observed in the aluminum alloy in the present
experiments is attributed to strain path changes where these
changes are expected to lead to cross-slip when pressing
using route B.. It follows, therefore, that a change in the
processing route from B, to C should eliminate the
occurrence of cross-slip because shear then occurs in a
reverse direction on the same plane during sequential
ECAP passes. Further experiments are now needed to
check this conclusion.

Softening by dynamic recrystallization (DRX)

The stress—strain curves of the Pb—4.5% Sb alloy show this
material undergoes DRX at room temperature. Generally,
the softening caused by DRX depends on the temperature,
strain rate, and grain size [31]. Many reports have docu-
mented the occurrence of DRX in magnesium alloys
deformed at temperatures close to ~500 K where the
ECAP processing is usually conducted [32-35]. Thus, both
the lead alloy processed at room temperature and the
magnesium alloys processed at 473 K are expected to
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exhibit softening due to DRX when processing by ECAP.
Simulations by FEM were used in an earlier report to show
that the softening due to DRX in magnesium alloys may
lead to unstable flow during ECAP if the strain rate sen-
sitivity of the material is limited [17].

It was reported that a magnesium alloy with an initial
finer grain structure displayed reduced peak strains and low
softening caused by DRX [34]. Such fine grains can be
obtained by thermo-mechanical processing of the material
before ECAP and, consistent with this concept, it has been
observed that such pre-processing is useful as a first pre-
liminary step in order to avoid the cracking of Mg during
ECAP [11, 36]. The elimination of DRX softening during
ECAP may also be achieved by using dies with higher
angles leading to lower strains in the shearing zone [5].
Thus, if these strains are below the strain for the onset of
DRX, no softening will be observed.

The present results on the lead alloy show the occurrence
of DRX in compression tests. However, the softening
observed in the stress—strain curve is very limited and stable
flow is expected due to the strain rate sensitivity of the
material. An earlier report showed this alloy may be suc-
cessfully processed from the as-cast condition for up to
eight passes of ECAP at a pressing speed of ~0.3 mm s~
without any cracking and with no evidence of flow locali-
zation [20]. The present experiments were conducted using
a similar material and processing conditions except only
that the pressing speed was increased to ~5 mm s~ . This
suggests that the pressing speed plays a key role in the
occurrence of plastic instabilities and cracking. Similar
results were also reported for a magnesium AZ31 alloy [9],
which exhibited cracks when the ECAP was conducted at
high speeds at 473 K but with perfect uncracked billets
when the pressing speed was significantly reduced.

Softening by the breakup of the initial as-cast structure

Figure 8 displays the stress—strain curves for the Pb—4.5%
Sb alloy in an as-cast condition and after processing by
ECAP for 1 pass. It is apparent that the material is sig-
nificantly softened by ECAP, but it is difficult to identify
whether this softening is associated only with the
mechanical breakup of the as-cast structure during pro-
cessing by ECAP or whether it relates to static softening
following the deformation since the alloy undergoes static
recrystallization at room temperature. Figure 5 shows that
the grains in the matrix of the alloy are equiaxed and
appear fully recrystallized after ECAP. An earlier report
demonstrated there was a significant decrease in the hard-
ness of the lead alloy after a single pass of ECAP [20].
Thus, since this hardness remains unchanged after further
processing, it appears that the softening is due to the break-
up of the initial as-cast structure.

@ Springer

In order to check the role of any break-up of the as-cast
structure of the lead alloy, some billets were subjected to
deformation using a small rolling facility prior to pro-
cessing by ECAP. The billets were rolled in two passes
with a 1-mm reduction in thickness in each pass to a final
cross-section of 15 x 15 mm? and with the billets rotated
by 90° between passes in order to retain the square cross-
section. After this deformation, the billets were stored for
24 h for complete recovery and then processed by ECAP
using the same pressing speed of ~5 mm s~ used for the
billets exhibiting cracking. No cracks were observed in the
billets subjected to rolling before ECAP, thereby con-
firming that the cracks observed in the lead alloy are due to
a softening of the as-cast structure. It should be noted that
this is in agreement with the reports of enhanced form-
ability in ECAP of different materials when applying a
prior step of deformation [10, 11, 36].

The effect of the strain rate sensitivity

The flow stress of a metal is sensitive to the externally
imposed strain rate. It is known that tensile deformation is
more stable in materials displaying a high strain rate sen-
sitivity because in this deformation mode the increase in
strain rate in incipient necks leads to an increase in the
flow stress in these regions such that necking is then
interrupted and transferred to some other region. This
delay in necking thereby produces an increase in the ten-
sile elongation.

The situation in ECAP has similarities to flow in tension
in the sense that the strain rate in the shearing region is
much higher, as in the tensile region of necking, than in the
material outside this region. This means that the increase in
flow stress of the material caused by the increase in strain
rate can offset the softening effects already discussed and
thus eliminate the formation of deformation bands in the
material. An earlier report [5] showed that an increase in
the strain rate sensitivity of materials processed by ECAP
leads to a broadening of the deformation zone within the
shearing region in ECAP.

The tendency for unstable flow in ECAP may be
quantified by the parameter o, which is defined as [23, 37]

!
Y
o= %7 (1)
where m is the strain rate sensitivity of the material and the
term )’ is associated with the flow softening through the
expression:

,_ 0Olno
ST T ome

(2)

where o is the flow stress and ¢ is the true strain. Plastic
instability is believed to take place in ECAP if the
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parameter o is larger than ~5 [37]. A direct consequence is
that an increase in the strain rate sensitivity may prevent
the occurrence of plastic instability. The prediction of the
occurrence of plastic instability for values of o larger than
~5 is also supported by FEM simulations [17].

The cracking of billets during processing by ECAP

Ductile cracking is associated with the simultaneous
occurrence of deformation and predominantly tensile stress
states. This is, for example, the basis of the normalized
Cockroft-Latham ductile fracture criterion, which is
described mathematically by the relationship [38, 39]:

- [
CN_/ O_dga (3)

where ot is the maximum principal stress and Cy is a
critical level of damage that leads to cracking of the
material. It is also widely known that the imposition of
external hydrostatic pressures can delay or even totally
eliminate the occurrence of ductile fracture, as demon-
strated in the classic early experiments of Bridgman [40].

Cracking may be avoided either by decreasing the
amount of strain or by decreasing the level of the tensile
stresses during the metal-working process. The former is
achieved by increasing the die angle in ECAP [5] and the
latter is achieved by imposing a back-pressure in the exit
channel [13]. However, cracking is usually associated with
the development of intermittent deformation bands in the
material, as clearly indicated in Fig. 10 for the aluminum
alloy where the cracking occurs at the deformation bands in
the third pass of ECAP.

The intensity of deformation banding and the maximum
deformation within the bands is also of significant impor-
tance in the ductile cracking of materials processed by
ECAP. This was the situation, for example, in experiments
on commercial purity titanium where billets exhibiting a
large distance between the deformation bands failed by
flow localization, whereas there was no failure in billets
having closely spaced deformation bands [7].

Al-1.3% Fe-0.6% Mg-0.1% Si
ECAP 3p

Fig. 10 Structure at the top of the billet of the aluminum alloy after
processing through three passes of ECAP: a crack is visible at the top
of the billet near a shear band

Summary and conclusions

1. Processing by ECAP using dies with an angle of 90°
between the channels produces cracking and segmen-
tation in a Pb—4.5% Sb alloy, cracking and segmen-
tation in the AZ31 and ZK60 magnesium alloys, and
flow localization in an aluminum alloy.

2. The cracks in the lead and magnesium alloys are due to
flow softening arising from a refinement of the initial
coarse-grained structure, and the flow localization in
the aluminum alloy is due to strain path effects.

3. Flow softening may be avoided during ECAP by
undertaking a preliminary processing of the as-cast
materials. The use of ECAP processing route C is also
favorable to reduce the tendency for flow localization
due to the strain path effects.
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