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The self-annealing of an ultrafine-grained (UFG) microstructure in pure silver produced by severe
plastic deformation (SPD) was studied by nanoindentation and X-ray line profile analysis. Both
recovery and recrystallization of the UFG structure take place during long-term storage at room
temperature as a result of the extremely high dislocation density which acts as a driving force in self-
annealing. Nanohardness mapping revealed that self-annealing occurred inhomogeneously, and the
higher strain imposed in SPD processing leads to faster recrystallization in severely deformed silver.
This behavior of self-annealing can be explained by the enhanced contribution of twinning which
facilitates the formation of recrystallized embryos.
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Bulk ultrafine-grained (UFG) materials, in general, have
superior strength at ambient temperatures compared to
their coarse-grained counterparts.1 The long-term ther-
mal stability of the UFG microstructures is an important
requirement in their industrial applications, because the
high strength will be lost if grain coarsening occurs during
their service life-time.
Bulk UFG metals can be produced by grain refinement

using severe plastic deformation (SPD) techniques. Equal-
channel angular pressing (ECAP) is a frequently used
SPD procedure as it is capable of producing billets having
large dimensions in all three orthogonal directions.2 Earlier
studies showed that recovery and/or recrystallization took
place in UFG Cu and Ag samples processed by ECAP at
room temperature (RT) during storage at the temperature
of processing.3–6 As these changes in the microstructure
occur without any designed heat-treatment and result in
a strength-reduction of the samples, the phenomenon is
called self-annealing.6 It was also found that the stack-
ing fault energy (SFE) has a promoting effect on self-
annealing as the high degree of dislocation dissociation
into partials in low SFE metals strongly hinders the anni-
hilation of dislocations during deformation, resulting in an
exceptionally high dislocation density during SPD. In pure
Ag having a very low SFE (∼19 mJ m−2�7�8 the large
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dislocation density may act as a driving force for recov-
ery/recrystallization which occurs later and even several
months after ECAP processing.6

Taking into account the fact that the SPD-processed
microstructures usually have a high degree of inhomo-
geneity, it is anticipated that self-annealing also occurs
in a non-uniform manner. Recently, it was shown that
both recovery and recrystallization occurred during self-
annealing in ECAP-processed Ag but only the recovery
kinetics were determined up to 4 months of storage.6 In
the present investigation, nanohardness mapping is used
to reveal the dependence of recrystallization rate on the
number of ECAP passes extending the storage time to
9 months. The fractions of nanohardness distributions of
the stored samples coinciding with the hardness distribu-
tion of a well-annealed sample are used to estimate the
recrystallized volume fractions during self-annealing. The
application of nanohardness mapping is advantageous as it
combines the local probing with a large investigated area
(400 �m×400 �m in the present case).
High-purity 99.995% (4N5) Ag billets approximately

70 mm in length and 10 mm in diameter were annealed
for 60 minutes at a temperature of 741 K. These billets
were processed by 4, 8 and 16 passes of ECAP at RT.
The ECAP die has an internal channel angle of 90� and
an outer arc of curvature of ∼20� yielding an equivalent
strain of ∼1 during 1 pass.9 The samples were pressed
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through the die following route BC at a pressing velocity
of 8 mm s−1, where route BC refers to a rotation of the
sample in the same direction about the longitudinal axis
between each separate pass. The ECAP-processed billets
were stored at RT and the self-annealing was investigated
by nanohardness testing. The nanohardness measurements
were carried out using a UMIS nanoindentation device
with a Berkovich indenter and applying a maximum load
of 5 mN. A series of 400 indentations was recorded with
the indents arranged in a 20×20 matrix with a neighbor-
spacing of 20 �m. The direction of indentation was par-
allel to the longitudinal axis of each billet. The maximum
indentation depth was between 300 and 500 nm corre-
sponding to the indent size of 2–3 �m which is compara-
ble with the size of recrystallized grains according to the
earlier TEM images.6

In addition to the hardness investigations, the
microstructures both immediately after ECAP and during
storage were examined by X-ray line profile analysis on
transverse sections perpendicular to the axes of the billets.
The X-ray diffraction lines were measured using a spe-
cial high-resolution diffractometer (Nonius FR591) using
CuK�1 radiation (�= 0�15406 nm). The line profiles were
evaluated by the Convolutional Multiple Whole Profile
(CMWP) fitting procedure10 that gives both the dislocation
density and the twin boundary frequency with good statis-
tics. The twin boundary frequency is defined as the relative
fraction of the twin boundaries among �111� lattice planes.
Figure 1 shows the nanohardness distributions for differ-

ent conditions in the initial material before ECAP, imme-
diately after ECAP-processing and after storage at room
temperature for several months for the samples processed
by 4 (Fig. 1(a)), 8 (Fig. 1(b)) and 16 passes (Fig. 1(c)).
Considering the ECAP-processed states, the mean hard-
ness increases slightly from 1.59 to 1.66 GPa when the
number of passes changes from 4 to 8. This strengthening
tendency can be explained by the increase of the disloca-
tion density and twin boundary frequency from 37± 4×
1014 m−2 to 46± 5× 1014 m−2 and from 0�7± 0�1% to
0�9± 0�1%, respectively, as revealed by X-ray line pro-
file analysis. Between 8 and 16 passes, the nanohardness
remains unchanged as the smaller strengthening effect due
to the decreased density of dislocations (25±3×1014 m−2)
is effectively compensated by the higher twin boundary
frequency (1�5± 0�1%) after 16 passes. It is noted that
the decrease of the dislocation density between 8 and
16 passes is associated with an increase of the twin bound-
ary frequency.
In Ag having low SFE, the glide obstacles (e.g., Lomer-

Cottrell barriers or grain boundaries) strongly hinder the
activity of lattice dislocations because motion by climb
or cross-slip is difficult due to the high degree of dis-
location dissociation.11 If the local stresses in the pile-
ups formed at these obstacles exceed the critical stress
required for twin nucleation, twins will be formed at the
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Fig. 1. Nanohardness distributions obtained for the initial material
before ECAP, immediately after ECAP-processing and after storage at
room temperature for several months for (a) 4, (b) 8 and (c) 16 passes.

expense of lattice dislocations as the twinning mechanisms
are based inherently on the dissociation of lattice dislo-
cations into twinning partials.12–14 Consequently, twinning
should be accompanied by a reduction of dislocation den-
sity after the latter quantity reaches its saturation value (at
about 8 passes). It should be noted also that the grain size
determined by transmission electron microscopy (TEM)
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remained unchanged (∼200 nm) between 4 and 16 passes;
therefore its contribution to hardening is the same for all
of the three ECAP-processed samples.6

During storage at room temperature the hardness dis-
tribution is shifted to lower values, indicating a self-
annealing several months after ECAP-processing that may
occur by recovery of the defect structure and/or recrystal-
lization. The driving force for these processes is the high
density of dislocations and their high degree of dissoci-
ation due to the very low SFE of Ag. The equilibrium
splitting distances 	d� between partials for screw and edge
dislocations in pure Ag are relatively high at about 2.5 and
6.3 nm, respectively.6 It is well known that the mecha-
nisms of dislocation annihilation—climb and cross-slip—
are thermally activated and stress-assisted processes and
the probability of their occurrence decreases with increas-
ing degree of dissociation.15�16 The large values of d lead
to a low probability of cross-slip and climb, and thereby
resulting in a high dislocation density during ECAP.
After ECAP, the internal stresses, which originate pri-

marily from the very high dislocation density, can decrease
or increase the splitting distance by pushing the partials
towards each other or pulling them in opposite directions,
respectively, depending upon the stress orientation. The
stresses decreasing the splitting distance assist the cross-
slip and climb of dislocations so that delayed recovery can
occur by thermal activation after sufficiently long storage
times at RT following SPD-processing. In volumes where
the internal stresses increase the splitting distance between
partials, the annihilation of dislocations is hindered and the
stored energy remains high, therefore recrystallization can
occur after an incubation time.17 The lower SFE in Ag is
associated with a lower twin fault energy (∼9 mJ m−2�7

which facilitates the formation of recrystallized embryos.
The nuclei formed during recrystallization are usually sep-
arated by twin boundaries from the parent grains. There-
fore, the low value of the SFE in Ag leads to an easier
nucleation of the recrystallized grains, contributing also to
the self-annealing process in this metal.
The X-ray line profile analysis of the microstructure

have proved that both recovery and recrystallization occur
during self-annealing.6 As an example, Figures 2(a and b)
show Debye-Scherrer diffraction rings of the 311 reflection
obtained immediately after 8 passes of ECAP and after
8 passes of ECAP and storage for 4 months, respectively.
In the case of the ECAP-processed sample, the intensity
distribution around the ring is relatively homogeneous. At
the same time, in the case of stored samples the inten-
sity distribution along the rings become inhomogeneous
and high intensity spots are observed as in Figure 2(b).
Since the breadths of the individual high intensity spots
were close to the instrumental broadening, it was not feasi-
ble to evaluate quantitatively these parts of the diffraction
rings. However, these high intensity spots are most proba-
bly scattered from recrystallized grains having larger sizes
and lower dislocation densities than the detection limits of

Fig. 2. Debye-Scherrer rings for the 311 reflection of X-rays (a) imme-
diately after 8 ECAP passes and (b) after storage at room temperature
for 4 months.

the line profile analysis (∼800 nm and ∼1013 m−2 for the
crystallite size and the dislocation density, respectively).
Results from earlier TEM experiments6 also supported the
occurrence of recrystallization during storage at RT. The
rather homogeneous portions of the Debye-Scherrer rings
are most probably related to the recovered volumes as
the line profiles obtained from these parts are narrower
than the peaks measured immediately after ECAP. The
Debye-Scherrer rings for other hkl indices and also for the
specimens processed by 4 and 16 passes showed similar
characteristics.
In the recovered volumes the dislocation density was

reduced to ∼16 × 1014 m−2 during 1–7 months after
ECAP-processing as determined by evaluating the homo-
geneous portions of the rings. The reduction rate of dis-
location density increased in the order of 16, 4 and
8 passes, correlating to the increase of the dislocation den-
sity obtained immediately after ECAP. The twin boundary
frequency remained practically unchanged for specimens
processed through 4 and 8 passes but for the sample pro-
cessed by 16 passes the twin probability decreased from
∼1�5±0�1% to ∼1�1±0�1% during the first month of stor-
age and thereafter remained unchanged. It is noted that
the mean dislocation density and twin probability are most
probably lower for the whole specimens because of con-
tributions from the recrystallized fractions of the samples.
The fraction of the recrystallized volumes cannot be

estimated from the Debye-Scherrer rings as a high inten-
sity spot scattered from a recrystallized grain can be
detected only if it is in reflecting orientation. At the same
time, the nanoindentation results may be used to reveal
the contribution of recrystallization to self-annealing. The
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nanohardness distributions in Figures 1(a–c) have shown
that after 4–9 months of storage at RT a fraction of hard-
ness values coincided with the hardness distribution char-
acteristic for the well-annealed initial sample. This fraction
can be used for the estimation of the degree of recrystal-
lization in the self-annealed samples. In the case of the
sample processed by 16 passes, the hardness distribution
obtained after 4 month storage at RT is nearly the same
as that of the initial state, suggesting a total recrystalliza-
tion in the majority of the microstructure. Therefore, the
nanohardness of this sample was not determined for longer
periods than 4 months. The sample processed by 8 passes
was highly recrystallized only after a longer storage of
about 9 months. These results lead to the conclusion that
the recrystallization is faster with increasing numbers of
ECAP passes.
Considering the samples processed by 4 and 8 passes,

the faster self-annealing for the latter specimen can be
explained by the higher dislocation density that certainly
provides higher driving forces for recrystallization. At the
same time, although the mean dislocation density mea-
sured immediately after 16 passes is lower than after 8
passes, after 4 months of storage the reduction in hard-
ness is still higher for the sample processed by 16 passes.
This is attributed to the easier recrystallization because of
the higher twin boundary frequency in this sample in spite
of a lower dislocation density. As shown above, the twin
boundary frequency increased between 8 and 16 passes
together with a decrease in the total dislocation density. In
locations where the twinning occurs at the expense of dis-
locations, the stored energy will decrease due to the very
low twin fault energy in Ag. These volumes will then act
as nucleation sites in recrystallization, thereby decreasing
the time required for the formation of growth embryos in
the sample processed by 16 passes. Since in this case the
strongly twinned regions are recrystallized first, a decrease
in the twin boundary frequency in the recovered but non-
recrystallized volumes is expected, where this is consistent
with the results of X-ray line profile analysis obtained for
the sample processed by 16 passes. Other investigations18

have also shown that the recrystallized grains form primar-
ily at deformation twins in Ag.
As a summary, nanoindentation and X-ray line pro-

file analyses were used to study the self-annealing in
ECAP-processed Ag during long-term storage at RT. The
X-ray peak profile analysis showed that the recovery

rate correlates with the dislocation density formed dur-
ing ECAP and therefore it increased up to 8 passes and
then decreased between 8 and 16 passes. At the same
time, nanohardness testing revealed a different tendency
in recrystallization as its rate increased with increasing
numbers of ECAP passes despite the decrease in disloca-
tion density, and therefore in the driving force, between 8
and 16 passes. This apparent dichotomy can be explained
by the increasing contribution of twinning with increasing
numbers of ECAP passes that appears to facilitate recrys-
tallization due to the formation of twinned volumes having
reduced stored energy.
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