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Equal-channel angular pressing (ECAP) is a processing technique in which a sample is
pressed through a die constrained within a channel so that an intense strain is imposed
without incurring any change in the cross-sectional dimensions of the sample. This
procedure may be used to achieve considerable grain refinement in pure metals and
metallic alloys with as-pressed grain sizes lying typically within the submicrometer range.
Careful experiments reveal only a minor change in the grain size with increasing numbers
of passes through an ECAP die but there is a significant change in the distribution of grain
boundary misorientations as a function of the total imposed strain. In practice, the
microstructure evolves with increasing strain from an array of grains where the boundaries
are predominantly in low-angle misorientations to an array of grains where a high fraction
(typically ≥60%) is in high-angle misorientations. This evolution has a significant effect on
the characteristics of the as-pressed materials including the high temperature mechanical
properties and the measured rates of diffusion. In addition, the evolution provides an
opportunity to use Grain Boundary Engineering in order to optimize the behavior of the
material. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Approximately one hundred years ago, at the turn of
the last century, there was lively scientific debate in
the field then known as metallurgy concerning the na-
ture and significance of the boundaries or interfaces
that had been clearly resolved in polycrystalline sam-
ples through the use of simple bench-top optical mi-
croscopes. There were two strong and opposing view-
points proposing that these interfaces were either an
amorphous layer or that they were crystalline and rep-
resented simply “the meeting of one grain with another”
[1]. McLean [2] subsequently summarized much of this
fascinating debate in the opening chapter of his clas-
sic book, published in 1957, which dealt exclusively
and for the first time with the characteristics of grain
boundaries and with the gradual development of our
understanding of the role played by these boundaries
in dictating the physical and mechanical characteristics
of all polycrystalline materials.

Building on this accumulated knowledge, a signif-
icant development occurred almost two decades ago
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when Watanabe [3] introduced a new and bold initiative
termed “Grain Boundary Design” in which it was pro-
posed that specific beneficial properties, such as high
strength and good ductility, may be attained through
a close control of the nature of the grain boundary
character distributions. Thus, for example, recogniz-
ing that low-angle grain boundaries and coincidence
boundaries tend to be reasonably resistant to intergran-
ular fracture but random high-angle grain boundaries
are generally preferential sites for crack nucleation and
growth, it follows that an optimum condition may be
achieved through employing grain boundary design and
ensuring that any selected material contains an unusu-
ally high fraction of low-angle and coincidence bound-
aries. This novel concept provided a significant im-
petus for detailed studies into the factors influencing
the grain boundary character distributions in polycrys-
talline materials but the approach was hampered, at
least initially, by the relatively limited availability of
appropriate analytical facilities and especially by the
time-consuming nature of any detailed and statistically
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valid analysis of grain boundary misorientations and
distributions.

Grain Boundary Design has more recently evolved
into the concept of Grain Boundary Engineering in
which boundaries are engineered, or tailored, for use in
specific applications. In addition, the concept has bene-
fited significantly from the recent widespread introduc-
tion of powerful new tools, such as orientation imaging
microscopy (OIM), where computer-aided scans may
be conducted fairly quickly and efficiently to provide
detailed misorientation profiles and microstructural
information over extensive areas of polycrystalline
samples incorporating large numbers of grains. Recent
reviews summarize some of these more recent devel-
opments [4, 5].

Numerous experiments have shown that it is often
possible to change the distributions of grain bound-
ary misorientations through the use of appropriate heat
treatments. This approach was applied, for example, to
rapidly solidified and annealed Fe-Si ribbons [6] and
to Ni alloys where the presence of high fractions of
low-angle boundaries leads to a significant improve-
ment in the susceptibility of these alloys to intergran-
ular stress corrosion cracking [7, 8]. More recent in-
vestigations have shown that the presence of external
magnetic fields may alter the grain boundary charac-
ter distributions produced during the annealing process
and experimental results demonstrate that increases in
the strength of the magnetic field lead to corresponding
increases in the fractions of low-angle boundaries hav-
ing misorientations of less than 15◦ [9, 10]. Techniques
involving annealing and magnetic annealing are there-
fore attractive procedures in any attempts to maximize
the beneficial properties attained through the judicious
use of grain boundary engineering.

The objective of the present paper is to present an
alternative approach in which different grain boundary
character distributions are achieved not through an an-
nealing process but through the application of severe
plastic deformation (SPD). Processing by SPD has at-
tracted much attention over the last five years because
it provides the capability of producing bulk materials
that have exceptionally small grain sizes in the submi-
crometer or even in the nanometer range [11, 12]. The
basic principle of SPD processing is that a material is
subjected to a very large strain but this strain is attained
without any concomitant change in the overall dimen-
sions of the sample. Thus, SPD processing differs in a
very significant way from more conventional process-
ing techniques such as extrusion, rolling and drawing
where the introduction of strain is associated with a
reduction in the cross-sectional area of the work-piece.

There are two principle techniques for SPD pro-
cessing: Equal-Channel Angular Pressing (ECAP) in
which a sample is subjected to a shearing strain as it
passes through a die [13–16] and High-Pressure Tor-
sion (HPT) in which material is subjected to a high
pressure and concurrent torsional straining [17, 18]. In
practice, however, HPT employs small samples in the
form of disks whereas ECAP uses reasonably large bil-
lets and the process may be scaled-up to produce bulk
samples suitable for use in industrial applications [19].

This paper is therefore concerned with processing by
ECAP and the principle of this technique is described
in the following section. The next sections describe the
microstructures produced in processing by ECAP and
the relevance and application of this technique to Grain
Boundary Engineering.

2. Principle of equal-channel angular pressing
The principle of ECAP is illustrated schematically in
Fig. 1. A die is constructed containing an internal chan-
nel that is bent through an abrupt angle usually equal
to, or very close to, 90◦. The sample is machined to fit
within the channel and it is then pressed through the die
using a plunger. An intense shear strain is therefore im-
posed as the sample passes through the shearing plane
at the intersection of the two parts of the channel and
the sample subsequently emerges from the die having
the same cross-sectional dimensions. Three orthogonal
planes are defined in Fig. 1: the X or transverse plane
perpendicular to the direction of flow, the Y or flow
plane parallel to the side face at the point of exit from
the die and the Z or longitudinal plane parallel to the top
face at the point of exit from the die. Since the cross-
sectional dimensions remain unchanged during passage
through the die, the same sample may be pressed repeti-
tively to accumulate a very large total strain. The precise
strain imposed in each pass through the die is dictated
primarily by the angle between the two parts of the
channel (90◦ in Fig. 1) but also to a lesser extent by
the outer angle of curvature at the point where the two
parts of the channel intersect (0◦ in Fig. 1). For a die
having a channel bent through an angle of 90◦, it can
be shown from first principles that the imposed strain
in each pass is approximately equal to 1 [20].

In practice, it is apparent that different shearing
planes may be activated within the sample by rotat-
ing the billet between each separate pass [14] and this
has led to the development of four separate and dis-
tinct processing routes. These four routes are termed
A, BA, BC and C and they represent situations in which

Figure 1 Schematic illustration of ECAP.
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Figure 2 Distortions associated with a cubic element when viewed on
the X, Y and Z planes for 1 to 8 passes using processing routes A, BA,
BC and C [21].

the sample is not rotated between passes (route A), ro-
tated by 90◦ in alternate directions between each pass
(route BA), rotated by 90◦ in the same sense between
passes (route BC) and rotated by 180◦ between passes
(route C). Fig. 2 illustrates the distortion of a simple
cubic element when pressed through a die for up to a
total of 8 passes using these four processing routes: for
each route the shape of the cube is illustrated separately
for the X, Y and Z planes [21]. Thus, routes A and BA
give an increasing distortion of the cube with additional
passes but in routes BC and C the cubic element is re-
stored after every 4 and 2 passes, respectively. In addi-
tion, deformation occurs on all three planes when using
route BC but there is no deformation in the Z plane when
using route C. As a consequence of these characteristics
and the documented shearing patterns for each process-
ing route [22], it is found experimentally that route BC
is the optimum processing route in order to achieve
a homogeneous array of ultrafine grains separated by
boundaries having high angles of misorientation [23].

3. The microstructures produced using ECAP
Processing by ECAP imposes a very high strain on the
sample and thus a very large number of dislocations are
introduced into the material. After a single pass the mi-
crostructure consists of bands of elongated subgrains
with the boundaries having low angles of misorien-
tation, but with subsequent passes the microstructure
evolves gradually into an array of ultrafine and essen-
tially equiaxed grains separated by high-angle grain
boundaries [24, 25]. This gradual evolution is thus the
key to attaining different grain boundary character dis-
tributions through ECAP.

Although ultrafine grains are produced through
ECAP processing, nevertheless these grains are only
retained at elevated temperatures in the presence of pre-

Figure 3 Variation of the as-pressed grain size with annealing tempera-
ture for pure Al [26], an Al-3% Mg alloy [26] and an Al-3% Mg-0.2%
Sc alloy [27].

cipitates that serve to inhibit grain growth. Fig. 3 shows
the variation in the as-pressed grain size with the an-
nealing temperature for pure Al after 4 passes using
route BC [26], an Al-3% Mg solid solution alloy after
8 passes using route BC [26] and an Al-3% Mg-0.2%
Sc alloy also after 8 passes using route BC [27], where
each experimental point relates to a separate as-pressed
sample that was annealed for a total period of 1 h. It is
apparent from Fig. 3 that the ultrafine grains produced
by ECAP are not stable in pure Al and the Al-3% Mg
alloy at temperatures above ∼450 K whereas in the Al-
Mg-Sc alloy there are Al3Sc precipitates which provide
reasonable grain stability, and an average grain size of
<1 µm, up to temperatures of ∼700 K.

Fig. 4 shows typical microstructures of these three
materials in the as-pressed condition for (a) pure Al
after 4 passes, (b) Al-3% Mg after 6 passes and (c) Al-
3% Mg-0.2% Sc after 8 passes, together with appropri-
ate selected area electron diffraction (SAED) patterns
recorded from areas having diameters of 1.3 µm [28].
The measured grain sizes in these three materials are
1.3, 0.3 and 0.2 µm, respectively, thereby confirming
an earlier report that smaller grain sizes are achieved in
ECAP through alloying [29]. Furthermore, each of the
SAED patterns exhibits rings which suggest that many
of these boundaries have high angles of misorientation.

Fig. 5 shows an image produced using high-
resolution electron microscopy (HREM) of the Al-3%
Mg alloy after 6 passes in ECAP, where d111 denotes
the {111} atomic planes in the lower grain [28]. The im-
age in Fig. 5 depicts a triple junction at upper right and
there are extrinsic dislocations along the grain bound-
aries marked by the letter “T” where each mark denotes
the termination of an extra lattice plane on one side
of the interface. The presence of these extrinsic dislo-
cations in zones adjacent to the boundaries is consis-
tent with extensive observations reported also for sam-
ples processed by HPT [30–32]. From these and other
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(a)

(b)

(c)

Figure 4 Typical microstructures after ECAP for (a) pure Al after 4
passes, (b) Al-3% Mg after 6 passes and (c) Al-3% Mg-0.2% Sc after 8
passes: the SAED patterns were recorded from areas having diameters
of 1.3 µm [28].

detailed observations conducted on samples after pro-
cessing by ECAP [28, 33] and HPT [30–32], it has been
concluded that the grain boundaries present in materi-
als immediately after SPD processing are generally in
a high-energy non-equilibrium configuration [34–36].

The microstructure in Fig. 6 was taken on the
Al-Mg-Sc alloy after 8 passes of ECAP followed by
an anneal for 1 h at 673 K [28]. Thus, despite the rela-
tively high annealing temperature, the grain size is very
small and of the order of ∼1 µm and the boundaries are
now less curved and wavy than in the as-pressed condi-
tion shown in Fig. 4c. It is concluded that, although the

Figure 5 Structure in the vicinity of a triple point for an Al-3% Mg
alloy after 6 passes of ECAP: extrinsic dislocations in the vicinity of the
boundaries are marked by “T” [28].

Figure 6 Microstructure in an Al-3% Mg-0.2% Sc alloy after 8 passes
of ECAP and an anneal for 1 h at 673 K [28].

annealing treatment has introduced some limited grain
growth by a factor of ∼3×, there is also an evolution of
the boundaries towards a more equilibrated structure.
Close inspection of this material revealed the presence
of both coherent and incoherent Al3Sc particles in this
condition [28].

4. Significance of ECAP in grain boundary
engineering

Careful observations show that the microstructure in-
troduced in ECAP gradually evolves towards a rela-
tively homogeneous array of equiaxed grains separated
by high-angle grain boundaries. This evolution is illus-
trated in Fig. 7 for samples of pure aluminum subjected
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(a)

(b)

(c)

Figure 7 Microstructures in pure Al after ECAP through (a) 1 pass,
(b) 4 passes and (c) 12 passes using processing route BC: observations
recorded on the Y plane [37].

to ECAP through (a) 1 pass, (b) 4 passes and (c) 12
passes using processing route BC, where all observa-
tions were recorded on the Y plane [37]. A banded sub-
grain structure is clearly visible after 1 pass in Fig. 7a
where these bands are closely aligned with the shear di-
rection, but this microstructure evolves rapidly so that
there is an array of essentially equiaxed grains after 4
passes in Fig. 7b and the shearing direction is no longer
evident. Whereas the elongated subgrains in Fig. 7a
have lengths of ∼4 µm in the shear direction and widths
of ∼1.2 µm along the normal to the shear plane, the
measured mean linear intercept grain size is ∼1.2 µm
in Fig. 7b where it is noted that this is essentially equal
to the subgrain width after a single pass. It is also appar-
ent from the SAED patterns that there is an evolution
in the boundary misorientations towards higher angles
as the pressings continue to 4 passes. The equiaxed mi-
crostructure remains after 12 passes in Fig. 7c and the
mean linear intercept grain size was then measured as
∼1.0 µm which suggests there may be a slight grad-
ual refinement of the grain size with additional passes
through the ECAP die. All of these results demonstrate
the potential for using ECAP processing to achieve very
substantial grain refinement even in materials, such as
pure aluminum, where no precipitates are present to
impede any movement of the grain boundaries.

The evolution in microstructure is evident also in the
gradual increase in the fraction of high angle boundaries
as recorded in Fig. 8 for these same samples subjected
to 1, 4 and 12 passes, where high angle boundaries are
defined as those having misorientations greater than
15◦ [37]. Measurements are shown in Fig. 8 for both
the X and Y planes and the results suggest that ∼70% of
the boundaries have high angles of misorientation after
12 passes with a slightly larger fraction visible on the
X plane.

The results in Fig. 8 are consistent with other data
reported for aluminum of slightly lower purity [38]
but they are not consistent with experimental data for
Cu subjected to 8 passes of ECAP where the frac-
tion of high-angle boundaries was only ∼37% [39].
This difference probably arises because of the low
stacking-fault energy in Cu and the consequent low

Figure 8 Fraction of high-angle boundaries on the X and Y planes in
pure Al after ECAP through 1, 4 and 12 passes [37].
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rate of recovery which is known to make it diffi-
cult to achieve a homogeneous structure during pro-
cessing of this material by ECAP [40]. By con-
trast, the results for pure Al are consistent with
those reported for pure Ni where the fractions of
boundaries having high-angle misorientations were
recorded as ∼60% after ECAP through 8 passes and
∼68% after processing by HPT [41]. Furthermore,
the results on Ni are consistent with earlier obser-
vations on pure Ni showing that the stacking-fault
energy of this material, which is intermediate be-
tween that of pure Al and pure Cu, leads to a smaller
as-pressed grain size than in pure Al but a more homo-
geneous microstructure than in pure Cu [42]. Despite
these relatively large fractions of high-angle bound-
aries, after either ECAP or HPT, it is important to note
that there remains an excessively high proportion of
low-angle boundaries for both processing techniques.
This conclusion is based on calculations showing that a
true random distribution of misorientation angles gives
a fraction of 89.3% of high-angle boundaries having
misorientations greater than 15◦ [43].

It is apparent from these observations that processing
by ECAP provides two significant opportunities in the
fabrication of materials with unusual properties. First,
there is the well-established demonstration that ECAP
leads to arrays of ultrafine grains that are typically in the
submicrometer range and, even for pure metals where
the grain sizes are close to ∼1 µm, these sizes are much
smaller than those achieved through conventional ther-
momechanical processing. Second, there is clear evi-
dence for an evolution in the grain boundary character
distributions from predominantly low-angle boundaries
in the initial stages of ECAP to reasonably high frac-
tions of high-angle boundaries (≥60%) after large num-
bers of passes and consequently after the imposition of
fairly high strains.

Figure 9 Variation of tensile ductility with number of passes in ECAP for an Al-3% Mg-0.2% Sc alloy pressed at room temperature using route BC

and then tested at 673 K with an initial strain rate of 3.3 × 10−2 s−1 [49].

5. Influence of grain boundary character
distribution on properties

An important paradox in materials science is that in-
creases in strength are generally associated with cor-
responding decreases in ductility [44]. Accordingly,
there is considerable current interest in developing ther-
momechanical processing procedures that lead to rea-
sonable combinations of both high strength and good
ductility: an example is given by recent experiments de-
signed to produce a bimodal grain size distribution and
consequent good tensile ductility in pure Cu [45]. An
alternative approach is to tailor the microstructures pro-
duced through SPD processing in order to optimize the
required properties [44]. The preceding section demon-
strates that this latter approach may be developed to
incorporate not only an ultrafine grain size in the pro-
cessed material but also differences in the grain bound-
ary character distributions during processing by ECAP.
As demonstrated in this section, preliminary experi-
ments show these distributions play an important role
in dictating the behavior associated with both high tem-
perature mechanical testing and the rate of diffusion.
These two effects are now examined.

First, it is evident from Fig. 3 that the Al-3%
Mg-0.2% Sc alloy exhibits exceptional microstructural
stability even at temperatures close to 700 K. Since su-
perplasticity is a diffusion-controlled process requiring
tensile testing at a fairly high homologous temperature,
it is reasonable to anticipate that the Al-Mg-Sc alloy
will be an excellent candidate material for achieving
high superplastic elongations. There is experimental
evidence for exceptional ductility in this alloy when
the material is processed by ECAP for a totals of 8 or
12 passes [27, 46–48] but in practice the extent of this
ductility depends critically upon the number of passes
through the die and therefore upon the imposed strain.
This is illustrated in Fig. 9 where the upper specimen
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is untested and the remaining specimens were pulled
to failure at a temperature of 673 K using an initial
strain rate of 3.3 × 10−2 s−1: all samples were pro-
cessed at room temperature using route BC for totals
from 1 to 8 passes and the measured elongations at
the points of failure are indicated to the right of each
sample [49]. It is apparent from these results that the
ductility gradually increases with increasing numbers
of passes through the ECAP die and this trend is a di-
rect consequence of the need for easy grain boundary
sliding in order to achieve superplastic elongations [50].
Thus, since low-angle boundaries exhibit little or no
grain boundary sliding, the occurrence of superplastic-
ity requires the presence of a reasonably high fraction
of high-angle boundaries. It is reasonable to anticipate
from Fig. 8 that ∼60% of the boundaries in this al-
loy have high-angle misorientations after 8 passes and
therefore grain boundary sliding occurs easily in this
sample and the material pulls out uniformly to a total
elongation in excess of 2000%. By contrast, the frac-
tion of high-angle boundaries is insufficient to promote
easy grain boundary sliding in the early stages of ECAP
processing and the tensile elongations are then corre-
spondingly reduced.

A second example relates to the influence of the grain
boundary character distribution on diffusion. Fig. 10
shows the measured distribution of misorientation an-
gles for an Al-3% Mg-0.2% Sc alloy subjected to ECAP
at room temperature for 2 passes in route C and 8 passes
in route BC, respectively. As anticipated, there is a de-
crease in the number of low-angle boundaries and an
increase in the number of high-angle boundaries as the
material is taken through additional numbers of passes.
Inspection of these measurements shows that approxi-
mately 58% of the boundaries have high misorientation
angles after 8 passes through the die.

The diffusivities were measured separately in these
samples of the Al-3% Mg-0.2% Sc alloy after 2 or 8
passes where the as-pressed grain size in both condi-
tions was ∼0.2 µm: for comparison purposes, addi-
tional measurements were taken also using a coarse
unpressed alloy having a grain size of ∼200 µm.
Fig. 11 shows an Arrhenius plot of the experimental
data recorded for the alloy in these three conditions
[51] together with additional diffusion data for coarse-
grained materials from other sources [52–56]. The val-
ues plotted in Fig. 11 correspond to the interdiffusion

Figure 10 Number fraction of boundaries having different misorienta-
tion angles in an Al-3% Mg-0.2% Sc alloy after ECAP at room temper-
ature through 2 and 8 passes.

Figure 11 Arrhenius plot of the impurity diffusion coefficients for Mg
in an Al lattice using data obtained from a coarse-grained sample, from
samples subjected to ECAP through 2 and 8 passes [51] and from pub-
lished data [52–56].

coefficient, D̃, versus the reciprocal of the absolute tem-
perature, 1/T , and they represent diffusion of Mg in an
Al matrix at an extrapolated magnesium concentration,
CMg, of 0%: in practice, therefore, they are equivalent
to impurity diffusion coefficients. Inspection of Fig. 11
shows that the present data obtained on the coarse-
grained alloy are consistent with the published data but
the points for the two materials processed by ECAP lie
along lines having lower slopes. In addition, the differ-
ence in the nature of the grain boundary distributions
leads to a clear distinction between the data obtained
on the alloy after 2 and 8 passes. For the coarse-grained
material the activation energy for Mg diffusion in Al is
estimated from Fig. 11 as ∼126 kJ mol−1 whereas the
activation energy is ∼98 kJ mol−1 for the alloy after
8 passes [57] and there is an intermediate activation
energy for the alloy after 2 passes. Since the diffusiv-
ity values for the alloy after 8 passes are significantly
higher than for the coarse-grained material, these re-
sults provide a clear demonstration of the occurrence of
rapid grain boundary diffusion in this ultrafine-grained
material. Furthermore, the difference in slope in Fig. 11
between the samples processed through 2 and 8 passes
provides confirmation that the grain boundary charac-
ter distribution also plays an important role in these
diffusivity measurements.

The two sets of results given in Figs 9 and 11 provide
a clear illustration, for both high temperature mechan-
ical properties and diffusion, that experimental data
are critically dependent upon the nature of the grain
boundary misorientations within the materials. There
is a potential for achieving some control over the distri-
butions of these misorientations when processing by
ECAP since the internal structure gradually evolves
with increasing strain from an array of boundaries hav-
ing predominantly low-angles of misorientation to an
array where there is a significant fraction of high-angle
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boundaries. However, more work is now needed to crit-
ically evaluate the potential for tailoring the mechanical
and physical properties through careful control of the
total strain imposed in ECAP.

6. Summary and conclusions
1. Equal-channel angular pressing (ECAP) is a pro-

cessing technique that is widely used to achieve consid-
erable grain refinement, typically to the submicrometer
level, in bulk polycrystalline materials. In addition, it
is shown that the distribution of grain boundary misori-
entations in the as-processed material is a function of
the total strain imposed in ECAP, with predominantly
low-angle boundaries at low total strains but, at least for
some materials, with a high fraction (≥60%) of high-
angle boundaries at high total strains.

2. This difference in misorientation distributions
leads to significant effects when measurements are
taken with as-pressed samples to determine properties
such as the high temperature mechanical behavior or
the rate of diffusion.

3. The development of these differences in the mis-
orientation distributions provides a unique opportunity
to utilize the ECAP process for grain boundary engi-
neering and thus for developing and optimizing the ben-
eficial properties in the as-pressed materials.
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