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ABSTRACT
A multi-scale investigation was carried out on pure silver subjected to equal chan-
nel angular pressing up to 3 passes. Microstructure and texture were examined 
using scanning and transmission electron microscopy as well as diffraction of 
neutron and high-energy synchrotron radiation. The evolution of the deformation 
substructure in the material is in accordance with its low stacking fault energy fol-
lowed by restoration mechanisms leading to overall microstructural refinement. 
The restoration mechanism sets in as early as after 3 passes. Twinning involved 
in the deformation process supports grain refinement through mechanisms of 
dynamic recrystallization involving strain-induced boundary migration contrib-
uting to a steady-state grain size. The global texture, as measured by neutron 
diffraction, forms through a twin-assisted deformation mechanism. The texture 
is found heterogeneous through thickness.
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GRAPHICAL ABSTRACT 

Introduction

Equal channel angular pressing (ECAP) is a severe 
plastic deformation (SPD) technique for obtain-
ing ultra-fine grain size in bulk materials [1–3]. In 
ECAP, a billet is made to pass through a die contain-
ing two channels intersecting at an angle (generally 
90° or 120°) with equal area of cross-section. During 
ECAP the billet undergoes severe plastic deforma-
tion (mainly by shear along the intersection plane of 
the channels) but retains its original cross-sectional 
geometry that makes it possible to repeat the pro-
cess a number of times, each one refining the grain 
size. Between subsequent passes, it is also possible 
to rotate the billet around its longitudinal and trans-
verse axis, creating different ECAP routes [4, 5]. All 
the routes, including route A, invariably bring a 
change in strain path which significantly affects the 
grain refinement and grain shape due to the high 
accumulative strain and the interaction of the shear-
ing plane with crystal structure and deformation 
texture. High strains introduce large misorientations 
within the subdivided grains; consequently, multi-
pass ECAP leads to ultra-fine grain sizes down to the 
sub-micron level.

It is well known that the deformation mechanism 
of face-centred cubic (FCC) metals is influenced by 
the stacking fault energy (SFE), which in turn gives 
an idea whether the deformation is mediated by slip 
alone or by slip plus twinning. This difference has 
been well known to bring significant differences in 
texture evolution during conventional deformation 
processes, e.g. rolling, and is also expected to do 
the same in ECAP deformation. Many FCC metals 

and alloys have been studied to elucidate the effect 
of ECAP on microstructure and texture develop-
ment, and mechanical properties, for example, Al 
[6–26], Ni [27–31], Cu [32–42], Au [43, 44], all with 
high to medium SFEs at room temperature (RT). In 
the case of austenitic steels [45–47] with medium-
to-low SFEs at RT, ECAP has been performed at RT 
[45] and 300 °C [46, 47] with the SFE being in the 
low and medium range, respectively. Information 
on the evolution of microstructure and texture as a 
result of ECAP deformation of low SFE silver (22 mJ/
m2 [48]) is rather limited except a few papers pub-
lished by the group of the present authors [49–52] in 
addition to a few papers by Gubicza et al. [53–55], 
which exclusively deal with microstructural evo-
lution. These papers, however, present the initial 
results of investigation on texture evolution in ECAP 
deformed silver [49–52] and the role of twinning on 
texture evolution during ECAP, with silver as a case 
study [52]. Gubicza et al. [53–55] investigated the 
mechanisms of microstructure formation operative 
in silver under the conditions of SPD, primarily by 
X-ray line profile analysis (XLPA). However, these 
studies could not capture the early stages of micro-
structural change by virtue of the limitation of the 
technique. A comprehensive study was still awaited 
to elucidate the micro- and meso-scale aspects of 
ECAP deformed silver.

In the present work, an attempt has been made 
to understand the development of microstructure 
and to validate the mechanism of grain refinement 
and texture formation during ECAP of silver, a typi-
cal representative of low SFE materials. A thorough 
analysis is carried out including characterization 
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of microstructure as well as substructure, which 
together define the overall deformed microstructure. 
A field emission gun scanning electron microscope 
(FEG-SEM) with electron backscatter diffraction 
(EBSD) has been used for this purpose and transmis-
sion electron microscopy (TEM) for direct observa-
tions of dislocation boundaries. Textures after ECAP 
[56, 57] have been characterized both at global and 
local scale using neutron and high-energy synchro-
tron radiation, respectively.

Experimental procedure

Pure silver (purity 99.95%) used for the present study 
was received in the form of extruded bars. Prior to 
deformation by ECAP, the as-received material was 
annealed for 1 h at 350 °C in order to obtain a strain-
free microstructure with equiaxed grains. Specimens 
with 10 mm × 10 mm square cross section and 100 mm 
length were machined from these annealed bars. The 
ECAP experiments were carried out at a cross head 
speed of 1 mm  s−1 at room temperature (homologous 
temperature = 0.24) with  MoS2 as lubricant using a 
Zwick 200 kN screw driven machine and a die set 
with rectangular intersection of the extrusion chan-
nels (90°) without any rounding of the corner region. 
The number of ECAP passes was limited to 3. Between 
individual passes the specimen was introduced in the 
same sense (Route A, that is, no rotation around the 

specimen longitudinal axis between intermediate 
passes). No backpressure has been applied. The details 
of the process and the specimen for characterization 
are illustrated in Fig. 1.

Microstructural observations were made using a 
Leo scanning electron microscope operated in sec-
ondary electron (SE) mode. EBSD measurements have 
been carried out using a JEOL 2000 FEG-SEM with 
EBSD attachment. The SEM-EBSD measurements were 
made on ED and TD planes of the ECAP processed 
samples. The respective planes were metallographi-
cally polished followed by chemical polishing using 
a solution composed of a mixture of 10 ml saturated 
aqueous solution of chromium (VI) oxide and 4.5 ml 
hydrochloric acid (10%) in 80 ml distilled water. Spe-
cial care was taken to avoid the friction affected zones 
of the ECAP processed samples. The EBSD analy-
ses were carried out using the software “Channel 5” 
developed by HKL technology. The grain size was 
determined through an algorithm embedded in the 
software that is based on the area fraction method. A 
misorientation criterion of 15° was used to identify the 
grains. In order to identify the recrystallized grains, a 
grain orientation spread (GOS) value of 1.2° was used 
as cut-off angle.

TEM was carried out using a Philips CM20 trans-
mission electron microscope. Thin foils for TEM were 
prepared by mechanical milling down to a thickness 
of 0.01 mm for each of the processed conditions. The 
samples were sectioned from the ND as well as TD 

Figure 1  The simple shear model of ECAP showing the shape 
change of a material element with shear. (X, Y, Z = ECAP ref-
erence system; X’, Y’, Z’ = simple shear reference system, 

Y = ND = normal direction, Z = Z’ = TD = transverse direction, 
X = ED = extrusion direction) [40].
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planes. Discs with 3 mm diameter were punched 
from the mechanically thinned foils. These discs were 
electro-polished using the electrolyte recommended 
by Bailey and Hirsch [58] for cold worked polycrys-
talline silver. The constituents of the electrolyte are 
67.5 g potassium cyanide, 15 g Rochelle salt, 19.5  cm3 
orthophosphoric acid, 2.5  cm3 ammonia water and 
15 g potassium ferrocyanide in 1 l of the electrolyte. 
The voltage required across the cell was kept around 
6 V. The thin foils were stored in ethanol until they 
were loaded in the microscope.

Bulk textures were measured by neutron diffraction 
at GKSS Research Centre, Geesthacht, Germany, on a 
cube of about 10 mm length cut from the middle of 
each deformed billet and also for the starting mate-
rial. As the neutron texture represents the entire cube, 
it is therefore referred to as global texture. In order to 
examine the homogeneity of ECAP deformation, the 
local texture was analyzed by high-energy synchro-
tron radiation using beam line W2 (50 keV) at DESY-
HASYLAB in Hamburg, Germany. The sample for 
local texture measurements with synchrotron radia-
tion was a pin of 1 mm × 1 mm × 10 mm taken from the 
centre of the billet with the long sample axis parallel to 
the Y-axis. Texture was measured at 5 positions along 
the Y-axis. Details of the synchrotron texture measure-
ment are given in [59].

Results

Microstructure

The microstructure of the starting material is char-
acterized by recrystallized, almost equiaxed grains 
within the size range 30–40 μm displaying a few 
annealing twins. Substantial refinement of the micro-
structure occurs during ECAP, as revealed through 
SEM. The image quality (IQ) microstructure obtained 
by EBSD with superimposed grain boundaries on the 
cross section is presented in Fig. 2. Figure 2a, c and e 
shows the presence of both low angle grain boundaries 
(LAGBs) and high angle grain boundaries (HAGBs) of 
certain misorientation ranges from 5° and above col-
oured according to the colour bar given. Relatively 
large grains (20 μm) along with finer ones (< 1 μm) 
are apparent from Fig. 2a. Figure 2b, d and f shows the 
presence of twins in the microstructure, most of them 
being (5–8 μm) long and (1–2 μm) wide.

In order to appreciate the shear effect on the micro-
structure, the TD plane was also examined by EBSD. 
On this section (Fig. 3a, c), the “band-type” micro-
structure is more visible. Observation on this plane 
further confirms the presence of a large fraction of 
HAGBs as well as long and thin twins. One of the 
interesting observations at this stage is the coexistence 
of relatively large and very fine grains. The average 
grain size, as measured on the TD plane, after the first 
pass was about 1.2 μm. After 3 passes, it decreased 
to about 0.5 μm (Fig. 4). The steady-state grain size 
is almost reached. During ECAP, the grains become 
elongated (Fig. 3). The angle between grain long axis 
and extrusion direction α changes with the number 
of passes from 22° over 14° to 10°, in good agreement 
with the shape changes that take place using the flow 
line model of Toth et al. [32] with flow line exponents 
of 6, 4 and 4, which lead to the values of 22.7°, 10.7° 
and 4.3°, for the first, second, and third ECAP passes, 
respectively. However, the average aspect ratio of 
grains was close to 2 after the third pass, which is not 
in agreement with the theoretical aspect ratio of 23, 
also obtained from the flow line model from geomet-
ric considerations only and no grain fragmentation. 
This discrepancy indicates that grain fragmentation is 
taking place during extrusion. Further microstructural 
analysis has been carried out to separate recrystallized 
grains if any, from the deformed matrix using the GOS 
criteria. It was found that there was no significant vol-
ume fraction of recrystallized grains at this stage.

The finer aspects of the deformed microstructure, 
as revealed by TEM, vary substantially from one area 
to another. The occurrence of twins as revealed in 
EBSD micrographs could also be seen by TEM (Fig. 5c, 
d). The size and shape of the twins clearly indicate 
that they are deformation twins formed as a result of 
ECAP, and not inherited as fragments of the annealing 
twins. These twins lie along {111} planes. As seen in 
the EBSD maps (Fig. 2a, b), some grains are twin-free 
and only accommodated deformation by slip. Tangled 
arrays of dislocations are observed, that form diffuse 
cell structures. The fact that these cells are fairly loose 
and not well defined is the result of the low SFE of the 
high purity silver. In the bright-field image of Fig. 5a, 
elongated grains containing loose dislocations cells 
are visible. It is also interesting to note that one of the 
HAGBs is strongly curved (indicated by an arrow) and 
separates an area containing dislocation cells from a 
homogeneously distributed dislocation zone. Its shape 
suggests that this is a moving boundary.
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The microstructure of a sample deformed two 
passes as recorded by EBSD on the cross section 
(Figs. 2c, d) shows a decrease in the grain size with 

most of the grains smaller than 5 μm and a large frac-
tion of fine grains (< 1 μm). The average grain size 
is about 0.6 μm. The presence of twins could also be 

Figure  2  SEM-EBSD micrographs of the ED plane generated 
from the band contrast with grain boundaries imposed for sam-
ples deformed by 1, 2 and 3 ECAP passes. a, c and e are super-
imposed with the grain boundaries of certain misorientation 

ranges from 5° and above coloured according to the colour bar 
given. b, d and f just show the Σ3 twin boundaries (red) on the 
respective micrographs.
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detected. The separation of recrystallized grains fol-
lowing the GOS criteria results in an approximate vol-
ume fraction of about 7%.

Figure 6 shows TEM images of a banded area 
(Fig. 6a) with bands along {111} planes and an area 
containing parallel nano-twins (Fig. 6c). This micro-
graph illustrates that a way to reduce the apparent 
grain size in the ECAP processed silver is by subdi-
vision of the initial grains by mechanical twinning 
(Fig. 6d).

After three passes, the microstructure recorded on 
the cross section (Fig. 2e, f), reveals further refinement. 
At this stage, many grains are refined to a size much 
lower than 200 nm, as confirmed by the TEM investi-
gation. However, some larger grains are also present 

Figure  3  SEM-EBSD micrographs of the TD plane generated 
from the band contrast with grain boundaries imposed for sam-
ples deformed by 1 and 3 ECAP passes. a and c are superim-
posed with the grain boundaries of certain misorientation ranges 

from 5° and above coloured according to the colour bar given. b 
and d just show the Σ3 twin boundaries (red) on the respective 
micrographs.

Figure 4  Grain size evolution with the number of ECAP passes.
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(~ 5 μm), which ultimately results in an average grain 
size of about 500 nm. Deformation bands parallel to 
TD are clearly visible. As seen in Fig. 3, the grains are 
elongated in ED and flattened in ND, a phenomenon 
consistent with shearing. However, the average aspect 
ratio of the grains after this stage is close to 2, exclud-
ing a few highly elongated grains. Mechanical twin-
ning leads to a substantial increase in the fraction of 
HAGBs.

Figure 7 shows TEM micrographs for the three 
passes deformed material. Even in this case, the micro-
structure consists of twinned and non-twinned areas. 
Figure 7a shows a bright-field image of parallel twins 
containing some tangles of dislocations. After three 
passes, the microstructure appears more intricate 
and consists of a smaller fragment size. An interest-
ing observation made quite extensively is that many 
grain boundaries show significant bulging illustrated 
in Fig. 7b. This type of bulging of the grain boundaries 

is a typical feature of the so-called strain-induced 
boundary migration (SIBM) mechanism, shown also 
in Fig. 5a.

Texture

Global texture

The texture of the starting material consists of a 
weak < 110 > fibre [51] along the billet axis entering the 
ECAP channel in Y direction. The bulk texture after 1, 
2 and 3 passes, as measured by neutron diffraction, is 
shown in Fig. 8 by φ2 = 0° and 45° ODF sections which 
for FCC metals contain all major ECAP texture compo-
nents. The intensity levels are chosen with respect to 
the ODF maxima of the corresponding samples in such 
a way that the orientation density is well illustrated. A 
key figure representing the ideal components of ECAP 
textures, as they appear in these sections of the ODF, is 

Figure 5  Microstructural 
features of a sample ECAP-
deformed for one pass as 
recorded by TEM: a overall 
deformation features, b clus-
ters of dislocations, c primary 
and secondary deformation 
twins [52], and d dark-field 
image of twins.
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also given. The nomenclature of the components with 
regard to the shear plane and shear direction (Fig. 1) 
is shown in Tab. 1. The texture is clearly dominated by 

the B/B shear components, minor shear components 
are A/A , A*

1

 , A*

2
 and C. This type of texture is character-

istic of the so-called brass-type shear texture. In order 

Figure 6  Microstructural 
features of a sample ECAP-
deformed for two passes: a 
bright-field image showing 
parallel bands of dislocation 
walls, b diffraction pattern 
of grain in (a), c dark-field 
micrograph showing micro-
twins [52], d primary and 
secondary deformation twins.

Figure 7  TEM bright-field 
images showing microstruc-
tural features of the three 
passes deformed ECAP sam-
ple: a parallel micro-twins 
[52], b bulging along the 
grain boundaries indicated 
by arrow revealing SIBM as 
a mechanism present in the 
material.
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to have a better visualization and quantification of 
the variation of texture, the ODF intensities of respec-
tive texture components and their deviation from the 
ideal positions have been plotted against the number 
of passes (Fig. 9). The intensity of the B/B component 
saturates after the 2nd pass, while that of the minor 
components decreases in the 2nd pass and seems to 
stay constant in further passes, too. Moreover, the 
components are slightly shifted in φ1 from their ideal 
positions.

Local texture

Figure 10 displays the sequence of the ODF sections 
from the top to the bottom of the ECAP processed 
silver. These sections typically represent the local 
texture at different positions, namely at 1, 3, 5, 7 and 
9 mm from the top of the ECAP bars. The disposi-
tion of texture components in the ODF sections indi-
cates the presence of a texture gradient with respect 
to position. The maximum change is observed in the 

Figure 8  Experimental ODF sections as obtained by neutron diffraction for starting material, pass 1, 2 and 3. The shear components 
developing during ECAP in FCC metals and their positions within the φ2 = 0° and 45° ODF sections are given in the key figure.
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lowest section. The intensity and the deviation from 
the respective ideal position are different for different 
texture components (Fig. 11).

For all the passes the B/B components are the 
strongest and their intensity increases with the number 
of passes, similar as in the global texture (Fig. 9). The 
texture gradient of the B/B components with respect to 
deviation from the ideal position in the upper sample 
section (0–7 mm) is about − 1.3°/mm, − 0.7°/mm and 
− 0.9°/mm for pass 1, 2 and 3, respectively. In the bot-
tom part (9 mm), the intensity drastically decreases 
while the deviation in position increases again yield-
ing a positive texture gradient in pass 3. There is a 
rough agreement of the average intensity and average 
deviation of B/B with that measured in the mid-plane 
(5 mm from top) of the billet, but this may be fortui-
tous. Components other than B/B are better recorded 

by neutrons because of a much higher volume meas-
ured, albeit globally.

Discussion

Microstructure evolution

By now, it is well established that during route A 
ECAP the shearing of the grains leads to an elliptical 
grain shape with the major axis inclined to the direc-
tion of shear (Fig. 3). This may lead to deformation 
banding yielding grain refinement, as different parts 
of the elongated grain when passing through the 
deformation zone along the channel intersection plane 
experience different strain rates. Thus, deformation 
bands could be either due to the ambiguity associated 
with the selection of the operative slip systems, as in 
many cases, the imposed strain can be accommodated 
by more than one set of slip systems leading to differ-
ent lattice rotations, or by inhomogeneous straining, 
due to the fact that different regions of a grain may 
experience different strains if the work done within 
the bands is less than that required for homogeneous 
deformation and if the bands can be arranged so that 
the net strain matches the overall deformation. These 
deformation bands are separated by geometrically 
necessary boundaries (GNBs). An additional factor 
for grain refinement in Ag is twinning. Therefore, the 
evolution of microstructure in Ag after ECAP process-
ing can be understood in terms of three phenomena 
simultaneously occurring as result of deformation, 

Table 1  Nomenclature of shear texture components for FCC 
metals with regard to the shear plane and shear direction

Component designation Miller indices {shear 
plane} < shear direc-
tion > 

A {111} < 110 >

A {111} < 110 >

A1
*

{111} < 112 >

A2
*

{111} < 112 >

B {112} < 110 >

B {112} < 110 >

C {001} < 110 >

Figure 9  Intensities of texture components and deviations in �
1
 from their respective ideal positions in ECAP as a function of the num-

ber of passes.
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namely (1) misorientation development and overall 
substructure formation, (2) occurrence of twinning, 
and as a consequence (3) dynamic recrystallization, 
which could occur through SIBM. These phenomena 
may take place independently in different regions of 
the microstructure or may be correlated.

As previously mentioned, the typical cell structure 
in some areas of the non-twinned grains observed 

(Fig. 5), may not be resolved by EBSD due to limita-
tion of this technique. In the one pass deformed sil-
ver, the tangled arrays of dislocations forming the cell 
structures are always fairly diffuse, so that the cells are 
fairly loose and not so well defined. This is consist-
ent with the low SFE of Ag. The behaviour of the low 
SFE FCC metals in ECAP-type of deformation is only 
partially studied compared to other ECAP-deformed 

Figure 10  φ2 = 45° ODF sections of the textures measured using synchrotron radiation at 1, 3, 5, 7 and 9 mm from the top for pass 1, 2 
and 3.
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materials. In the comprehensive study of Bailey and 
Hirsch [58] on the evolution of substructure in silver 
as a function of tensile deformation, it was reported 
that under a tensile deformation ≥ 30%, disloca-
tions remain arranged in complex bands separating 

relatively dislocation-free areas. The cell structure 
becomes pronounced with increasing deformation, 
while at low deformation the dislocation density is 
more uniform. However, as the amount of deforma-
tion is quite high even after 1 pass of ECAP (γ = 2), the 

Figure  11  Orientation density and deviation in φ1 from the ideal position of the texture components from top to the bottom of the 
ECAP samples.
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microstructural features can be different. In the pre-
sent study, the amount of strain in for one pass ECAP-
deformed Ag is almost three times more than that of 
30% rolled material; however, the distribution of dislo-
cations throughout the microstructure is seen in large 
clusters. The original grain boundaries are still vis-
ible after deformation. For large deformations, studies 
of microstructure evolution are limited to rolled (or 
plane strain compression deformed) materials because 
of its industrial significance. Although micro-scale 
shear bands were reported to be a dominant feature 
of the microstructure at large strains in rolled low 
SFE FCC metals such as 70/30 brass [60], features like 
those are not observed in the microstructure of the 
ECAP deformed Ag. It is, therefore, understood that 
the microstructural evolution in ECAP processed Ag 
does not follow the trends observed in conventional 
deformation processes. The two major reasons for this 
are (1) the occurrence of twinning in silver that also 
occurs after 3 passes and (2) the large amount of strain 
imposed very locally that triggers some sort of recrys-
tallization phenomena.

Microstructural observations clearly indicate that 
twinning occurs in every pass. It should be mentioned 
here that some annealing twins are already observed 
in the starting material. However, their fraction is 
quite low compared to the deformed materials. Moreo-
ver, due to incorporation of lattice dislocations into the 
twin boundaries they get converted into grains with 
random HAGBs. TEM observations confirm the occur-
rence of deformation twinning at every stage of defor-
mation process. Each pass will generate new twins, the 
nucleation of which can be facilitated by remnant dis-
locations originating from the deformed prior twins, 
that is, newly activated twins can grow using twin-
ning dislocations or defects left behind from old twins. 
For example, Fig. 6 shows the presence of dislocations 
within the twins. An increasing twin probability with 
increasing number of passes has also been observed 
by XLPA in route BC deformed silver [54].

It is well known that continued deformation 
leads to increasing misorientations, which may 
further give rise to new HAGBs through dynamic 
recovery and continuous dynamic recrystalliza-
tion (CDRX). In general, in low SFE materials like 
silver, it is expected that recovery processes will be 
retarded; therefore, an early initiation of recrystal-
lization is expected. In the present case however, 
CDRX—in particular after 3 passes—has been found 
to be concomitant with SIBM. Local inhomogeneities 

developed in the deformed structure are the trigger-
ing feature for SIBM. Indeed, the driving force for 
this type of bulging event is likely to arise from a 
difference in dislocation density on both sides of the 
HAGBs. It has also been reported for deformed Al 
bicrystals with a twin boundary, as an effect of piled 
up dislocations [61]. While SIBM is a recrystalliza-
tion mechanism that can be particularly important in 
some materials after low strains [62], it is observed 
here after a significant amount of strain has been 
imparted to the sample. Normally, SIBM results in 
grain coarsening rather than refinement. It is a pro-
cess that contributes to the steady state grain size.

Strain-induced grain evolution during cold defor-
mation of pure Cu by multi- directional forging was 
studied by Belyakov et al. [63]. The structural changes 
at low moderate strains in this case were attributed to 
the evolution of elongated subgrains with their dense 
dislocation boundaries, and to the strain path change 
promoting the formation of mutually crossing dense 
dislocation walls and an increase in its density with 
increasing deformation. This leads to the formation of 
a strain-induced new grain structure as a result of the 
gradual increase in misorientation between subgrains. 
This mechanism of microstructure evolution is similar 
to that operating during CDRX. Miura et al. [64] have 
reported a similar mechanism of microstructural evo-
lution in a severely deformed 70/30 brass, where the 
twin boundaries are subjected to SBIM.

As SBIM is much less observed after one pass of 
ECAP than after three passes, it is unlikely that the 
difference in the rate of storage of dislocations, which 
depends on grain orientation, is the only driving force 
for bulging here. More likely, it may also arise from 
preferential recovery in the vicinity of grain bounda-
ries that enables it to lower the dislocation density. 
From studies on Al, Cu and Fe, it appears that moder-
ate degrees of deformation favour the coalescence of 
subgrains as the initiating step for forming a nucleus. 
On the other hand, Randle [65] reported that in low 
SFE materials, extensive twinning accumulates strain 
energy in the material, causing subsequent selective 
grain boundary migration. Therefore, high strain and 
low SFE favour SIBM in ECAP silver.

After a sufficient amount of strain has been imparted, 
these bulging events represent a process by which the 
excess amount of dislocations introduced in the material 
can be dissipated. After 3 passes of ECAP deformation, 
the material has therefore entered a stage at which the 
grain size tends to reach equilibrium and the grain size 
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reduction should become much less effective under sub-
sequent deformation.

The need of SIBM to nucleate dynamic recrystalliza-
tion here, instead of the more conventional mechanism 
involving nucleation of highly misoriented domains that 
would release more efficiently the deformation energy, 
has two consequences on the material behaviour:

1) The stored energy in the material remains quite 
high and even increases with the number of passes 
due to slow recovery. This is verified by DSC based 
studies [66].

2) Because of the formation of slightly misoriented 
domains, there is no texture component associated 
with the dynamic recrystallization process. As the 
new grains generated by the bulging event have 
very similar orientations to the grains from which 
they have grown, the texture modifications occur-
ring at this stage of deformation are very limited. 
This could be the reason, why the texture does not 
change or even weakens significantly in spite of 
anticipated CDRX taking place in the material.

It may be suggested that, due to the low SFE of silver, 
nucleation might originate very small twins which then 
grow by the SIBM mechanism [67]. However, the pre-
sent TEM investigation did not capture such a feature 
that could support this mechanism, which is quite likely 
to be missed due to the limited number of observations. 
Silver, a low SFE material is likely to undergo such a 
mechanism, and therefore, the first hand observation 
would exclude the possibility of dynamic recovery as 
the dominant mechanism of grain refinement.

It should be mentioned that Gubicza et al. [55] 
observed self-annealing in the form of recovery and 
recrystallization during storage at RT of silver (99,99% 
purity) deformed by ECAP route BC with four or more 
passes. The degree and kinetics of self-annealing depend 
upon the number of passes imposed in ECAP and of 
course on the purity of the material. For the material 
deformed here up to three passes, it is assumed that 
self-annealing is negligible.

Texture evolution

Effect of twinning on texture evolution

The overall texture evolution during ECAP of silver 
has been comprehensively studied by the present 
authors [49, 52]. The texture of silver has been reported 

as {112} < 110 > , which consists of the B/B components 
[52], Table 1. These components already appear in the 
first pass. However, their intensities do not remain con-
stant, but a gradual variation is noticed with further 
ECAP deformation. The rotation from respective ideal 
positions is also noticed in torsion by Hughes et al. [68], 
however, they are in opposite direction with respect to 
the ECAP textures. Such differences may be attributed 
to twinning. With increasing deformation (number of 
ECAP passes), the A/A , A∗

1

,A
∗

2

 and C components fur-
ther weaken and the B/B components strengthen (Fig. 9). 
It has been shown by simulation in [52] that twinning 
takes place in the A∗

1

,C, B/B components but not in A/A 
and A∗

2

 . Due to the special orientation relationships, 
twin reorientation brings the twin from A∗

1

 to A∗

2

 and 
from B to B , and vice versa. This mechanism is respon-
sible for the strengthening and stabilizing of the B/B 
texture components. It is worth mentioning here that 
Chowdhury et al. [69] have reported slight changes in 
intensity and location of the texture components due to 
self-annealing. However, this effect is only relevant for 
a higher number of passes and may also depend on the 
route chosen for ECAP (BC).

A dominant brass-type shear texture is observed in 
austenitic steel deformed by ECAP route BC at 300 °C 
[46, 47]. The mechanical twinning that takes place at this 
temperature, even when the SFE increases to an inter-
mediate value, as well as planar slip, which is inevitable 
in low SFE materials due to the dissociation of disloca-
tions, appear to be responsible for the formation of this 
type of texture. Nevertheless, the origin of the brass-
type texture is still controversial. A detailed discussion 
can be found in [70–72].

In a recent study, Ayoup et al. [73] presented a com-
parative analysis of texture evolution, deformation 
mechanisms, and dislocation density evolution in pure 
copper and Al-1100 alloy subjected to ECAP. For that 
purpose, a unique grain fragmentation model combin-
ing continuum dislocation dynamics with Taylor-Lin 
crystal plasticity was used [74, 75]. It would be interest-
ing to see whether a similarly good agreement between 
simulation and experiment could be achieved for silver, 
with a significantly lower SFE leading to mechanical 
twinning and less dynamic recovery.

Texture heterogeneity

The texture evolution during route A of ECAP has 
been simulated by Tóth et al. [32] and Skrotzki et al. 
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[40] using a flow line model. In the following, the 
texture gradient will be discussed in light of this 
model. In order to interpret the differences in the 
textures as a function of the position from the top 
of ECAP bar (Fig. 1), possible differences between 
the flow lines have to be considered. Assuming an 
approximately constant thickness of the plastic zone 
around the intersection plane of the die, the shape 
of the flow lines is not the same, it depends on the 
Y coordinate. Flow lines nearer to the top are more 
rounded. It follows then from the flow line model 
that plastic strain increases as Y decreases. This is 
because the total accumulated plastic strain depends 
on the n-value of the flow line model. The smallest 
n value (n = 2) is expected at the top, i.e. Y = 0 mm, 
the largest (n → ∞) at the bottom, i.e. Y = 10 mm (by 
disregarding the friction for a moment).

This increase, nevertheless, is quite limited, 
because the shear strain is 1.68 for n = 2 and 2 for 
n → ∞. (This feature is also predicted by finite ele-
ment method (FEM) results of the ECAP process 
[32]). As the total strain experienced along a flow line 
is large, this 25% difference should just slightly affect 
the relative intensities of the textures corresponding 
to different flow lines, in agreement with experiment 
(Fig. 11). There is, however, another effect, related 
to the shape of the flow lines, which leads to dif-
ferent rotations of the texture as a function of the 
n-value. As shown by Tóth et al. [32], the rotation 
decreases as n increases (this rotation is in the anti-
clockwise direction around TD and to the right in the 
φ2 = const. ODF sections). It is then expected from the 
flow line model that the texture is less rotated in φ1 
towards the bottom of the billet. This is happening 
in all passes (Fig. 11), but the gradient is lower in the 
2nd and 3rd pass.

The differences in the shape of the flow lines induce 
differences in work-hardening. Although the maxi-
mum strain difference is about 25% between the top 
and bottom regions, it can create significant differ-
ences in the flow stress of the material when the rate 
of work-hardening is high. This is exactly the case 
for silver, which has a low SFE. However, the rate of 
work-hardening decreases strongly during the 2nd 
and 3rd pass as the material will be in stage IV work-
hardening. The rate of hardening in this case is as low 
as for single slip hardening of a single crystal. This 
leads to less change of the shape of the flow lines in 
the 2nd and 3rd pass, and consequently, to a smaller 
texture gradient.

The above speculation can explain the rotations 
of the texture components; however, the friction was 
completely ignored in that analysis. In the following 
this parameter is discussed, too. Measurements of the 
shear strain distribution from deformed grids as well 
as FEM results show that there exists a zone in the bot-
tom section of the billet (about 30% of its width) with 
less shear strain. This zone as well as the corner gap 
decreases with increasing friction. The experimental 
texture gradient is in good agreement with these find-
ings. The increasing flow stress from the top to the 
bottom (see reasoning above) decreases the effect of 
friction as the layers near to the bottom are expected to 
be harder. This hardness gradient is working opposite 
to friction. Namely, the effect of friction is to reduce 
hardening because it makes less shear strain. For sil-
ver, friction increases from the 1st to the 3rd pass. This 
is indicated by the intensity decrease as well as the 
increase in deviation from the ideal position of com-
ponents B/B in the bottom part (Fig. 11).

Similar results have been obtained for Cu, but here 
friction plays a bigger role from the first pass on [33]. 
Intensity changes of the texture components from 
top to bottom of the billets are less pronounced in the 
upper part of the billet, because at the shear strains 
applied a steady state has almost reached. The overall 
intensity as well as that in the central part of the billet 
increases with the number of passes, in contrast to Cu 
where a maximum occurs after two passes. A major 
difference to Cu is the predominance of the B/B com-
ponent instead of A∗

1

 , in agreement with the change 
of simple shear textures with SFE. Therefore, with 
decreasing SFE the strongest component changes from 
C over A∗

1

 to B/B . This change may be correlated with 
the increasing contribution of mechanical twinning. 
For a comprehensive discussion on deformation het-
erogeneities in ECAP the reader is referred to [76, 77].

Conclusions

A multi-scale characterization of microstructure and 
texture was carried out using EBSD, TEM, neutron 
and high-energy synchrotron radiation in order to 
explore the microstructural and textural features that 
develop during ECAP deformation of silver. From 
the investigation it is clear that ECAP generates vari-
ous microstructural features in silver. This includes 
regions of uniformly distributed dislocations in the 
initial stage. At higher deformation dislocations also 

5712



J Mater Sci (2024) 59:5698–5716 

arrange themselves in cells. Twinning and grain frag-
mentation were consistently observed after each 
pass. In the third pass, clear evidence of SIBM was 
detected. The global texture of silver after ECAP 
deformation resembles that characteristic for shear 
of FCC metals with low SFE. However, the texture 
exhibits heterogeneity from top to bottom of the bil-
let, which decreases with the number of passes.
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