
Kovove Mater. 54 2016 441–451
DOI: 10.4149/km 2016 6 441

441

Creep properties of aluminium processed by ECAP
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Abstract

The creep behaviour of pure polycrystalline aluminium and single crystals processed by
equal-channel angular pressing (ECAP) was investigated in order to understand the rela-
tionships between heterogeneity of microstructure and creep behaviour. Tensile creep tests
were performed at 373 K on specimens processed by 1 and 4 ECAP passes. For comparison
purposes, the creep tests were also carried out on coarse-grained specimens. Microstructure
analyses showed that application of ECAP technique on polycrystalline aluminium and single
crystals led to the formation of significantly different microstructures even after a relatively
high number of ECAP passes. The different creep behaviour of ECAP-processed single crys-
tals and polycrystalline aluminium is influenced by inhomogeneity of microstructure. Further,
the creep behaviour of specimens processed by 4 ECAP passes is affected by grain-boundary
mediated processes like enhanced recovery of dislocations at high-angle grain boundaries in
grains finer than quasi-stationary subgrain size and grain boundary sliding.

K e y w o r d s: equal channel angular pressing (ECAP), aluminium, ultrafine-grained mi-
crostructure, creep

1. Introduction

The microstructure formed using severe plastic de-
formation (SPD) often results in an ultrafine-grained
structure containing grains mainly with high-angle
grain boundaries [1–4]. The sliding process in poly-
crystals is influenced by the presence of grain bound-
aries and crystallographic orientation of different
grains. In single crystals, the dislocation glide is not
blocked by grain boundaries due to only one crystal-
lographic orientation at the beginning. Thus, in single
crystals subjected to SPD, all grain boundaries are
formed during deformation. To date, very limited ex-
periments paid attention to the effect of initial crystal-
lographic orientation on the evolution and mechanical
properties of ultrafine-grained structure [5–9], but the
most of the works on single crystals were concerned
with processing only after 1 ECAP pass. It was sug-
gested that the evolution of microstructure relates to
the concentration of activated slip systems with re-
spect to the shear plane.
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Creep in polycrystalline materials after SPD pro-
cessing was investigated on pure metals [10–16], al-
loys [17–20], and Cu-Al2O3 composite [21]. However,
there are a few reports documenting the creep prop-
erties and creep mechanisms of the ultrafine-grained
(UFG) materials processed by different numbers of
ECAP passes. On the basis of the stress dependences
of the minimum creep rates, it was proposed [11–13]
that the main operating creep deformation mechanism
is an intragranular dislocation process with an addi-
tional mechanism(s) such as grain boundary sliding
(GBS). Kawasaki et al. [22] demonstrated on the ba-
sis of texture measurements that creep occurs through
an intragranular dislocation process with no signifi-
cant contribution of diffusion creep. Blum et al. [10]
suggested a model describing creep behaviour of UFG
materials. This model explains creep behaviour on the
basis of enhanced storage and recovery of dislocation
at boundaries of grains finer than quasi-stationary
subgrain size wqs in the coarse-grained material [14,
23]. The quasi-stationary means that the dynamic
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Fig. 1. The orientation of {111} planes in ECAP shear
plane: (a) SCI and (b) SCII before ECAP. SD denotes the
shear direction of ECAP deformation (normal direction

(ND) is perpendicular to TD and SD direction).

equilibrium of generation and recovery of free disloca-
tions is approximately established in the microstruc-
ture, but the boundary structure is gradually evolving
[23].
It was found [24, 25] that microstructure of ECAP

materials after ECAP process and also after subse-
quent creep testing is inhomogeneous even after a high
number of ECAP passes. However, the occurrence of
inhomogeneity in the microstructure of ECAP spec-
imens after creep testing and its influence on creep
behaviour was not systematically studied.

2. Experimental materials and procedures

Experimental materials used in this investigation
were polycrystalline Al and randomly oriented Al sin-
gle crystals grown by modified Bridgman technique
in a floating zone furnace. The single crystalline sam-
ples for ECAP were cut by electric discharge machin-
ing.
The crystallographic orientations of single crystals

were determined using electron backscatter diffraction
(EBSD). For the single crystal I (SCI), {1̄11} was par-
allel to the theoretical shear plane of the ECAP die
and 〈001̄〉 was parallel to the shear direction of ECAP
process (Fig. 1a). For the single crystal II (SCII),
{02̄1} was parallel to the theoretical shear planes of
the ECAP die and 〈100〉was parallel to the shear di-
rection of ECAP process (Fig.1b).
The billets of SCs and polycrystalline Al were pro-

cessed by ECAP at room temperature using a die hav-

Fig. 2. Schematic illustration of ECAP die, coordinate sys-
tem and pressing direction.

ing an internal angle of 90◦ between the two parts of
the channel and an outer arc of curvature of ∼ 20◦.
The billets were processed by route A for 1 and 4
ECAP passes, where the sample is pressed without
rotation between sequential passes [3]. Here, route A
was selected because the investigated section XZ (X
parallel to the last pressing direction and Z perpen-
dicular to the bottom of the channel) of samples is in
the same position after 1 and 4 ECAP passes with re-
spect to the position of the sides of ECAP die (Fig. 2).
The chemical compositions of initial states are given
in Table 1.
Constant load creep tests were performed in ten-

sion at 373K under an initial applied stress of 50MPa
for the SC samples and under different stresses for the
unpressed coarse-grained and ECAPed polycrystalline
Al. The tensile specimens, having a gauge length of
10 mm and cross-sectional area of 8 × 3.2 mm2, were
machined from billets parallel to the section XZ. The
creep testing was conducted in an environment of
purified argon with the testing temperatures main-
tained to within ± 0.5 K of the desired value. All
of the tests were continued until fracture. The mi-
crostructure was examined by scanning electron mi-
croscope FEG-SEM Tescan equipped with EBSD. The
microstructure analyses were performed on 3–5 po-
sitions with investigated area usually 1.5 × 104 µm2
(150 × 100 µm2) in each specimen. Grain boundaries
measured by EBSD technique were classified into low-
angle grain boundaries (LAGBs) with θ < 15◦ and
high-angle grain boundaries (HAGBs) with θ ≥ 15◦
where θ is the misorientation angle between two neigh-
bouring grains. The homogeneity of microstructure
was described by the coefficients of profile area vari-

Ta b l e 1. Chemical composition of tested initial states (wt.%)

Specimen Fe Si Cu Zn Ti Al

Polycrystalline Al 0.0025 < 0.01 0.009 0.0022 < 0.001 Bal.
SCI 0.0022 < 0.01 0.011 0.0014 < 0.001 Bal.
SCII 0.0020 < 0.01 0.013 0.0023 < 0.001 Bal.
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Fig. 3. Misorientation distribution of boundaries measured
in the microstructure processed by 1 and 4 ECAP passes:

(a) SCI and (b) SCII.

ation CVa: the higher are the values the more pro-
nounced is the inhomogeneity. In homogeneous sys-
tems of grains 0.55≤ CVa< 1 holds, in mildly inho-
mogeneous systems is CVa lower than 2 and higher
values are typical for systems with multimodal grain
size distribution. A detailed description of CVa is
given elsewhere [24, 25]. The investigation was per-
formed in the centre portion of the ECAP-processed
single crystals in order to exclude frictional effects
close to the sample surface. The local concentration
of plastic deformation on grain boundaries and meso-
scopic shear bands (MSBs) was qualitatively evalu-
ated by displacement of the marker lines (scratches)
transversal to the stress axis. The shear bands are
called “mesoscopic” because their size exceeded signif-
icantly mean grain size measured in investigated spec-
imens. But those shear bands do not usually extend
along the whole diameter of the creep specimens. The
displacements of the marker lines at their intersections
with grain boundaries and MSBs were investigated us-
ing SEM.

Fig. 4. Creep curves for investigated states of Al specimens
processed by 1 and 4 ECAP passes.

3. Experimental results

3.1. Microstructure of single crystals
processed by ECAP

The microstructure of SCI processed by 1 ECAP
pass contained mainly the subgrains with low-angle
grain boundaries (Fig. 3a) and further ECAP defor-
mation to 4 passes caused only a slight increase in
HAGBs up to about 4.5 %.
As shown in Fig. 3b the ECAP-processed SCII con-

tains relatively a high number of HAGBs (about 21%)
even after 1 ECAP pass. The further increase in the
number of ECAP passes to 4 led to an additional in-
crease in HAGBs with its frequency up to ∼ 52%.

3.2. Creep behaviour

Representative creep curves for the single crystals
and polycrystalline Al processed by 1 and 4 ECAP
passes by route A are shown in Fig. 4. Inspection of
Fig. 4 revealed that the minimum creep rate becomes
higher and the time to the onset of accelerated creep
becomes shorter as the number of ECAP pass is in-
creased from 1 to 4. This would be reasonable be-
cause the microstructure is refined with the number
of ECAP passes and thus creep is accelerated by the
lattice defects introduced by the ECAP process.
It was not experimentally feasible to compare creep

behaviour of the single crystals processed by ECAP
with unpressed single crystals because their creep re-
sistances were too different to perform the creep tests
at similar stress interval. Figure 5 shows the stress de-
pendences of coarse-grained (CG) polycrystalline Al
and the ECAP-processed Al after 4 passes, measured
at the same creep rate interval.
The results demonstrate that the creep strength of

the ECAP-processed Al is shifted to higher stresses in
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Fig. 5. Stress dependences of minimum creep rate for poly-
crystalline coarse-grained and aluminium processed by 4

ECAP passes.

comparison with the CG state. The stress exponent
of the minimum creep rate n for CG Al is ∼ 21 in
the stress range covered in this study whereas n is
∼ 4 for the ECAP-processed Al after 4 passes at lower
stresses.

3.3. Microstructures of single crystals and
polycrystalline Al after a creep exposure

Figure 6 shows microstructures of SCI processed by
1 ECAP pass and subsequently creep tested at 373K,
where Fig. 6a is taken from a gripping part and Fig. 6b
from a gauge part far away from the fracture tip. Both
microstructures consist predominantly of LAGBs with
a mean size of ∼ 1.6 µm for the gauge part and of
∼ 2.5 µm for the gripping part.
The microstructure of SCI after 1 ECAP pass and

subsequent creep observed near the fracture tip is
shown in Fig. 7a. In the microstructure near the frac-
ture tip (necking area), ∼ 12.8% of HAGBs was mea-
sured, and they were located in particular at inter-
faces between a few shear bands (SBs) oriented near
the shear planes of the first ECAP pass.
The EBSD analysis of the microstructure in SCI

processed by 4 ECAP passes and creep exposure at
373K demonstrates that HAGBs are formed in meso-
scopic SBs (MSBs) (Fig. 7b). The MSBs were formed
by groups of (sub)grains surrounded by boundaries
with misorientations of 8◦–14◦ which were coordinated
near the shear plane of the last ECAP pass. The mean
interboundary spacing of HAGBs was ∼ 10.5 µm and
the mean subgrain size in the MSBs was ∼ 2.3 µm.
It was observed that 4 ECAP passes caused an only
slight increase in the fraction of HAGBs and in the
microstructure, it came to only ∼ 16.5%.
The microstructure of SCII after 1 ECAP pass and

Fig. 6. The microstructure of SCI processed by 1 ECAP
pass (inverse pole figures (IPF), normal direction): (a)
gripping part and (b) gauge length. The stress axis is hor-

izontal for all micrographs.

creep testing at 373K is shown in Fig. 7c. Inspection
of Fig. 7c revealed that microstructure is inhomoge-
neous and contained long MSBs approximately 30–
40 µmwide. The interior of MSBs was significantly dif-
ferent. The MSB (with an orientation of blue) contains
in its interior subgrains with a mean size of ∼ 1.6 µm
and isolated grains with sizes from ∼ 1 to ∼ 5 µm. The
MSB (with an orientation of purple) contains only
subgrains which are larger (∼ 2.7 µm) than those in
the neighbouring MSBs (Fig. 7c). At the interfaces
of the MSBs, fine grains with sizes between ∼ 0.9–
4.5 µm were observed. In the microstructure, HAGBs
were measured with a fraction of ∼ 13 % and an in-
terboundary spacing of ∼ 10 µm.
The microstructure of SCII processed by 4 ECAP

passes and after a creep exposure was still hetero-
geneous (Fig. 7d). The microstructure contains long
MSBs which consist of fine grains with sizes of ∼ 1–
5 µm and subgrains with a mean size of ∼ 2.1 µm. In
the interior of MSBs, there are areas which were par-
tially surrounded by HAGBs. The long MSBs were
separated by HAGBs approximately parallel to the
stress axis and at their interfaces, grains or clusters of
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Fig. 7. The microstructure of single crystals after 1 and 4 ECAP passes and subsequent creep test at 373 K (IPF maps,
normal direction) situated near the fracture (HAGBs are denoted by thick black line): (a), (b) SCI and (c), (d) SCII. The
microstructures processed by 1 ECAP pass are placed in the left column (a), (c) and those by 4 ECAP passes are in the

right column (b), (d). The stress axis is horizontal for all micrographs.

grains can be sporadically found. In the microstruc-
ture, HAGBs come to be a fraction of ∼ 39 % and its
interboundary spacing to be ∼ 4.6 µm.
LAGBs predominate in the microstructure of poly-

crystalline Al processed by 1 ECAP pass and subse-
quent creep testing at 373 K (Fig. 8a). However, poly-
crystalline Al processed by 4 ECAP passes and creep-
tested at 373 K contains ∼ 42% of HAGBs. Inspection
of Fig. 8b shows that the inhomogeneous microstruc-
ture contains grains with a mean size of ∼ 3.5 µm
forming long bands.
Figure 9 shows grain size distributions measured

for specimens processed by 4 ECAP passes and sub-
sequent creep testing at 373K. From Figs. 7–9 one
can see that microstructure of specimens processed by
4 ECAP passes contains a mixture of a relatively high
number of fine grains surrounded by and/or included
in extremely large grains. Analyses of microstructure
data for specimens processed by 4 ECAP passes and
subsequent creep testing revealed that the highest
number of large grains (d > 10 µm) was measured in
SCI. However, the opposite result was found in the mi-
crostructure of polycrystalline Al (Fig. 9). Figures 8
and 9 also show that homogeneity of microstructures
increases with increasing number of ECAP passes. The

analysis of inhomogeneity in specimens after 4 ECAP
passes and subsequent creep testing using CVa showed
that the lowest value of CVa about 2.8 exhibited poly-
crystalline Al. The specimens of single crystals after
4 ECAP passes and subsequent creep testing exhibited
higher values of CVa about 3.3 in SCII and about 4.7
in SCI in comparison with polycrystalline Al. The re-
sults in Figs. 7–9 demonstrate that microstructures
of investigated specimens are highly inhomogeneous
which may influence creep behaviour of ECAP pro-
cessed specimens.

3.4. Deformation behaviour

The investigation of the surface of SCI tested at
373 K showed the formation of MSBs lying almost
parallel to the shear plane of the last ECAP pass
(Fig. 10a). It should be noted that this direction is
identical to the direction of maximum shear stress
during tensile testing. The MSBs were observed only
in the neck area with a mean interband spacing of
∼ 150 µm.
Close inspection of Fig. 10a shows that MSBs con-

sist of several thinner bands. The concentration of
plastic deformation at the interfaces of MSB can be
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Fig. 8. The microstructure of polycrystalline Al (IPF
maps, normal direction) after 1 and 4 ECAP passes and
subsequent creep test at 373 K near the fracture (HAGBs
are denoted by thick black line): (a) 1 and (b) 4 ECAP
passes. The stress axis is horizontal for all micrographs.

Fig. 9. The grain size distribution measured in specimens
of pure Al after 4 ECAP passes and subsequent creep test-

ing at 373 K.

documented by deformation of marker lines (indicated
by arrows) shifted along the stress axis. In the inte-

rior of MSBs the deformation of marker lines was not
observed.
On the surface of SCI processed by 4 ECAP passes,

the MSBs lying near the shear plane of the last ECAP
pass were observed (Fig. 10b). In the interior of the
MSBs no significant bending of marker lines was ob-
served. The mean interband spacing was ∼ 69 µm.
Figure 9c shows the surface of SCII processed by 1

ECAP pass. It is found that the MSBs on the surface
of the specimen were inclined about 30◦ with respect
to the stress axis and at their interfaces the bending of
marker lines was observed. The mean interband spac-
ing was ∼ 32 µm.
The SCII after 4 ECAP passes and tested at 373 K

exhibited the bending of marker lines at the interfaces
of MSBs (not shown here) and also the displacement
of marker lines at HAGBs situated in the interior of
MSBs (Fig. 10d). The MSBs were approximately par-
allel to the stress axis with a mean interband spacing
of ∼ 19 µm.
Inspection of Fig. 11a showed that the occur-

rence of MSBs significantly influenced deformation be-
haviour of polycrystalline Al processed by 1 ECAP
pass. It is found that creep deformation of the Al poly-
crystalline specimen occurred primarily at the inter-
faces of MSBs. However, the deformation of polycrys-
talline Al processed by 4 ECAP passes is more homo-
geneous, and the marker lines exhibit a displacement
at grain boundaries (Fig. 11b).

4. Discussion

In the present work, it was observed that ECAP
processing of single crystals with two initial crystal-
lographic orientations led to the formation of dif-
ferent inhomogeneous microstructures. In our previ-
ous works [12–17], it was found that the sample af-
ter 1 ECAP pass exhibited the highest creep resis-
tance. This suggests that the highest creep resistance
can be achieved in inhomogeneous ECAP-processed
microstructure containing a high density of LAGBs
but a lower density of HAGBs. Sklenička et al. [26,
27] performed numerous tensile creep tests of ECAP-
processed pure Al and reported the difference in creep
resistance even after high numbers of ECAP passes.
The present results show that the creep behaviour
is influenced not only by the density of HAGBs but
also by their distribution. It is observed that the mi-
crostructure inhomogeneity increases with the appear-
ance of MSBs during creep testing (Figs. 6b and 7a).
The different interband spacings, shifting of marker
lines (scratches) at the interfaces, and preferential oc-
currence in the gauge length lead to the conclusion
that the creep deformation is influenced not only by
the initial state before ECAP processing but also by
microstructures developed by ECAP processing.



P. Král et al. / Kovove Mater. 54 2016 441–451 447

Fig. 10. The surface of single crystals processed by 1 and 4 ECAP passes: (a), (b) SCI and (c), (d) SCII. The microstructures
processed by 1 ECAP pass are placed in the left column (a), (c). The stress axis is horizontal for all micrographs. Black

arrows in the pictures denote the marker lines.

Microstructure analysis of specimens processed by
ECAP showed increasing density of HAGBs with the
increasing number of ECAP passes. The increase of
HAGBs always led to the decrease of the creep re-
sistance (Fig. 12). So the changes in creep behaviour
after application of ECAP technique may be explained
by the grain boundary-related deformation mecha-
nism such as enhanced dynamic recovery of disloca-
tions at HAGBs and/or by increased activity of grain
boundary sliding (GBS).
Microstructure observations show that specimens

after 4 ECAP passes contain higher densities of
HAGBs which play a significant role in the creep be-
haviour.
The recent results show that creep behaviour of

UFG materials can be significantly influenced either
by GBS [15] or by the enhanced recovery of disloca-
tions at HAGBs [10]. Both of these mechanisms occur
easily when the grain size is finer than quasi-stationary
spacing of LAGBs [29, 30] wqs = kwτbG/τ = kwσ
bG/σ (where τ is resolved shear stress, kwσ = Mkwτ

is about 10 to 30, M = σ/τ is Taylor factor, and G is
shear modulus at temperature T ). In such finer grains,
dislocations are stored in the grain boundaries but not
in the interior of grains in the form of subgrains.
The observation in present work (Figs. 10, 11)

revealed the displacement of marker lines at grain
boundaries giving the qualitative evidence relating to
an activity of GBS during creep of ECAP-processed
Al. Sklenička et al. [15] investigated creep behaviour
of UFG Al at 473 K and they concluded that contri-
bution of GBS to the total creep strain in the UFG
Al was only about 33 %. Certain quantitative data
are also available for a tensile test of pure Al per-
formed at room temperature and engineering strain
rate 8.6× 10−3 s−1 [31]. On the basis of deformation
behaviour, it was suggested that GBS takes place in
the initial stage of plastic deformation. In the later
stages, intragranular dislocation slip becomes the pri-
mary deformation mechanism. This proposal is con-
sistent with an earlier detailed experimental study
[32] demonstrating that the largest number of grain
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Fig. 11. The surface of polycrystalline Al processed by (a)
1 and (b) 4 ECAP passes. Black arrows in the pictures
denote the marker lines. The stress axis is horizontal for

all micrographs.

Fig. 12. Dependence of HAGBs on time to fracture of dif-
ferent initial states processed by 1 and 4 ECAP passes.

boundaries begins to slip in early stages of creep ex-
posure.
The stress dependences of minimum creep rates

measured at 373 K show that the microstructure re-
finement due to the application of the method ECAP
led to higher strength at given strain rate but to the
decrease in stress exponent n in comparison with CG
state. Similar behaviour was observed during creep
tests of pure Cu processed by ECAP up to 24 passes
[10, 33]. The systematic shift of the stress depen-
dences to the higher strength with increasing number
of ECAP passes was explained by increasing boundary
misorientation, causing the densification of dislocation
structure of LAGBs and the increase of high-angle
boundary fraction. The change of stress exponent n
with decreasing applied stress (change of the slope of
stress dependences) was characterized as a subsequent
transition from hardening to softening through high-
angle boundaries whose fraction changes with increas-
ing number of ECAP passes. This transition can be
modelled by composite creep model [34, 35] because
ECAP-processed microstructures are often inhomoge-
neous. The inhomogeneous microstructures contain-
ing both coarse and ultrafine grains were also found
in present work.
Thus, composite approach, where the material is

considered as composite, is adopted to explain the
creep behaviour of the ECAP-processed Al using a
volume fraction of the ultrafine-grained region, fUFG.
The creep behaviour of microstructure containing CG
regions and UFG regions can be described by iso-
strain composite as [10, 33]:

ε̇min = ε̇CG = ε̇UFG, (1)

σ (ε̇min) = (1− fUFG)σCG (ε̇min) + fUFGσUFG (ε̇min) .
(2)

The creep behaviour of fully UFG microstructure
which is controlled by storage and dynamic recovery
of free dislocations at high-angle boundaries is given
by following equation [32]:

ε̇min = A
DgbGb

kBT

(
d

b

)4 ( σ

G

)8
, (3)

where A is the numerical constant, Dgb is the grain
boundary diffusion coefficient, b is Burgers vector, kB
is Boltzmann constant, G is shear modulus at tem-
perature T, and d is the grain size (estimated as
20Gb/σ). The numerical constant A was calculated
by setting the four fit parameters fi in [13, 34] equal
to 0.23 and the dislocation interaction factor α equal
to 0.2. Equation (3) was adapted from classical dislo-
cation theories of steady-state creep for CG materials
to the case of UFG materials (see [34]). This equa-
tion is used in the situation where grain size is suf-
ficiently small that new low-angle grain boundaries
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Ta b l e 2. Material parameters used in the modelling of creep behaviour

Parameter Al Reference

Boundary dif. coefficient, Dgb (m2 s−1) 1.7 × 10−16 [28]
Lattice dif. coefficient, Dl (m2 s−1) 2.16 × 10−24 [28]
Burgers vector, b (m) 2.86 × 10−10 [28]
Shear modulus at 373K, G (MPa) 2.44 × 104 [28]
Poisson’s ratio, u 0.34
Taylor factor, M 3.6

are not formed in the grain interior. Thus the grain
boundaries limit the mean free dislocation path and
the dislocations easily recover at high-angle bound-
aries.
The formula used for description of the quasi-

-stationary deformation resistance of fully CG Al
where the dynamic recovery is controlled by LAGBs
is following [13, 14, 34]:

ε̇min = A
D1Gb

kBT

( σ

G

)3
exp (Bσ) ,

A = 1, B =
khb

3

MθlabkBT
, (4)

where Dl is the lattice diffusion coefficient, B de-
creases as the average subgrain misorientation in-
creases with strain.B was estimated by setting kh = 7.
The material parameters used for modelling curves are
shown in Table 2. One can see that Eq. (4) has two
parts. The part in front of the exponential function
represents the natural creep law. This part guaran-
tees the right magnitude of minimum creep rate for
CG material if the exponential part goes near 1 at
low stresses about 10−5 G [36]. The second part of Eq.
(4) describes power-law breakdown. This part charac-
terizes thermally activated glide where the dislocation
movement is so fast that an enormous increase in creep
rates occurs.
Figure 13 demonstrates that the creep resistance

after ECAP processing is associated with the increase
of HAGBs and the reduction of grain size. Blum et al.
[34] suggested that the increase of the average misori-
entation leads to higher strength thus the stress de-
pendence for ECAP-processed specimens is shifted to
higher stresses. However, the reduction of grain size
near quasi-stationary spacing wqs promotes the ther-
mal recovery of dislocations at HAGBs which leads to
the decrease of stress exponent n.
Nevertheless, the microstructure inhomogeneity of

ECAP-processed specimens led to the different creep
behaviour (Fig. 13). The 4 ECAP passed samples
containing fine-grained structure showed a decrease
of minimum creep rate as delineated by the solid blue
curve in Fig. 13 in comparison with CG polycrystalline
Al (dashed red curve in Fig. 13). This creep behaviour
can be modelled by Eq. (2) where a certain fraction
of UFG regions is considered which leads to a lower

Fig. 13. Creep results for Al processed by 4 ECAP passes
measured at 373 K in comparison to CG state and model
curves. The volume fraction of the ultrafine-grained re-
gion (fUFG) in polycrystalline Al was estimated ∼ 0.35 and

∼ 0.2 in SCII (estimated from Figs. 7–9).

activity of storage and recovery of free dislocations at
HAGBs and causes a decrease of minimum creep rate
(dotted green line in Fig. 13).
But the results showed that creep behaviour is in-

fluenced not only by the volume fraction of UFG re-
gions but also by an inhomogeneous distribution of
HAGBs. The microstructure of SCI also contained a
low value of UFG regions (Fig. 7b), but SCI speci-
men showed higher minimum creep rate in comparison
with UFG polycrystalline Al. This suggests that creep
behaviour of SCI specimen is probably influenced by
additional creep mechanism.
The surface of creep specimens and microstructure

investigation revealed the formation of MSBs. It can
be suggested that the cooperative sliding of grains oc-
curring at interfaces of MSBs may accelerate creep de-
formation and lead to the faster minimum creep rate.
Thus creep behaviour of ECAP-processed specimens
can also be influenced by the enhanced activity of
GBS.

5. Conclusions

It was found that the creep behaviour of Al de-
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pends significantly on the number of ECAP passes.
ECAP-processed Al exhibited a decrease of creep re-
sistance with increasing number of ECAP passes but
creep resistance was higher in comparison with CG
state. However, stress dependences of minimum creep
rate showed a significant decrease of stress sensitivity
in the ECAP-processed specimens.
It was suggested that the creep behaviour of

ECAP-processed Al could be explained by the syn-
ergetic effect of enhanced recovery of dislocations at
HAGBs in grains with d ∼wqs and intragranular dis-
location processes in CG regions where recovery of
dislocations is significantly influenced by LAGBs. The
results show that different creep properties are caused
by inhomogeneity of ECAP microstructure and creep
behaviour depends mainly on the frequency of UFG
grains that fulfilled the condition d ∼wqs but can also
be influenced by the formation of MSBs.
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