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a b s t r a c t

Experiments were conducted to evaluate the long-term microstructural stability of silver after processing
using equal-channel angular pressing (ECAP). The results show that an ultrafine-grained microstructure
is produced by ECAP at room temperature but there is self-annealing in the form of recovery and recrys-
tallization during long-term storage at room temperature. In practice, the very low stacking fault energy
of silver results in a high degree of dislocation dissociation and thereby hinders recovery by cross-slip
eywords:
evere plastic deformation
qual-channel angular pressing
ltrafine-grained materials
ecovery

and climb. The experiments examine the evolution of microstructure and the mechanical behavior as a
function of the storage time after different numbers of ECAP passes. The results demonstrate that the
degree and kinetics of self-annealing depend upon the number of passes imposed in ECAP.

© 2009 Elsevier B.V. All rights reserved.
ecrystallization
tacking fault energy

. Introduction

Bulk nanocrystalline (NC) and ultrafine-grained (UFG) materi-
ls are currently a major focus in materials science due to their
nique properties in comparison to their coarse-grained coun-
erparts [1–3]. Specifically, an important feature of NC and UFG

aterials is their high strength at ambient temperatures. In prac-
ice, the long-term stability of these UFG microstructures is an
mportant prerequisite if these materials are used in any indus-
rial applications. Thus, if the fine grains become coarsened during
heir service lifetime, their unique properties including their high
trength will be lost.

It is generally considered that NC and UFG materials are reason-
bly stable at their production temperature. Nevertheless, it was
hown for nanocrystalline Cu and Ag layers, having a thickness of
1–20 �m and processed by electroplating, that recrystallization
ccurs at room temperature (RT) within ∼1–2 days of their pro-

uction [4–7]. This phenomenon is known as “self-annealing”. It
as suggested that during layer processing the organic additives

educe the interfacial energy anisotropically and additionally pin
he grain boundaries thereby stabilizing the small grain size [4,5].

∗ Corresponding author. Tel.: +36 1 372 2876; fax: +36 1 372 2811.
E-mail address: gubicza@metal.elte.hu (J. Gubicza).
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However, the additives disappear from the layers in several hours
after plating and this increases the grain boundary energy and leads
to an increased driving force for recrystallization. Nanocrystalline
Cu and Ag samples processed by the consolidation of nanopowders
also show self-annealing at RT during periods of several days after
their production [8,9].

One of the most frequently used method for producing bulk
UFG metals by severe plastic deformation (SPD) is equal-channel
angular pressing (ECAP) where it is possible to produce mate-
rials having dimensions of several centimeters in all directions
[10]. These materials also exhibit self-annealing and it was shown
recently that the UFG microstructure in Cu samples processed
by ECAP at RT becomes partially recrystallized during storage at
the temperature of processing [11–13]. For example, large recrys-
tallized grains were observed in 99.96% purity Cu 8 years after
processing by ECAP [13]. Experiments on 5N purity Cu showed that
recrystallization occurred only 2 months after ECAP and the lower
recrystallization time for the pure material was explained by the
non-availability of the pinning effect of alloying elements on grain
boundaries and dislocations [11]. There is also a similar report of
partial recrystallization in the severely deformed surface region of

a thin wire-drawn copper, having a diameter of 0.1 mm, where this
was strongly affected by the impurity concentration [14].

An earlier study reported experiments on pure Ag where the
stacking fault energy (SFE) is very low (∼16 mJ m−2 [15]) and the

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:gubicza@metal.elte.hu
dx.doi.org/10.1016/j.msea.2009.08.071


and E

d
w
A
d
t
i
C
s
[
t
p

e
p
t
c
p

2

d
a
m
p
B
a
a
c
l
a
a
m

fi
o
w
(
p
p
t
a
a
I
a
o
s
d
s
t
p
s
t
m
a
p
A

m
a
i
h
t
a

J. Gubicza et al. / Materials Science

islocation density after 8 ECAP passes was ∼46 ± 5 × 1014 m−2

hich is very high by comparison with other fcc metals such as
l, Au or Cu [16]. This exceptionally high dislocation density is a
irect consequence of the very low SFE of Ag because the annihila-
ion of dislocations is hindered by their high degree of dissociation
nto partials. The result also matches reports on the alloying of
u with Zn where there is a large increase in the dislocation den-
ity due to the reduction of SFE with increasing Zn concentration
17,18]. Some earlier experiments on Ag showed self-annealing of
he UFG microstructure at RT which occurred several months after
rocessing through 8 passes of ECAP [19].

The present investigation was initiated to provide a detailed
valuation of the significance of self-annealing in Ag of 99.99%
urity when processing by ECAP. The evolution of the microstruc-
ure and the consequent mechanical properties were systemati-
ally investigated as a function of the time of storage following
rocessing by ECAP through totals from 1 to 16 passes.

. Experimental material and procedures

High-purity 99.99% Ag billets having lengths of ∼70 mm and
iameters of ∼10 mm were homogenized for 60 min at a temper-
ture of 741 K (corresponding to 0.6Tm, where Tm is the absolute
elting point of Ag). Following homogenization, these billets were

ressed through totals of 1, 4, 8 and 16 passes of ECAP using route
C at room temperature with a pressing velocity of 8 mm s−1 and
solid die having an internal channel angle of 90◦ and an outer

rc of curvature of ∼20◦ at the intersection of the two parts of the
hannel. In this configuration, one pass corresponds to an equiva-
ent strain of ∼1 [20]. Following ECAP, the billets were stored at RT
nd the microstructures and mechanical behavior were examined
s a function of the time of storage for periods up to a total of 4
onths.
Microstructures were examined periodically by X-ray line pro-

le analysis on transverse sections cut perpendicular to the axes
f the billets. The measurements of the X-ray diffraction lines
ere performed using a special high-resolution diffractometer

Nonius FR591) with CuK�1 radiation (� = 0.15406 nm). The line
rofiles were evaluated using the extended Convolutional Multi-
le Whole Profile (eCMWP) fitting procedure [21]. In this method,
he diffraction pattern is fitted by the sum of a background spline
nd theoretical peak profiles. The profile functions are calculated
s the convolution of the theoretical size and strain peak profiles.
n addition, the theoretical size and strain peak profile functions
re calculated on the basis of a model of the microstructure. Based
n this model, the crystallites have spherical shape and log-normal
ize distribution, and the lattice strains are assumed to be caused by
islocations and twins. This method gives both the dislocation den-
ity and the twin fault probability with good statistics, where the
win fault probability is defined as the fraction of the faulted {1 1 1}
lanes along their normal vector. The microstructures of selected
amples were examined using a Philips CM-20 transmission elec-
ron microscope (TEM) operating at 200 kV. The TEM samples were

echanically thinned to ∼80 �m, cooled to liquid nitrogen temper-
ture and then thinned with 6 keV Ar+ ions from both sides until
erforation. Finally, a thin damaged layer was removed using 2 keV
r+ ions.

The hardness of the samples was measured using a Vickers
icrohardness indenter in a Shimadzu-DUH 202 machine with
n applied load of 2000 mN. The deformation behavior was stud-
ed using uniaxial compression testing with a computer-controlled
ydraulic mechanical testing MTS 810 machine. For all of these
ests, the direction of compression was parallel to the longitudinal
xis of each billet.
ngineering A 527 (2010) 752–760 753

3. Experimental results

3.1. Characterization of the microstructure in silver immediately
after ECAP

The initial mean grain size of the Ag samples was ∼10 �m prior
to ECAP but this was reduced to ∼5 �m after 1 pass of ECAP. The
TEM image in Fig. 1(a) demonstrates that the grains contain both
dislocations and twins after processing through 1 pass, where some
of the twin boundaries are denoted by white arrows. The disloca-
tion density and the probability of twins were estimated after 1
pass as ∼16 ± 2 × 1014 m−2 and ∼0.1 ± 0.1%, respectively, as deter-
mined from X-ray line profile analysis. After 4 passes, the grain size
decreased to ∼160 ± 50 nm as shown in Fig. 1(b) and the grain size
remained essentially unchanged within experimental error after 8
passes (200 ± 50 nm) and 16 passes (190 ± 50 nm) as illustrated in
Fig. 1(c) and (d), respectively. This invariance with increasing num-
bers of ECAP passes matches recent detailed measurements taken
on a high-purity (99.99%) aluminum processed by ECAP through
4–12 passes [22].

Measurements using X-ray line profile analysis after 4 passes
showed increases in the dislocation density and the twin prob-
ability to ∼37 ± 4 × 1014 m−2 and ∼0.7 ± 0.1%, respectively. The
dislocation density saturated after 8 passes at ∼46 ± 5 × 1014 m−2

and the twin probability increased to ∼0.9 ± 0.1%, whereas after 16
passes the dislocation density was reduced to ∼25 ± 10 × 1014m−2

while the twin probability further increased to ∼1.5 ± 0.1%. The
hardness of the initial sample prior to ECAP was ∼0.40 ± 0.03 GPa
but the hardness increased to ∼0.89 ± 0.05 GPa after 1 pass and a
maximum hardness of ∼1.07 ± 0.05 GPa was attained after 4 passes.
Thereafter, at higher numbers of passes, the measured hardness
remained unchanged within experimental error.

3.2. Self-annealing of the severely deformed microstructure
during storage at room temperature

Fig. 2 shows the microhardness of samples processed by differ-
ent numbers of ECAP passes as a function of the time of storage
at room temperature, where the lower horizontal line denotes the
hardness of the initial sample. It is apparent that the hardness after
1 pass remains unchanged within experimental error even after
storage for 4 months. By contrast, the hardness gradually decreases
with increasing storage time for the samples processed by 4, 8
and 16 passes thereby demonstrating that the severely deformed
microstructure is inherently unstable and subject to self-annealing,
most probably by recovery and recrystallization, during long-term
storage at room temperature.

True stress–logarithmic strain compression curves are shown
in Fig. 3 for samples processed through 1, 4, 8 and 16 passes both
immediately after ECAP and after 4 months in storage: for com-
parison, a stress–strain curve for the initial unpressed condition
is also shown. Immediately after 1 pass of ECAP the stress–strain
curve shows only a negligible hardening with increasing strain and
the compression behavior is similar also for the samples pressed
through 4, 8 and 16 passes. After storage for 4 months at RT, there
is a similar stress–strain curve with negligible hardening after 1
pass of ECAP whereas the samples pressed through 4–16 passes
show a reduction in the yield strength and a very significant strain
hardening. This softening of the samples confirms that the change
in microhardness evident in Fig. 2 is not related only to a sur-

face effect but rather it reflects a genuine microstructural change
occurring during storage at RT. The results in Fig. 3 show that the
magnitude of the decrease in flow stress increases with increasing
numbers of ECAP passes and this is consistent with the variation of
the microhardness values recorded in Fig. 2.
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Fig. 1. TEM images taken after (a) 1, (b) 4, (c) 8 and (d) 16 passes
The dislocation density and twin probability were determined
s a function of storage time using X-ray diffraction line profile
nalysis. Fig. 4(a) shows a Debye–Scherrer diffraction ring of the
2 0 reflection obtained immediately after 8 passes of ECAP. In this

ig. 2. Values of the microhardness after processing by ECAP for 1, 4, 8 and 16 passes
s a function of the storage time at room temperature.
AP: examples of twin boundaries are indicated by white arrows.
condition the intensity distribution around the ring is relatively
homogeneous, thereby indicating a high degree of homogene-
ity within the microstructure. Similar diffraction rings were also

Fig. 3. True stress–logarithmic strain curves obtained on samples immediately after
ECAP, and after ECAP and storage at room temperature for 4 months: a curve for the
initial unpressed condition is also shown.
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ig. 4. Debye–Scherrer rings for the 2 2 0 reflection of X-rays (a) immediately after
ECAP passes and (b) after 8 ECAP passes and storage at room temperature for 4
onths.

ecorded for the other samples immediately after processing by
CAP. Nevertheless, there were very significant changes after 1
onth of storage at RT and high intensity spots were observed on

he Debye–Scherrer rings for the samples processed through 4, 8
nd 16 passes. Furthermore, these irregularities in intensity became
ven more visible after storage for 4 months. Fig. 4(b) shows an
xample for the 2 2 0 reflection obtained after processing through
passes and storing for 4 months. The inhomogeneous intensity

istributions in the Debye–Scherrer rings suggest there is a fluctua-
ion in the degree of self-annealing within the microstructure. Since
he breadths of the individual high intensity spots were close to the
nstrumental broadening, it was not feasible to evaluate these parts
f the diffraction rings quantitatively. However, these high inten-
ity spots are most probably scattered from recrystallized grains
aving larger sizes and lower dislocation densities than the detec-
ion limits of the line profile analysis (∼800 nm and ∼1013 m−2 for
he crystallite size and the dislocation density, respectively) and the
ather homogeneous portions of the Debye–Scherrer rings are most
robably related to the recovered volumes. The Debye–Scherrer
ings for the samples processed for 4 and 16 passes also became
nhomogeneous during storage at RT whereas the diffraction rings
emained homogeneous in the sample processed by 1 pass even
fter storage for 4 months.

The dislocation density and the twin probability evaluated from
he homogeneous portions of the rings are shown as a function
f the storage time in Fig. 5(a) and (b), respectively. In this eval-
ation, first a large area free from large intensity spots was cut
rom the Debye–Scherrer ring for each reflection, then the inten-
ity was integrated along these homogeneous parts of the rings and
he received peak profiles were fitted by the CMWP procedure. For
he sample processed by 1 pass the dislocation density in Fig. 5(a)
emains essentially unchanged whereas after 4, 8 and 16 passes the
islocation density decreases with the time of storage but with the
ecrease occurring at different rates. The reduction in the disloca-
ion density is fastest after 8 passes but stops after about 1 month
hen it reaches the value characteristic of the sample pressed

hrough only 1 pass (∼16 × 1014 m−2). For the specimen deformed

y 4 passes, the dislocation density decreases more slowly but after
months it also converges to the same value. For 16 passes, the dis-

ocation density decreases only slightly from ∼25 ± 3 × 1014 m−2

o ∼20 ± 3 × 1014 m−2 during 4 months of storage but a further
Fig. 5. (a) The dislocation density and (b) the twin probability in the recovered
volumes of samples stored at room temperature for up to 4 months after processing
by ECAP through 1, 4, 8 and 16 passes.

reduction during storage for a longer time cannot be excluded.
It is concluded that there is a more rapid reduction during stor-
age when there is a higher initial dislocation density. Fig. 5(b)
shows that the twin probability remains practically unchanged
for specimens processed through 1, 4, and 8 passes but for the
16 passes sample the twin probability decreases from ∼1.5 ± 0.1%
to ∼1.1 ± 0.1% during the first month of storage and thereafter
remains unchanged. It is emphasized that the defect densities plot-
ted in Fig. 5 were determined from the homogeneous parts of the
Debye–Scherrer rings which are free from the large intensity spots.
Consequently, these values are characteristic only of the recovered
parts of the samples and most probably the mean dislocation den-
sity and twin probability will be lower for the whole specimens
because of contributions from the recrystallized fractions of the
samples.

Fig. 6(a) and (b) shows bright and dark field TEM images, respec-
tively, taken from the same area of the sample processed by 8 passes
and stored for 1 month at RT: on the right sides of the images there
is a large recrystallized grain with a size of ∼1 �m while in the
other parts of the images the grain size remains at ∼200–300 nm.
Fig. 6(c) shows the microstructure of the specimen processed by 8
passes and then stored for 4 months where the grains are now fully
recrystallized with an average size of ∼1 �m.

4. Discussion
4.1. Evolution of microstructure during processing by ECAP

The evolution of the dislocation and twin densities with increas-
ing strain in ECAP appears to be generally consistent with the
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Fig. 6. (a) Bright and (b) dark field TEM images from a sample processed through 8
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cross-slip and climb, respectively. The probability of the occurrence
CAP passes and stored at room temperature for 1 month and (c) a bright field TEM
mage of the same sample after storage for 4 months.

heoretical predictions of a model developed by Müllner and Solen-
haler [23] for plastic straining of fcc metals and alloys having
ow SFE. Specifically, the deformation behavior in these materi-
ls at relatively low strains is controlled mainly by the planar
lide of dissociated dislocations and the dislocation density then
ncreases rapidly while twinning is marginal. As the deforma-
ion proceeds, dislocation pile-ups form at glide obstacles such as

omer–Cottrell locks and grain boundaries. In fcc metals having
ow SFE, these glide obstacles strongly hinder the further activ-
ty of lattice dislocations because motion by climb or cross-slip is
ifficult due to the high degree of dislocation dissociation. Accord-
ngineering A 527 (2010) 752–760

ingly, if the local stresses at these obstacles exceed the critical
stress required for twin nucleation, plasticity will continue by twin-
ning. With increasing strain as in ECAP, the dislocation density
further increases together with the locations of these high stress
concentrations and this leads to an increased density of twinning.
However, these twins also obstruct the glide of lattice dislocations
thereby hindering the subsequent operation of dislocation sources
and leading to an overall reduction in the rate of dislocation pro-
duction.

In the present experiments, the dislocation density saturates
at a strain of ε ≈ 8 and for higher strains the dislocation den-
sity decreases while the twin probability continues to increase.
This reduction in dislocation density at high strains is due to the
nature of the twinning mechanism. Several possible mechanisms
have been proposed for twin formation including by (i) a pole
mechanism [24], (ii) the dissociation of lattice dislocations into
Shockley and Frank partials at Lomer–Cottrell barriers [25], (iii)
the nucleation of three-layer twins by dissociation of co-planar
lattice dislocations into Shockley partials [26] and/or (iv) the emis-
sion of twinning partials from grain boundaries [27,28]. All of these
mechanisms of twinning are based inherently on the dissociation
of lattice dislocations into twinning partials such that, if the partials
then move to the grain boundaries, the formation of twins will con-
tribute to the annihilation of lattice dislocations. This means that, as
a consequence, the decrease in dislocation density between 8 and
16 passes is associated with an increase in the twin concentration.
It is important to note that the dislocation sources are incapable
of compensating for the dislocations lost by twinning because the
operation of these sources is also obstructed by the newly nucleated
twins. A dynamic recovery mechanism may also contribute to the
decrease in the dislocation density in Ag between 8 and 16 passes
in a manner similar to that reported for Cu processed by more than
8 passes in ECAP [29]. This recovery may be performed by climb
of dislocations when the internal stresses and/or concentration of
deformation-induced vacancies reach critical values at high strains
of SPD-processing.

It should be noted that, despite the increase of the dislocation
density and twin probability between 4 and 8 passes, the hard-
ness and the flow stress remain unchanged. This dichotomy may
be explained by noting that according to X-ray line profile analysis
the relative fraction of screw dislocations in the dislocation pop-
ulation increases with increasing strain because their annihilation
is more effectively hindered by their higher degree of dissociation
by comparison with edge dislocations. Thus, these screw disloca-
tions pass through the dislocation forest more easily due to their
smaller self-energy compared to edge dislocations and this leads to
a similar hardness after 8 passes in spite of the higher dislocation
density compared to the sample processed by 4 passes. After 16
passes, the smaller strengthening effect due to the decreased den-
sity of dislocations is effectively compensated by the higher twin
probability.

4.2. The possibility of delayed recovery of the dislocation
structure by cross-slip

The present experiments provide clear evidence for the self-
annealing of Ag samples at RT after processing by at least 4 passes of
ECAP. The X-ray diffraction and TEM results demonstrate that both
delayed recovery and recrystallization occur during self-annealing.
During recovery, the screw and edge dislocations are annihilated by
of these mechanisms is dependent upon the degree of dislocation
dissociation. In fcc metals the lattice dislocations are dissociated
into Shockley partials bordering a ribbon of stacking fault where the
equilibrium splitting distance, d, between the partials is expressed
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Fig. 7. The waiting time needed for cross-slip of a screw dislocation as a function
of the equilibrium splitting distance between partials normalized by the Burgers
J. Gubicza et al. / Materials Science

s [30]:

= A
Gb2

�
, (1)

here G is the shear modulus, b is the Burgers vector, � is the stack-
ng fault energy and A is a constant having values of ∼0.019 and
0.048 for screw and edge dislocations, respectively. The values
f the equilibrium splitting distances for screw dislocations, when
xpressed in terms of the Burgers vector unit d/b, were calculated
sing Eq. (1) from the values of G, b and � given in Table 1 of Ref.
16]. The calculated d/b values are ∼0.9, ∼3.1, ∼3.7, ∼3.9 and ∼8.7
or Al, Ni, Cu, Au and Ag, respectively. These calculations show that
he splitting distance is exceptionally high in Ag because of the very
ow SFE.

This high degree of dislocation dissociation impedes motion by
ross-slip. In the cross-slip model developed by Friedel [31], cross-
lip occurs in fcc crystals by the formation of an initial constriction
n the dissociated dislocation and the subsequent extension of this
onstricted segment onto the cross-slip plane. The cross-slip pro-
ess is stress-assisted because the activation energy of the process
s reduced by the shear stress, � ′, pushing the partials towards each
ther on the initial glide plane and by the shear stress, �s, pulling the
artials in opposite directions on the cross-slip plane. The energy,
, required for cross-slip is given by the relationship [32]:

= W0

(
1 − 1.2

�sb

�
− 1.5

� ′b
�

)
, (2)

here W0 is the constriction energy which is given by

0 = Gb2d

37

(
ln

(
2
√

3d

b

))1/2

. (3)

lthough there are other slightly different relationships for the con-
triction energy [33,34], the order of magnitude of W0 remains
imilar and all relationships predict an increasing constriction
nergy with increasing d/b.

The energy required for cross-slip is supplied by the thermal
uctuations occurring in the crystalline lattice. From the thermal
ctivation of cross-slip, it follows that the waiting time for this
rocess, tcs, may be expressed as:

cs = 1
�0

exp
(

W

kT

)
, (4)

here �0 is the frequency for the crystal vibrations (∼1013 Hz), k is
oltzmann’s constant and T is the absolute temperature (300 K in
his case). Thus, higher values of W correspond to longer waiting
imes for cross-slip.

The waiting times for cross-slip were calculated from Eqs.
2)–(4) for five different pure fcc metals (Al, Ni, Cu, Au and Ag). Since
he values of the stresses � ′ and �s are not known, a first approx-
mation was adopted whereby the cross-slip energy was taken as
he constriction energy, W0. The resulting calculated values of tcs

re represented by the circles in Fig. 7 where the waiting time is
lotted as a function of the normalized equilibrium splitting dis-
ance, d/b, for dissociated screw dislocations of these five different

etals and the dotted horizontal line denotes the estimated time
ssociated with pressing through 16 passes of ECAP (equivalent to
103 s). Thus, the smallest and largest values of tcs are related to the

owest and the highest degrees of dissociation in Al and Ag, respec-
ively, and for metals having intermediate values of d/b (Ni, Cu and
u) the estimated values of tcs lie between the extreme values for

l and Ag.

Fig. 7 shows that for Al, Ni, Cu and Au the waiting times for
ross-slip are significantly smaller than or close to the total time
or processing by ECAP through 16 passes so that the annihilation
f the screw dislocations by cross-slip takes place during the ECAP
vector, d/b, for the situation where cross-slip is either not assisted by stresses or
where it is facilitated or hindered by shear stresses having a value of G/3000: the
horizontal line denotes the approximate time entailed in processing through 16
passes of ECAP using a pressing velocity of 8 mm s−1.

processing operation. By contrast, the waiting time for cross-slip in
Ag is of the order of ∼1021 s, equivalent to a waiting period of ∼1013

years, which means in practice that the dislocations formed during
ECAP are not annihilated by cross-slip without the benefit of some
assisting stresses. However, there is evidence for internal stresses in
the microstructures produced by SPD due to the presence of other
dislocations and in practice these internal stresses may either assist
or hinder the cross-slip process.

The activation energy for cross-slip is sensitive to the presence
of these internal stresses. Unfortunately, no internal stress data are
available in the literature for severely deformed Ag. At the same
time, the residual internal stresses in deformed Cu were measured
as ∼G/3000 [35]. Taking this value for the assisting stresses, � ′ and
�s, the waiting time for cross-slip is significantly reduced for all
materials as illustrated by the squares in Fig. 7. This decrease in
waiting time is most significant for Ag where tcs is reduced to ∼107

s (equivalent to ∼4 months). This means, therefore, that it is difficult
for cross-slip to occur during ECAP of Ag so that a very high disloca-
tion density is introduced but at the same time these dislocations
may be annihilated several months after processing thereby giving
a delayed recovery for the dislocation structure. The present calcu-
lation is therefore in agreement with, and provides an explanation
for, the experimental data.

In severely deformed polycrystals, the magnitude and direction
of the remaining stresses acting on the glide planes after defor-
mation change from grain to grain due to the distributions of the
dislocations and other defects, such as twins, so that the proba-
bility of cross-slip depends upon their specific locations within the
specimen. In some locations in the microstructure the stresses may
hinder cross-slip resulting in an increase in the waiting time as
illustrated by the triangles in Fig. 7 for a stress value of G/3000. As
a result of the stress distributions which are an inherent feature of
all deformed materials, it is anticipated there will be fluctuations
in the waiting times for dislocation annihilation.

It is apparent from Fig. 5 that higher dislocation densities after
ECAP are associated with faster rates of recovery so that shorter
times are then needed to achieve the stable dislocation density

during storage at RT. For all ECAP samples, the stable disloca-
tion density is close to the value obtained immediately after 1
pass (∼16 × 1014 m−2). For the sample processed by 16 passes,
the initial dislocation density is much smaller than for 8 passes
so that the recovery occurs more slowly. Furthermore, the higher
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nitial dislocation density corresponds to a shorter mean spacing
etween dislocations and therefore higher assisting stresses and
onsequently faster cross-slip. For the sample processed by 1 pass,
he assisting stresses are sufficiently low that the microstructure
emains reasonably stable within the storage time of 4 months.
onsidering the factor of 3 between the dislocation densities of
he samples processed by 1 and 8 passes, it is estimated that the

icrostructure of the 1 pass sample has a higher mean spacing
etween dislocations by a factor of

√
3. As a result, the internal

tresses due to dislocations in the sample after 1 pass are lower
y a factor of

√
3 than in the sample after 8 passes. Using Eq. (4),

t was calculated that this reduction of assisting stresses leads to
n increase in the waiting time for cross-slip by several orders of
agnitude, thereby explaining the lack of any significant recovery

n the 1 pass sample and also the termination in recovery in the
amples processed by 4 and 8 passes when the dislocation den-
ity reaches the value characteristic for 1 pass. It should be noted
hat an apparent decrease of the dislocation density in the recov-
red but non-recrystallized fraction of the samples may also occur
f the recrystallization starts in those volumes having the highest
islocation density.

.3. Annihilation of dissociated dislocations by climb

In addition to the cross-slip of screw dislocations, recovery may
ccur through the climb of edge dislocations. The climb velocity of
n extended dislocation is [36]:

c = 1050�˝D

bkT
cj

(
d

b

)−2

, (5)

here � is the stress acting across the extra half plane of the dis-
ocation producing a climb force �b, ˝ is the atomic volume, D is
he diffusion coefficient and cj is the number of jogs along the dis-
ocation line. The characteristic waiting time for the annihilation
f edge dislocations by climb, tclimb, may be approximated as the
atio of the mean spacing between dislocations (�−1/2 where � is
he average dislocation density) and the climb velocity so that

climb = �−1/2

vc
. (6)

It can be established from Eq. (5) that the velocity of climb
ecreases with an increase in the splitting distance between
artials, d/b, and therefore dislocation dissociation also hinders
nnihilation by climb. Eqs. (5) and (6) show that the waiting time
or climb depends quadratically on d/b but for cross-slip the waiting
ime depends exponentially on the splitting distance which means
hat cross-slip is more sensitive to an increase in the splitting dis-
ance. There is a similar effect for the stress sensitivity of the two

echanisms. For fcc metals having relatively small splitting dis-
ances (e.g. Al, Ni, Cu or Au), cross-slip is usually considered to be

uch faster than climb at RT [30] so that the minimum distance
etween dislocations, and therefore the maximum dislocation den-
ity achieved by ECAP, is determined primarily by the rate of
limb. Furthermore, since climb is a diffusion-controlled mecha-
ism, it becomes significant only at elevated temperatures where
he rates of diffusion are reasonably fast. Nevertheless, experimen-
al evidence suggests that, due to the high volume fraction of grain
oundaries and large concentration of dislocations in materials
rocessed by SPD, diffusion may be faster than in coarse-grained
pecimens by up to several orders of magnitude [37]. This faster
iffusion suggests the possibility of a significant role for climb in

he annihilation of dislocations even at RT. The velocity of climb is
lso enhanced by the high concentration of deformation-induced
acancies in SPD-processed materials. Since the diffusion activa-
ion energy is proportional to the absolute melting temperature,
m, in pure fcc metals, the appropriate velocity of climb will depend
ngineering A 527 (2010) 752–760

strongly on Tm and this explains the observed correlation in pure
fcc materials between the maximum dislocation density achieved
by ECAP at room temperature and the melting temperature [38].

The characteristic waiting time for climb in Ag may be estimated
by substituting appropriate values into Eqs. (5) and (6): � = G/3000
which is similar to the value used for cross-slip, ˝/b = 10−19 m2,
cj = 1, kT = 4 × 10−21 J, d/b = 22 from Eq. (1) for edge dislocations
and taking � = 46 × 1014 m−2 as the value after 8 passes so that
�−1/2 = 15 nm. The value of the diffusion coefficient depends on
the migration path of vacancies since D is ∼10−35 m2 s−1 [39] in
bulk Ag and ∼10−20 m2 s−1 along grain boundaries and disloca-
tions [40]. Due to the high dislocation density and small grain
size, it is assumed that vacancy diffusion occurs predominantly
along dislocations and grain boundaries so that D ≈ 10−20 m2 s−1

and, from Eqs. (5) and (6), tclimb ≈ 103 s. This value is smaller
than the waiting time of ∼107 s for cross-slip in Ag so that the
very slow cross-slip yields a higher saturation dislocation density
(∼46 × 1014 m−2) than the corresponding values for other fcc met-
als with similar melting points (e.g. ∼17 × 1014 m−2 in Au [16]). This
high dislocation density therefore leads to a large driving force for
self-annealing during storage at RT.

4.4. The occurrence of recrystallization during self-annealing

The X-ray line profile analysis shows that in the recovered
volumes of samples processed through 4–16 passes the disloca-
tion density and the twin probability do not decrease below the
value characteristic of the sample pressed through 1 pass (Fig. 5)
while the hardness (Fig. 2) and the flow stress (Fig. 3) for the
samples for 4–16 passes fall below the values for 1 pass after stor-
age for a period of 4 months. This apparent dichotomy is readily
explained by the advent of partial recrystallization in the sam-
ples processed through 4–16 passes. Indeed, the large intensity
spots in the Debye–Scherrer rings (Fig. 4) and the TEM image in
Fig. 6(c) indicate that, in addition to recovery of the dislocation
structure, recrystallization also operates during storage at RT at
least after processing through 4 passes. Since the activation energy
for recovery is smaller than for recrystallization, it is anticipated
that recovery will precede recrystallization. As a consequence, and
as noted in other reports [41], recovery may diminish the driv-
ing force for recrystallization by reducing the dislocation density
and/or by decreasing the internal stresses through dislocation rear-
rangement. In the samples processed by ECAP, recrystallization
most probably starts at locations where there is no recovery due
to the hindering stresses or where recovery is slow due to low
assisting stresses and therefore the driving force remains high
during the incubation period of recrystallization. Thus, higher dis-
location densities in the non-recovered volumes of the samples
will lead to higher driving forces for recrystallization. By increas-
ing the numbers of passes up to 8, the mean dislocation density
measured immediately after ECAP is increased and accordingly the
rate of recrystallization should be faster after larger numbers of
passes.

At the same time, the mean dislocation density measured imme-
diately after 16 passes is smaller than after 8 passes and after 4
months the reductions in hardness and flow stress are the high-
est for the sample processed by 16 passes. This is attributed to
the higher degree of recrystallization in this sample. As shown in
Section 3.1, processing by ECAP between 8 and 16 passes gives an
increase in the twin probability together with a decrease in the
total dislocation density. In locations where the twin probability

increases at the expense of dislocations, the stored energy will
decrease as the twin fault energy in Ag is very low (∼8 mJ m−2 [15]).
Recrystallization may be promoted after 16 passes by the forma-
tion of small volumes where the stored energy is much lower than
in the neighboring region due to the reduced dislocation/twin den-
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ity ratio. These volumes will then act as the embryos for the new
rains formed by recrystallization and therefore the time required
or grain nucleation will be the shortest for the sample processed
y 16 passes. Since in this case the strongly twinned regions are
ecrystallized first, it follows that there will be a decrease in the
win density in the recovered but non-recrystallized volumes for
he sample processed by 16 passes which is in line with the results
f X-ray line profile analysis. This is consistent with the obser-
ations that the nuclei of recrystallized grains form primarily at
eformation twins in low stacking fault energy metals such as Ag
42].

The formation of regions where twinning occurs at the expense
f dislocations will increase the degree of inhomogeneity in the
icrostructure and introduce fluctuations in the stored energy in

he sample processed by 16 passes. This is consistent with other
tudies suggesting that heterogeneities in the microstructure may
romote recrystallization due to the higher strain energy gradients
11,43]. It is noted that the high grain boundary energy may also
ontribute to the driving force for recrystallization in the samples
rocessed by 4–16 passes as the grain size in these materials is
maller (∼200 nm) than in the sample processed by only 1 pass
∼5 �m). A recent study of annealing in Cu processed by ECAP
howed that recrystallization starts heterogeneously primarily in
egions where grain boundaries have high angles of misorientation
44]. Since the angle of misorientation at grain boundaries usu-
lly increases with increasing numbers of passes in ECAP [22,45],
t is reasonable to anticipate that recrystallization in Ag will be
aster after larger numbers of passes. Twins can also be regarded
s high angle boundaries, therefore the increase of twin density
ith increasing number of passes may also contribute to faster

ecrystallization. It is important to note also that impurities have
strong influence on the occurrence of recrystallization during

elf-annealing. For example, recrystallization was observed in very
igh-purity (5N) Al even during processing by ECAP at RT [46]
hich explains the lack of any reports of self-annealing in very
igh-purity Al. Although, the evolution of texture in Ag during SPD-
rocessing has been investigated by others [47,48], the change in
rystallographic texture during self-annealing is a worthwhile sub-
ect for future study.

It is noted that self-annealing was also observed previously in
CAP-processed Cu at RT [11,13]. For a similar impurity concen-
ration (∼4N), the self-annealing in Ag starts earlier (∼1 month)
han in Cu (∼8 years [13]). As the minimum grain sizes achieved
uring ECAP are similar (∼200 nm) for both Ag and Cu, the grain
oundary energy most probably makes a similar contribution to
he driving force for recrystallization in the two materials. At the
ame time, a larger contribution of the lattice strain energy to
he driving force for recrystallization yields a faster self-annealing
n Ag. Moreover, the lower SFE in Ag is associated with a lower
win fault energy which facilitates the formation of recrystallized
mbryos. The nuclei formed during recrystallization are usually
eparated by twins from the parent grains. Therefore, the lower
alue of the SFE in Ag leads to an easier nucleation of the recrys-
allized grains which also contributes to faster self-annealing in
g.

Finally, an important additional consideration from this
esearch is that the reduced stability of ultrafine-grained
icrostructures in low SFE metals may affect the viability of these
aterials for use as structural components. To avoid the problems

ssociated with self-annealing, the present research suggests the
eed to use an optimum and relatively low total strain when apply-
ng SPD-processing to pure, low SFE metals. In this way it should
e possible to avoid any significant strength degradation during
he subsequent service lifetime. It is also suggested to apply alloy-
ng which will stabilize the UFG microstructure in low SFE metals
or longer time periods.

[

[
[
[
[

ngineering A 527 (2010) 752–760 759

5. Summary and conclusions

1. Processing by equal-channel angular pressing provides the
capability of producing exceptional grain refinement in bulk
polycrystalline solids. Self-annealing refers to the recovery and
recrystallization occurring in materials processed by ECAP dur-
ing long-term storage.

2. Experiments were conducted to investigate the occurrence of
self-annealing in samples of pure Ag processed by ECAP. The
results show the ultrafine-grained microstructure produced by
ECAP at room temperature may be unstable in subsequent stor-
age at the same temperature. The driving force for recovery and
recrystallization is the high dislocation density developed dur-
ing ECAP due to the very low stacking fault energy and the high
degree of dislocation dissociation.

3. Self-annealing was observed over a period of up to 4 months in
samples processed between 4 and 16 passes. No self-annealing
was observed in a sample processed through 1 ECAP pass. With
increasing numbers of ECAP passes, there is an increase in the
contribution from twinning which gives a more heterogeneous
microstructure and appears to facilitate recrystallization.
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