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Abstract. The evolution of the microstructure during processing by equal-channel angular pressing 

(ECAP) in silver having extremely low stacking fault energy was studied up to 16 passes. It was 

shown that at high strains the contribution of twinning to deformation increased at the expense of 

dislocation-controlled processes. It was also found that during storage at room temperature (i.e. at 

the temperature of ECAP) there was a self-annealing of the severely deformed microstructure after 1 

month and its degree was revealed to have a strong dependence on the number of passes.  

Introduction 

Severe plastic deformation (SPD) procedures are attractive methods for producing ultrafine-grained 

(UFG) metals in bulk form [1]. One of the most frequently used methods is equal-channel angular 

pressing (ECAP) where it is possible to produce bulk UFG metals having dimensions of several 

centimeters in all directions [2]. The evolution of the microstructure during ECAP processing and 

its stability have been studied extensively for face-centered cubic (fcc) metals having medium or 

high stacking fault energy (SFE) [3,4]. At the same time, very little information is available on the 

microstructure in fcc metals having low SFE processed by ECAP. An earlier study reported 

experiments on pure Ag where the SFE is very low (~16 mJ m
-2

 [5]) and the dislocation density 

after 8 ECAP passes was ~46 ± 5 × 10
14

 m
-2

 which is very high by comparison with other fcc metals 

such as Al, Au or Cu [6]. This exceptionally high dislocation density is a direct consequence of the 

very low SFE of Ag because the annihilation of dislocations is hindered by their high degree of 

dissociation into partials. The result also matches reports on the alloying of Cu with Zn where there 

is a large increase in the dislocation density due to the reduction of SFE with increasing Zn 

concentration [7,8]. The very high dislocation density may affect the stability of the severely 

deformed microstructures in low SFE materials but to the knowledge of the authors it has not been 

investigated in any detail. 

In the present study, the evolution of the microstructure during processing by ECAP in silver 

having extremely low stacking fault energy is studied up to 16 passes (having equivalent strain of 

about 1600%). The stability of the UFG microstructure during storage at room temperature is also 

investigated. 
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Experimentals 

High-purity 99.99% Ag billets having lengths of ~70 mm and diameters of ~10 mm were 

homogenized for 60 minutes at a temperature of 741 K (corresponding to 0.6·Tm, where Tm is the 

absolute melting point of Ag). Following homogenization, these billets were pressed through totals 

of 1, 4, 8 and 16 passes of ECAP using route BC at room temperature (RT) with a pressing velocity 

of 8 mm s
-1

 and a solid die having an internal channel angle of 90° and an outer arc of curvature of 

~20° at the intersection of the two parts of the channel. In this configuration, one pass corresponds 

to an equivalent strain of ~1 [9]. Following ECAP, the billets were stored at RT and the 

microstructures and mechanical behavior were examined as a function of the time of storage for 

periods up to a total of four months. 

Microstructures were examined periodically by X-ray line profile analysis on transverse sections 

cut perpendicular to the axes of the billets. The measurements of the X-ray diffraction lines were 

performed using a special high-resolution diffractometer (Nonius FR591) with CuKα1 radiation (λ = 

0.15406 nm). The line profiles were evaluated using the extended Convolutional Multiple Whole 

Profile (eCMWP) fitting procedure [10]. In this method, the diffraction pattern is fitted by the sum 

of a background spline and theoretical peak profiles. The profile functions are calculated as the 

convolution of the theoretical size and strain peak profiles. In addition, the theoretical size and 

strain peak profile functions are calculated on the basis of a model of the microstructure. Based on 

this model, the crystallites have spherical shape and log-normal size distribution, and the lattice 

strains are assumed to be caused by dislocations and twins. This method gives both the dislocation 

density and the twin-fault probability with good statistics, where the twin fault probability is defined 

as the fraction of the faulted {111} planes along their normal vector. The relatively large grain 

structures of the initial sample and the specimen processed through 1 pass were investigated using a 

JEOL JSM-25SII scanning electron microscope (SEM). The microstructures of the ECAP-processed 

samples were examined using a Philips CM-20 transmission electron microscope (TEM) operating 

at 200 kV. The TEM samples were mechanically thinned to ~80 µm, cooled to liquid nitrogen 

temperature and then thinned with 6 keV Ar
+
 ions from both sides until perforation.  Finally, a thin 

damaged layer was removed using 2 keV Ar
+
 ions. The hardness of the samples was measured using 

a Vickers microhardness indenter in a Shimadzu-DUH 202 machine with an applied load of 2000 

mN.  

Results and discussion 

The grain size determined by electron microscopy, the dislocation density and the twin probability 

obtained by X-ray line profile analysis are listed in Table 1. The initial mean grain size of the Ag 

samples was ~10 µm prior to ECAP but this was reduced to ~5 µm after 1 pass of ECAP. After 4 

passes, the grain size decreased to ~160 ± 50 nm and it remained essentially unchanged within 

experimental error after 8 passes (200 ± 50 nm) and 16 passes  (190 ± 50 nm). The TEM image in 

Fig. 1(a) demonstrates that the grains contain both dislocations and twins after processing through 8 

passes, where some of the twin boundaries are denoted by white arrows. Measurements using X-ray 

line profile analysis showed increases in the dislocation density with increases in the number of 

passes and it saturated after 8 passes at ~46 ± 5 × 10
14

 m
-2

 whereas after 16 passes the dislocation 

density was reduced to ~ 214 m10325 −×± . At the same time, the probability of twins increased 

monotonously and it reached ~1.5 ± 0.1% after 16 passes. 

The evolution of the dislocation and twin densities with increasing strain in ECAP appear to be 

generally consistent with the theoretical predictions of a model developed by Müllner and 

Solenthaler [11] for plastic straining of fcc metals and alloys having low SFE. Specifically, the 

deformation behavior in these materials at relatively low strains is controlled mainly by the planar 

glide of dissociated dislocations and the dislocation density then increases rapidly while twinning is 

marginal. As the deformation proceeds, dislocation pile-ups form at glide obstacles such as Lomer-
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Cottrell locks and grain boundaries. In fcc metals having low SFE, these glide obstacles strongly 

hinder the further activity of lattice dislocations because motion by climb or cross-slip is difficult 

due to the high degree of dislocation dissociation. Accordingly, if the local stresses at these 

obstacles exceed the critical stress required for twin nucleation, plasticity will continue by twinning. 

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 twin 

boundaries. In the present experiments, the dislocation density saturates at a strain of ε ≈ 8 and for 

higher strains the dislocation density 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. The 

majority of twinning mechanisms are based inherently on the dissociation of lattice dislocations into 

twinning partials [e.g. 12,13] such that, if the partials then move to the grain boundaries, the 

formation of twins will contribute 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. 

 

Table 1: The mean grain size obtained by TEM, the dislocation density (ρ) and the twin probability 

(β) determined by X-ray line profile analysis. 

 

sample Grain size 

[µm] 
ρ  

[10
14

 m
-2

] 

β  

[%] 

Initial 10 ± 2 <0.1 <0.1 

1 ECAP 5 ± 1 16 ± 2 0.1 ± 0.1 

4 ECAP 0.16 ± 0.05 37 ± 4 0.7 ± 0.1 

8 ECAP 0.20 ± 0.05 46 ± 5 0.9 ± 0.1 

16 ECAP 0.19 ± 0.05 25 ± 3 1.5 ± 0.1 

 

 

  

(a) (b) 

 

Fig. 1. Bright field TEM images taken (a) immediately after 8 ECAP passes and (b) after storage for 

4 months. 
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Figure 2 shows the microhardness of samples processed by different 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. 

 

Fig. 2. Values of the microhardness after processing by ECAP for 1, 4, 8 and 16 passes as a function 

of the storage time at room temperature. 

 

X-ray line profile analysis showed that the microstructure of the sample processed by 1 pass 

remained unchanged during storage up to 4 months. At the same time, recrystallization occurred 

during storage of the samples processed by 4, 8 and 16 passes as revealed by TEM. As an example, 

Fig. 1.b shows a TEM image of the specimen processed by 8 passes and then stored for 4 months. It 

can be seen that the size of the recrystallized grains is ~1 µm. Moreover, X-ray line profile analysis 

revealed that, in addition to recrystallization, recovery also occurred after 4, 8 and 16 passes as the 

dislocation density decreased with the time of storage [14].The reduction rate is higher for the 

samples when there is a higher initial dislocation density and therefore the decrease of the 

dislocation density is fastest after 8 passes and slowest after 16 passes. The highest reduction rate of 

hardness after 16 passes can be attributed to the effect of recrystallization as discussed later. 

The recovery of the severely deformed microstructure in Ag may occur by cross-slip and/or 

climb of dislocations. It is well known that both mechanisms are thermally activated and stress-

assisted processes and the probability of their occurrence decreases with increasing degree of 

dislocation dissociation [15,16]. The degree of dislocation dissociation can be characterized by the 

equilibrium splitting distance (d) between partials expressed in terms of the Burgers vector (b). The 

values of d/b for screw dislocations in pure Al, Ni, Cu and Au are 0.9, 3.1, 3.7 and 3.9, respectively, 

and these values are much smaller than the equivalent value of 8.7 for Ag [14]. The high value of 

d/b for Ag among the fcc metals leads to a low probability of cross-slip and climb which initially 

impedes the annihilation of dislocations during ECAP processing, but this process may occur by 

thermal activation after sufficiently long times. In the absence of any assisting stresses, the waiting 

time for cross-slip in Ag may be calculated from the activation energy given by the relationship 

proposed by Escaig [16] and this is of the order of ~10
21

 s, equivalent to ~10
13

 years, which means 

in practice that cross-slip cannot occur in Ag. In a severely deformed microstructure, however, there 
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are significant internal stresses, originating primarily from the very high density of dislocations, and 

these stresses will assist the cross-slip process. Assuming, for example, a value for the assisting 

stresses of G/3000 (~10 MPa), where G is the shear modulus, the waiting time in silver is reduced to 

~10
7
 s which is equivalent to about 4 months. This means in practice that cross-slip may occur some 

months after the SPD processing thereby giving a delayed recovery for the dislocation structures in 

Ag processed by ECAP in agreement with the present observations. The dislocations are sources of 

internal stresses which may assist the annihilation of dislocations. The higher initial dislocation 

density after ECAP corresponds to a shorter mean spacing between dislocations and therefore 

higher assisting stresses and consequently faster annihilation in agreement with the experiments. For 

the sample processed by 1 pass, the assisting stresses are sufficiently low that the microstructure 

remains reasonably stable within the storage time of 4 months. 

In severely deformed polycrystals, the magnitude and direction of the internal stresses change 

from grain to grain, so that the probability of annihilation of dislocations depends upon their 

specific locations within the specimen. In some locations in the microstructure the stresses may 

hinder annihilation. The high resolution TEM (HRTEM) image in Fig. 3 shows a dissociated screw 

dislocation in Ag immediately after processing by 8 passes. In Fig. 3 the splitting distance between 

partials is 5.5 nm corresponding to 19 in Burgers-vector unit which is much higher than the 

equilibrium value (8.7). This indicates the existence of stress which pulls the partials in opposite 

directions and thereby hinders the cross-slip or climb of this dislocation.  

 

 

Fig. 3. The HRTEM image showing an dissociated screw dislocation bounded by partials in the 

microstructure processed by 8 passes. 

 

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 dislocation densities in 

the non-recovered volumes of the samples will lead to higher driving forces for recrystallization. By 

increasing 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 immediately after 16 passes is 

smaller than after 8 passes and after 4 months the reduction in hardness is the highest for the sample 

processed by 16 passes. This is attributed to the higher degree of recrystallization in this sample 

which can be explained by its relatively high twin density among the ECAP-processed samples. 

Previous investigations have shown that the nuclei of recrystallized grains form primarily at 

deformation twins in low stacking fault energy metals such as Ag [17]. 
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Summary 

1.  Experiments were conducted to investigate the unique properties of the ultrafine-grained 

microstructure in Ag having very low stacking fault energy. The results show the ultrafine-grained 

microstructure produced by ECAP at room temperature may be unstable in subsequent storage at the 

same temperature. The driving force for recovery and recrystallization is the high dislocation density 

developed during ECAP due to the very low stacking fault energy and the high degree of dislocation 

dissociation. 

2.  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 

appears to facilitate recrystallization. 
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