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Abstract The high-temperature thermal stability of the

ultrafine-grained (UFG) microstructures in low stacking

fault energy silver was studied by differential scanning

calorimetry (DSC). The UFG microstructures were

achieved by equal-channel angular pressing (ECAP) and

high-pressure torsion (HPT) at room temperature (RT). The

defect structure in the as-processed samples was examined

by electron microscopy and X-ray line profile analysis. The

stored energy calculated from the defect densities was

compared to the heat released during DSC. The sum of the

energies stored in grain boundaries and dislocations in the

ECAP-processed samples agreed with the heat released

experimentally within the experimental error. The tem-

perature of the DSC peak maximum decreased while the

released heat increased with increasing numbers of ECAP

passes. The released heat for the specimen processed by

one revolution of HPT was much smaller than after 4–8

passes of ECAP despite the 2 times larger dislocation

density measured by X-ray line profile analysis. This

dichotomy was caused by the heterogeneous sandwich-like

microstructure of the HPT-processed disk: about 175 lm

wide surface layers on both sides of the disk exhibited a

UFG microstructure while the internal part was recrystal-

lized, thereby yielding a relatively small released heat.

Introduction

Severe plastic deformation (SPD) is an effective way to

produce bulk ultrafine-grained (UFG) metals and alloys

free of contamination and porosity. The most frequently

used methods of SPD are equal-channel angular pressing

(ECAP) and high-pressure torsion (HPT) [1–4]. The sta-

bility of the UFG microstructures processed by these pro-

cedures is a prerequisite in the practical applications of

these materials. The high-temperature thermal stability is

usually investigated by differential scanning calorimetry

(DSC) [5–7]. In these experiments, the recovery of the

defect structure and the recrystallization yield an evolution

of an exothermic peak on the thermogram at a temperature

of about 0.3–0.4 9 Tm, where Tm is the absolute melting

point [8–11]. An inspection of the shift of the exothermic

peak as a function of the heating rate showed that for pure

UFG face centered cubic (fcc) metals the activation energy

of recovery/recrystallization is between 0.3–0.6 9 Qself,

where Qself is the activation energy of self-diffusion, irre-

spective of the SPD processing method and the properties

of the materials (e.g., stacking fault energy, SFE) [7, 8,

12–19]. This result suggests that the recovery and
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recrystallization is controlled by vacancy migration along

grain boundaries and dislocations, since the activation

energy for both mechanisms is also about one-half of the

activation energy for self-diffusion [20, 21].

Most of the research on the thermal stability of UFG

metals was performed on fcc metals with medium or high

SFE. However, it has already been shown that SFE has a

very significant effect on the stability of the UFG micro-

structures [22–28]. For instance, recovery and recrystalli-

zation were observed in ECAP- and HPT-processed Ag,

Au, and Cu samples having low or medium SFE during

their storage at RT [24–28]. This phenomenon referred to

as self-annealing has already been investigated in Ag with

an extremely low SFE [27, 28]. At the same time, the high

temperature stability of the UFG microstructure in SPD-

processed silver has received only limited attention [19].

In this paper, the high-temperature thermal stability of

ECAP- and HPT-processed UFG silver was investigated by

DSC. The defect structure in the as-processed samples was

determined by X-ray line profile analysis (XLPA), trans-

mission electron microscopy (TEM) and scanning electron

microscopy (SEM), and then related to the heat released

during annealing in DSC.

Experimental materials and procedures

Samples of 4 N purity silver were manufactured by

American Elements. The alloying elements and their con-

centrations are listed in [19]. The billets with *70 mm in

length and 10 mm in diameter were annealed at 741 K

(corresponding to 0.6 9 Tm) for 1 h. The annealed samples

were processed through 1, 4, 8, and 16 passes of ECAP at

RT with a pressing velocity of 8 mm s-1. The pressing was

conducted using route Bc where the billet is rotated in the

same sense by 90� about its longitudinal axis after each

pass [29]. The ECAP die had an internal channel angle of

90� and an outer arc of curvature of 20�. In this configu-

ration one pass corresponds to an equivalent strain of *1

[30]. One turn of HPT was also applied on cylinders

*10 mm in diameter and *0.8 mm in thickness. The

applied pressure was 6 GPa and the deformation was car-

ried out at RT with a rotation rate of 1 rpm. The two anvils

of the HPT device have shallow central depressions on

their outer surfaces, with depths of 0.25 mm and diameters

of 10 mm at the bottom, and with slightly inclined walls

having outer inclinations of 22�, as shown in Fig. 1. The

thickness of the sample processed by one revolution of

HPT was 0.65 mm after releasing the applied pressure.

The microstructure immediately after SPD was exam-

ined by XLPA on transverse sections cut perpendicular to

the axes of the ECAP-processed billets and at the center,

half-radius and periphery of the surface of the disk

processed by HPT. The measurements of the X-ray dif-

fraction lines were performed using a special high-resolu-

tion diffractometer (Nonius FR591) with CuKa1 radiation

(k = 0.15406 nm). The line profiles were evaluated using

the convolutional multiple whole profile (CMWP) fitting

procedure [31, 32]. In this method, the diffraction pattern is

fitted by the sum of a background spline and the convo-

lution of the instrumental pattern and the theoretical line

profiles related to the crystallite size, dislocations, and twin

faults. The details of the CMWP procedure are available

elsewhere [31, 32]. This method gives the dislocation

density and the twin-boundary frequency with good sta-

tistics, where the twin-boundary frequency is defined as the

fraction of twin boundaries among the {111} lattice planes.

The microstructure of the ECAP- and HPT-processed

samples was examined by TEM using a Philips CM-20

microscope operating at 200 kV. The TEM samples were

mechanically thinned to *50 lm, 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 axial inhomoge-

neity of the grain structure in the HPT-processed specimen

was studied on the cross-section of the disk by electron

backscatter diffraction (EBSD) using a FEI Quanta 3D

scanning electron microscope. First, the investigated sur-

face was mechanically polished using an alumina suspen-

sion with an average particle size of 50 nm. Then a

rectangular area of the surface with dimensions of

100 9 100 lm2 was fine-milled by focused ion beam

(FIB) of Ga? ions with an inclination angle of 3� to the

surface using an accelerating voltage of 30 kV and an ion

current of 15 nA. The finest step size in the EBSD exper-

iments was 80 nm.

To examine the axial inhomogeneity of the HPT-sam-

ple, nanohardness measurements were carried out on the

cross-sections at the center, half-radius and periphery of the

disk using a UMIS nanoindentation device with a Berko-

vich indenter and applying a maximum load of 5 mN. In

each location, a series of 400 indentations was recorded

with the indents arranged in a 10 9 40 matrix with a

Fig. 1 Schematic illustration of the geometry of the anvils and the

workpiece used in HPT-processing. The thickness of the sample

processed by one revolution of HPT was about 650 lm after releasing

the applied pressure
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distance of 15 lm between neighboring indents (see

Fig. 2). The indentation measurement was started and fin-

ished at a distance of 25 lm from the top and bottom

surfaces of the disk and forty indentations were made

parallel to the axial direction which corresponds to the total

thickness of the disk (650 lm). This process was repeated

ten times, giving ten hardness values at each position along

the axial direction. These values were then averaged and

plotted as a function of the distance from the mid-plane of

the disk.

The thermal stability of the ECAP- and HPT-processed

specimens was investigated by DSC using a Perkin Elmer

(DSC2) calorimeter at a heating rate of 10 K/min. The heat

released during annealing was determined as the area under

the exothermic peak detected in the thermograms.

Experimental results

Microstructure after processing by ECAP and HPT

The mean grain sizes in the initial material and after one

pass of ECAP were *56 and *20 lm, respectively, as

shown in the SEM images of Fig. 3a, b. The TEM inves-

tigations revealed that after 4 passes of ECAP the mean

grain size decreased to about 200 nm, and further ECAP

deformation caused only a slight change in the grain size.

As an example Fig. 3c shows a bright field TEM image on

the sample processed by 8 ECAP passes.

The dislocation density and the twin-boundary frequency

values determined by X-ray line profile analysis are listed in

Table 1. It is noted that both the dislocation density and the

twin-boundary frequency values are exceptionally high com-

pared to other pure fcc metals processed by ECAP [33]. This is

due to the limited annihilation of the highly dissociated dis-

locations and the easy twinning in Ag due to the low SFE

(16–22 mJ/m2 [34, 35]). It can be seen that the dislocation

density increased up to 8 passes of ECAP, reaching a very high

(*46 ± 5 9 1014 m-2) saturation value, then further ECAP

passes up to 16 caused a decrease in the dislocation density to

*33 ± 4 9 1014 m-2. Similarly, the twin-boundary fre-

quency reached its maximum of *0.8± 0.1 % after 4 passes,

then it decreased as the deformation proceeded up to 16 passes.

A detailed explanation of these tendencies has already been

given in an earlier study [36]. In brief, the twin sources are

usually located at dislocation glide obstacles such as Lomer–

Cottrell locks or grain boundaries where the local stress

exceeds the critical stress needed for twin nucleation [37]. The

larger dislocation density with increasing number of passes

increased the number of twin nucleation sites at glide obsta-

cles, thereby leading to a higher twin-boundary frequency.

After 4 passes the grain size was reduced to*200 nm and, due

to the large number of grain boundaries, the twins are mainly

nucleated at the grain boundaries as was already observed for

other nanomaterials [38]. The impurities in solid solution are

usually segregated at grain boundaries during SPD at RT [39]

which hinders the dissociation of dislocations into twinning

partials at grain boundaries. In addition, the interaction of

dislocations and twins give untwining inside the grains [37], so

that the reduced activity of twin sources at the grain boundaries

leads to a significant decrease in the total twin-boundary fre-

quency after 16 passes. The decrease of the dislocation density

between 8 and 16 passes might be caused by a structural

recovery in the grain boundaries including the annihilation of

extrinsic (or non-geometrically necessary) dislocations, and

also the interaction between twin boundaries and dislocations

in the untwinning process. A similar decrease of the dislocation

density due to dynamic recovery was observed also in Cu

processed by more than 8 passes in ECAP [40].

Figure 4 shows the nanohardness distribution measured at

the center, half-radius and periphery of the cross-section of

the HPT-processed sample as a function of the distance from

the mid-plane of the disk. Each value was an average hard-

ness obtained from ten indentations placed at the same dis-

tance from the mid-plane. The hardness values reveal

significant inhomogeneity in the microstructure along the

axial direction. An approximately 150 lm wide surface

region with a high hardness of 1.9 ± 0.1 GPa was found at

both the bottom and the top of the disk. As the hardness

measurements were started and finished about 25 lm

beneath the top and bottom surfaces, the thickness of these

surface layers is most probably *175 lm. In the internal

region near the mid-plane with a thickness of *300 lm the

nanohardness was about 1.0 ± 0.1 GPa which is very close

to the value determined for the initial annealed sample (see

Fig. 3 in [41]). It should be noted that the value of hardness

strongly depends on the load applied during its measurement.

The hardness usually increases with decreasing the load (or

the contact surface area) which is explained by the imperfect

geometry of the head [42], the friction between the tip and the
Fig. 2 Nanoindentation layout on the cross-section of the HPT-

processed disk
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material [43], or the strain gradient plasticity [44]. This

phenomenon is referred to as indentation size effect (ISE)

[42–44]. According to earlier experiments [41], the ratio of

the nano- and microhardness values measured at forces of

5 mN and 2 N, respectively, on pure annealed or ECAP-

processed Ag is about 2.1 ± 0.4.

According to the hardness measurements there are very

sharp transition layers with thicknesses of less than 30 lm

between the harder surface regions and the softer internal

region. These transition layers are indicated by dashed lines

in the SEM image of Fig. 5a. Significant differences were not

observed between the hardness distributions measured at the

Fig. 3 SEM images illustrating the grain structures in the initial

annealed sample (a) and after one pass of ECAP (b). Bright field

TEM images showing the microstructures in the sample processed by

8 passes of ECAP (c) and in the surface region of the HPT-sample

after one revolution (d)

Table 1 The average grain size (d) determined by TEM, the dislocation density (q) and the twin-boundary frequency (b) obtained by XLPA

SPD processing d (nm) q (1014 m-2) b (%) EHAGB (J/g) Edisl (J/g) Etwin (J/g) Esum (J/g) EDSC (J/g)

1 ECAP 20000 ± 3000 26 ± 4 0.4 ± 0.1 \0.01 0.19 ± 0.05 0.01 0.20 ± 0.05 0.30 ± 0.05

4 ECAP 200 ± 30 41 ± 5 0.8 ± 0.1 0.36 ± 0.04 0.28 ± 0.06 0.02 0.66 ± 0.10 0.59 ± 0.04

8 ECAP 200 ± 20 46 ± 5 0.6 ± 0.1 0.36 ± 0.04 0.32 ± 0.06 0.02 0.70 ± 0.10 0.62 ± 0.04

16 ECAP 200 ± 20 33 ± 4 0.3 ± 0.1 0.50 ± 0.05 0.24 ± 0.06 0.01 0.75 ± 0.11 0.72 ± 0.04

1 HPT 230 ± 30 90 ± 9 0.8 ± 0.1 0.16 ± 0.02 0.38 ± 0.10 0.01 0.55 ± 0.12 0.41 ± 0.04

The stored energies for various lattice defects as calculated using Eqs. (1–4). EHAGB high-angle grain boundaries, Edisl dislocations, Etwin twin

boundaries, Esum is the sum of the three calculated stored energies, while EDSC is the released heat determined experimentally by DSC. The

values of the quantities and the errors are rounded to two decimal places
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center, half-radius and periphery. In addition, the hardness

values obtained for the top and bottom surface layers agree

within the experimental error. In order to reveal the reason

for the hardness inhomogeneity, the transition region

between the soft and hard volumes was investigated also by

EBSD. Figure 5b shows the grain structure in the vicinity of

the upper transition layer at the half-radius of the disk. The

layer is very sharp with a roughness of about 5 lm in

accordance with the hardness measurements. Above the

transition layer the high hardness is caused by the UFG

microstructure. Below this layer, a recrystallized micro-

structure was observed which may explain the much lower

hardness value in the interior of the sample. The mean size of

the grains in the recrystallized volume was about 50 lm,

similar to the initial annealed material.

The microstructure in the hard surface layer of the HPT-

processed disk was investigated by TEM and XLPA. In the

case of TEM, the sample was mainly thinned from one side

of the disk, therefore finally the specimen was perforated at

50 lm beneath the surface layer on the other side of the

sample. The TEM image in Fig. 3d illustrates that the mean

grain size at the half-radius near the surface of the disk was

230 ± 30 nm (as obtained from several images). The dis-

location density and the twin-boundary frequency were

determined on the surface of the HPT-processed disk.

Since the penetration depth of X-rays in Ag is less than the

surface layer thickness of *175 lm, therefore the defect

densities obtained by XLPA characterize only this hard

layer. The dislocation density and the twin-boundary fre-

quency were *90 ± 9 9 1014 m-2 and *0.8 ± 0.1 %,

respectively, after one revolution in HPT. Neither the grain

size nor the defect densities exhibited significant change

along the radius of the disk. The dislocation density in the

HPT-processed sample was much higher than the values

measured for the ECAP samples. The higher value of the

dislocation density can be explained by the very high

applied pressure (6 GPa) during the HPT process, which

retards vacancy diffusion, thereby hindering the climb-

controlled dislocation annihilation as was discussed in

earlier research [9].

Thermal stability of the UFG microstructure

in ECAP- and HPT-processed samples

During the DSC-scan up to 800 K a single exothermic peak

was obtained for each sample which corresponds to

recovery and recrystallization of the UFG microstructure as

shown by earlier XLPA investigations [19]. These exo-

thermic peaks are plotted in Fig. 6 for the ECAP- and HPT-

processed samples. The areas under the peaks represent the

experimental heat values (EDSC) released during recovery

and recrystallization which are listed in Table 1. The

sample processed by one pass of ECAP has the highest

peak temperature (see the insert in Fig. 6) due to the lowest

densities of lattice defects and the largest grain size which

yield a small driving force for recovery and recrystalliza-

tion. With increasing numbers of passes, the peak maxi-

mum was shifted to lower temperature together with an

increase of the released heat. For the sample processed by

one revolution of HPT, the released heat is relatively small

despite the very high defect density determined by XLPA.

This can be explained by the lack of considerable stored

energy in the internal recrystallized volume.

Discussion

The present experimental results reveal a significant dif-

ference between the thermal stability of the UFG silver

samples processed in different ways by SPD. With

increasing numbers of passes in ECAP, the temperature of

the DSC peak maximum and the released heat decreases

and increases, respectively. Most probably, these changes

are not independent of each other as the larger stored

energy yields a higher driving force for recovery and

recrystallization, resulting in an earlier heat release during

annealing in DSC. However, in the case of the HPT-

processed specimen, the relatively low released heat is

accompanied by a low temperature of recovery and

recrystallization. For this sample, the heat released is low

and similar to the value obtained for the specimen

processed by 1 pass of ECAP (see Table 1), while the DSC

peak maximum appears at a relatively low temperature

which is similar to 4-16 ECAP samples having a high

released heat. In addition, the much larger dislocation

density in the HPT specimen compared to the 4-16 ECAP

samples predicts a higher stored energy although the

released heat for the former specimen is lower. This

Fig. 4 Nanohardness distribution as a function of the distance from

the mid-plane in the axial direction measured on the cross-section of

the disk processed by one revolution of HPT
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dichotomy can be explained by the heterogeneous micro-

structure of the HPT-processed disk along its axial direc-

tion. The volume in the middle of the disk with a thickness

of *300 lm contains recrystallized grains as shown in

Fig. 5b, therefore this part makes no contribution to the

released heat, resulting in a relatively low value for the area

under the DSC peak. The outer surface layers of the disk

exhibit very fine grains with extremely high dislocation

density which lead to an earlier recovery and recrystalli-

zation during heating in the DSC experiments.

Large heterogeneity in microstructure and hardness

along the axial direction of HPT-processed disks has

already been observed for other materials, such as pure Cu

[45], Al–Mg–Sc solid solution [46], Mg-alloys [47–49],

and the Zr3Al intermetallic compound [50]. For instance, in

an AZ31 Mg-alloy processed by HPT up to one revolution

at RT or 463 K the hardness was the highest in the vicinity

of the mid-plane due to the very fine grain structure

[47–49]. The surface layers with a thickness of about

150 lm exhibited a large grained microstructure, yielding a

smaller hardness. Similar heterogeneity of the grain

structure along the axial direction has been observed for Cu

[45]. The finer grain structure around the mid-plane was

caused by a larger plastic strain in the middle of the

specimens as revealed by the shear patterns observed on

the cross-sections of HPT-processed disks [47]. The larger

Fig. 5 a SEM image showing

the peripheric side of the cross-

section of the HPT-processed

disk. The dashed lines represent

the transition layers between the

hard surface layers and the soft

internal region as determined by

nanoindentation (see Fig. 4).

The sample was embedded in

a non-conducting dentacryl

polyamid, therefore very bright

patches appear outside of the

sample on the right side of the

micrograph. b EBSD

micrograph showing the UFG

surface region and the

recrystallized volume in the

vicinity of the upper transition

layer at the half-radius of the

disk

Fig. 6 DSC thermograms obtained at a heating rate of 10 K/min for

the samples processed by 1, 4, 8, and 16 passes of ECAP and one

revolution of HPT
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strains in the middle of the disks are most probably caused

by the outflow of the material between the anvils of the

HPT facility (see Fig. 1) [45]. Similar to silver in this

study, very thin transition layers between the UFG and

coarse-grained regions were observed for AZ31 Mg-alloy

[48] and Zr3Al intermetallic compound [50]. The expla-

nation of the sharpness of this layer needs further

investigations.

The inhomogeneity of the microstructure and the hard-

ness distribution in the cross-section are influenced by the

disk thickness and the friction coefficient between the

sample and the anvil surfaces [46, 51]. The finer grain

structure and the higher hardness in the middle of HPT-

processed disks were observed in Cu, Al-, and Mg-alloys,

while in 99.99 % purity Al the microstructure exhibits

excellent homogeneity throughout the disk [52]. In the

latter case, the high SFE and the low melting point yielded

an easy recovery by cross-slip or climb of dislocations,

therefore a dynamic equilibrium between the formation and

annihilation of dislocations was readily achieved in the

whole specimen during HPT. However, in Cu having a

medium SFE or in solid solutions, the annihilation of dis-

locations is retarded and therefore the strain differences

lead to large deviations in the microstructure and the

hardness. In the case of Ag, the low SFE makes recovery

difficult and therefore a very large dislocation density was

achieved in the surface region. However, in the middle of

the disk, where the strain is larger, the UFG microstructure

may be recrystallized since low SFE facilitates recrystal-

lization in heavily deformed pure metals, as noted earlier

[27]. This effect yielded lower hardness in the middle of

the HPT-processed disk, which is a unique behavior com-

pared to any other observations in the literature, as the

internal volumes are usually harder than the surface layers.

The correlation between the parameters of the micro-

structure and the heat released during DSC experiments

was investigated by calculating the energies stored in the

ECAP- and HPT-processed specimens. The stored energy

per unit mass in the UFG Ag samples is determined as the

sum of the energies of the lattice defects (grain boundaries,

dislocations, and twin faults). It is noted that the values of

the calculated energies in this report are rounded to the

precision of the measured released heat in DSC which

corresponds to two decimal places. The energy stored in

dislocations (Edisl) can be determined from the dislocation

density using the following relationship [33]:

Edisl ¼ A
Gb2q
qm

ln
1

b
ffiffiffi

q
p ; ð1Þ

where G is the shear modulus (30 GPa), b is the magnitude

of Burgers vector (0.29 nm), q is the dislocation density,

qm is the mass density (10.5 9 106 gm-3), and A denotes a

factor which depends on the edge/screw character of

the dislocations. The value of A is equal to (4p)-1 and

(4pm(1 - m))-1 for screw and edge dislocations, respec-

tively, where m is Poisson’s ratio (taken as 0.3).

The parameter q determined from X-ray line profile

analysis describes the edge/screw character of the dislo-

cations. The theoretically calculated values of q for pure

edge and screw dislocations in Ag are 1.62 and 2.35,

respectively. In practice, the value of A was obtained from

the experimentally determined q of 2.2 ± 0.1 using a

simple rule of mixtures [9]:

A ¼ q� 1:62

0:73

1

4p
þ 2:35� q

0:73

1

4p 1� mð Þ : ð2Þ

In our previous work [19], it was found for Ag processed

by 4 ECAP passes that the dislocation density immediately

before the DSC peak was about 20 % smaller than in the

as-processed state due to partial recovery. Therefore, in

order to compare the calculated and the experimentally

determined values of the released heat, the dislocation

density was reduced by 20 % before its substitution into

Eq. (1). The stored energies calculated for dislocations in

the ECAP- and HPT-processed samples are listed in

Table 1. In the case of the HPT specimen, the energy

obtained from Eq. (1) was reduced by half, because the

measured dislocation density was valid only for the two

UFG surface layers which occupy only about one-half of

the total volume. In the internal recrystallized region the

dislocation density is lower than the detection limit of

XLPA, *1013 m-2, which is about three orders of

magnitude smaller than the dislocation density in the

surface layer, therefore its contribution to the total stored

energy is negligible.

The interfaces between the grains can be classified as

low- and high-angle grain boundaries (LAGBs and HAG-

Bs, respectively). The LAGBs usually consist of disloca-

tions and XLPA measures dislocations in both the

boundaries and the interiors of the grains so that the con-

tribution of LAGBs to the stored energy is incorporated in

Eq. (1). The energy of the HAGBs (EHAGB) is given as

[53]:

EHAGB ¼ h
3cGB

dqm

; ð3Þ

where cGB is the average HAGB energy in Ag (0.5 J/m2

[54]), h is the fraction of HAGBs, and d is the average

grain size. The value of h was selected as 0.1 for 1 pass, 0.5

for 4 and 8 passes, and 0.7 for 16 passes of ECAP

according to the HAGB fractions obtained on other pure

fcc metals for similar ECAP passes (e.g., for Al [55]). In

the case of HPT-processed sample, the average fraction of

HAGBs was estimated by the value of 0.5 obtained for Cu

deformed by one revolution of HPT [56]. For Ag processed
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by HPT, the value of EHAGB calculated by Eq. (3) was also

reduced by half, since the internal recrystallized volume

with more than two orders of magnitude larger grain size

makes a negligible contribution to the stored energy.

The stored energy for twin faults (Etwin) in cubic grains

can be calculated as [19]

Etwin ¼ ctwind2 d

dtwin

1

d3qm

¼ ctwinb
d111qm

; ð4Þ

where ctwin is the twin-boundary energy in Ag, b is the

twin-boundary frequency determined by XLPA, d111 is the

spacing between the neighboring {111} planes (0.24 nm)

and dtwin is the mean twin-boundary spacing which can be

expressed as d111/b. For the HPT-processed specimen, the

stored energy calculated by Eq. (4) was also reduced by

half, as the twin- boundary frequency was negligible in the

recrystallized volume. The values of Etwin for all the

investigated samples were 0.01–0.02 J/g as shown in

Table 1, therefore twin boundaries make only a marginal

contribution to the stored energy.

Table 1 also shows the sum of the calculated contribu-

tions of the dislocations, HAGBs and twin boundaries to

the released heat which agrees well with the measured

values within the experimental error for all the studied

samples. It should be noted that, in addition to dislocations

and boundaries, other lattice defects such as vacancies or

vacancy agglomerates might also make contributions to the

released heat, however these effects are negligible. For

instance, the stored energy corresponding to a high vacancy

concentration of 10-5 is only *0.01 J/g which is marginal

compared to the contributions of dislocations and HAGBs.

Conclusions

1. The dislocation density in the ECAP- and HPT-pro-

cessed specimens was very high due to the high degree

of dislocation dissociation due to the low SFE which

hindered the annihilation of dislocations during SPD. In

the HPT-sample, the dislocation density was much

higher than in the ECAP-processed samples as the high

pressure in HPT retarded vacancy diffusion and thereby

impeded the annihilation of dislocations by climb.

2. For ECAP-processed Ag, the maximum of the

exothermic DSC peak was shifted to a lower

temperature while the released heat increased with

increasing numbers of passes. The sum of the

energies stored in HAGBs and dislocations agreed

well with the experimental value of the released heat

obtained by DSC.

3. The sample processed by one revolution of HPT

exhibited a very heterogeneous microstructure in the

axial direction of the disk. A hard UFG microstructure

on the surfaces and a soft recrystallized internal region

in the middle of the disk with similar volume fractions

were observed. As a consequence, the released heat

determined by DSC was relatively small despite the

very high dislocation density in the surface layers.
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