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Abstract The softening in ultrafine-grained silver pro-

cessed by high-pressure torsion (HPT) was studied during

annealing using differential scanning calorimetry (DSC).

Two separate exothermic peaks were observed in the DSC

thermogram of the HPT-processed sample. It is shown that

the first and the second peaks are related to the recrystalli-

zation of the middle volume and the surface regions of the

HPT-processed disk, respectively. Therefore, a very inho-

mogeneous sandwich-like microstructure develops during

annealing with a soft interior and hard surface layers. The

lower thermal stability of the middle region appears to be

related to the stronger twinning activity since the twinned

volumes can act as nuclei for recrystallized grains. The

higher twin-fault probability in the interior is attributed to the

larger strain due to the outflow of material between the anvils

of the HPT facility during quasi-constrained processing.

Introduction

Contamination and porosity-free bulk ultrafine-grained

(UFG) metals and alloys are often produced by severe

plastic deformation (SPD). Two frequently used methods

of SPD are equal-channel angular pressing (ECAP) [1–3]

and high-pressure torsion (HPT) [4]. The stability of the

UFG microstructures processed by SPD is a very important

factor from the point of view of their practical applicabil-

ity. The high-temperature thermal stability is often inves-

tigated by differential scanning calorimetry (DSC) [5, 6].

Usually a single exothermic peak is detected during the

DSC scan which corresponds to recovery and recrystalli-

zation of the UFG microstructure. Although the tempera-

ture of the peak depends on the SPD-processing method,

the imposed strain and the heating rate, its value is usually

between *0.3 and 0.4 9 Tm, where Tm is the absolute

melting point [7–10].

Among the face-centered cubic (fcc) metals and alloys

processed by SPD, most of the DSC investigations were

performed on materials with high or medium stacking fault

energy (SFE) such as Al, Ni, and Cu [11–18]. However, it

was shown earlier that the SFE has a significant effect on

the thermal stability of UFG microstructures [19]. It seems

that the rate of self-annealing in pure fcc metals increases

with decreasing SFE [19]. This phenomenon means that the

UFG microstructures processed by SPD at room tempera-

ture (RT) may exhibit recovery and recrystallization during

their storage at RT. For example, self-annealing was

observed in pure Cu and Ag samples [20–24]. However,

due to its extremely low SFE (16–22 mJ/m2 [25, 26]), the

self-annealing in UFG Ag was faster than in Cu with the

same impurity content [20–24]. In practice, the low SFE in

Ag increases the inhomogeneity of the microstructure

because low energy twin-faults can form at the expense of

dislocations due to the stresses at glide obstacles [27–30].

Consequently, the recrystallization of this inhomogeneous

microstructure is easier as the twinned volumes can act as

nuclei in recrystallization [31].
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The method of SPD processing has an effect on the

inhomogeneity of the UFG microstructure in silver. In a

recent study [32] it was shown that a more inhomogeneous

microstructure was formed in Ag during HPT than when

processing by ECAP. The heterogeneity was most pro-

nounced in the axial direction of the HPT disk. The middle

of the sample processed by 1 revolution of HPT was

coarse-grained with low hardness while the surface regions

were hard with a grain size of about 200 nm. The interior

of the disk may be recrystallized during its storage at RT

before investigations. Axial heterogeneity of the micro-

structures formed by HPT was also observed for other

materials, such as Cu [33] and an AZ31 Mg alloy [34–36].

Accordingly, this paper reports the inhomogeneity of

softening in silver processed by 10 revolutions of HPT and

annealed in DSC. The results show that the spatial varia-

tion of the thermal stability of the UFG microstructure may

be correlated to the heterogeneity of the lattice defect

structure in the axial direction of the HPT-processed disk.

Experimental materials and procedures

Silver of 99.99 % (4 N) purity was purchased from

American Elements. This alloy was used in earlier studies

[32, 37] and the alloying elements (in ppm) were docu-

mented by the supplier as Cu 30, Pb 10, Fe 10, Se 10, Sb

10, and Bi 20. Disks with diameters of 10 mm and thick-

nesses of about 0.8 mm were prepared and annealed at

741 K for 1 h before HPT processing. According to earlier

investigations, the mean grain size of this initial material

was *56 lm [32]. The annealed samples were deformed

by HPT up to 10 turns. The applied load was 6.0 GPa and

the processing was carried out at RT with a rotation rate of

1 rpm. The two anvils of the HPT device had 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 an earlier report [32]. The thickness of the HPT-

processed disks was *0.65 mm. All disks were processed

under quasi-constrained conditions in which there is a

small outflow of material between the two anvils during the

processing operation [38, 39].

The microstructure after HPT was examined by X-ray

line profile analysis (XLPA) at the half-radius of a disk as a

function of the depth below the top surface. The time

interval between HPT processing and XLPA measurements

was 3 days due to the transportation of the samples. The

measurements of the X-ray diffraction lines were per-

formed using a special high-resolution diffractometer

(Nonius FR591) with CuKa1 radiation (k = 0.15406 nm).

The penetration depth of X-rays with this wavelength in Ag

is *5 lm. In order to measure the variation of the

microstructural parameters inside the disk, material was

gradually removed from the top surface by mechanical

polishing using an alumina suspension with a particle size

of 1 lm. In one step of polishing the thickness of the

removed layer was *100 lm. The microstructure was

examined at the top surface and at depths of 110, 200, and

300 lm beneath the top surface, where the latter location

corresponds to the middle of the disk. The time needed for

XLPA measurement at each depth was 1 day. The line

profiles were evaluated using the Convolutional Multiple

Whole Profile (CMWP) fitting procedure. In this method,

the diffraction pattern is fitted by the sum of a background

spline and the convolution 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 [40, 41]. This method

gives the crystallite size, the dislocation density, and the

twin boundary probability with good statistics, where the

twin boundary probability in fcc materials is defined as the

relative fraction of twin boundaries among the {111} lat-

tice planes.

In order to study the softening of the UFG microstruc-

ture obtained by HPT, an as-processed disk was annealed

up to 650 K in DSC using a Perkin Elmer DSC2 calo-

rimeter at a heating rate of 10 K/min. To examine the axial

(perpendicular to the surface) inhomogeneity of softening,

nanohardness maps were constructed on the cross section at

the half-radius of the HPT-processed disk and also for the

annealed samples which were heated up to the character-

istic temperatures of the DSC thermogram at a rate of

10 K/min and then quenched to RT. The hardness mea-

surements were carried out using a UMIS nanoindentation

device with a Berkovich indenter and applying a maximum

load of 5 mN. In each state a series of 400 indentations was

recorded with the indents arranged in a 10 9 40 matrix

with the distance of 15 lm between neighboring indents, as

shown schematically in Fig. 1. The indentation measure-

ments were started and finished 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 bottom of the disk.

The grain structure in the HPT processed and the sub-

sequently heat-treated specimens was studied on the cross

section at the half-radius of the disk by electron back-

scattered diffraction (EBSD) using a FEI Quanta 3D

scanning electron microscope. First, the investigated sur-

face was mechanically polished using an alumina suspen-

sion with the particle size of 1 lm. Then, a rectangular area

of the surface with the dimensions of 100 9 100 lm2 was
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etched by focused ion beam (FIB) of Ga? ions with an

inclination angle of 3� using an accelerating voltage of

30 kV and an ion current of 15 nA. The finest step size in

the EBSD experiments was set at 20 nm.

Experimental results

The DSC thermogram obtained on a silver disk processed

by 10 revolutions of HPT is shown in Fig. 2. Two over-

lapping exothermic peaks were detected between 400 and

500 K, which correspond to the recovery and recrystalli-

zation of the UFG microstructure (see later). Without HPT

processing there were no DSC peaks as the material was

pure without any phase transformations. The first peak

begins around 400 K and ends at 440–450 K, where the

second peak begins. The end of the second peak is

at *497 K. In order to reveal the reason for the double

DSC peaks, samples were heat treated up to the tempera-

tures corresponding to the end of the first peak, as well as

to the middle and the end of the second peak (440, 460, and

497 K, respectively) at a heating rate of 10 K/min.

The nanohardness distributions obtained on the cross

sections of the HPT processed and the heat-treated disks

are plotted as a function of the distance from the bottom

surface in Fig. 3. It can be seen that after HPT the

nanohardness distribution is homogeneous along the axial

direction of the disk with a value of 1.8 ± 0.1 GPa. After

annealing up to the first exothermic DSC peak, a relatively

wide region of 250–300 lm in the middle of the disk

shows a significant softening to a lower hardness value of

1.1 ± 0.1 GPa while the surface layers remain almost as

hard as after HPT processing. There are clearly visible

sharp transitions between the internal and surface regions.

During the second exothermic peak (between 440 and

497 K), the surface regions of the disk also softened from

about 1.8 GPa to 1.3 ± 0.1 GPa. However, the sharp

transitions observed at 440 K disappeared at 460 K and

instead the hardness increases almost linearly from the

former transition layers to the surfaces. This result suggests

that the softening of the surface region commences at the

transition layers during the second exothermic peak.

The evolution of the grain structure during annealing of

the HPT-processed disk was followed by EBSD on the

cross section at the half radius. Figures 4a, b show EBSD

images with an inverse pole figure at the top right of

Fig. 4b where these images were obtained after the heat

treatments performed up to 400 and 497 K, respectively.

Fig. 1 Nanoindentation layout on the cross section of the HPT-

processed disk

Fig. 2 DSC thermogram obtained at a heating rate of 10 K/min for

the sample processed by 10 revolution of HPT. The temperatures of

heat treatments are indicated by solid circles

Fig. 3 Nanohardness distributions as a function of the distance from

the bottom of the HPT-processed disk measured on the cross section

in the axial direction. The lines serve only as guides to the

distributions. The typical error bar is illustrated on the left side of

the figure
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The mean grain size was determined by averaging the

equivalent circle diameters considering grain areas on

EBSD images. At 400 K, the average grain size

was *170 nm throughout the sample if only the volumes

with misorientations higher than 5� were considered as

separate grains. When this misorientation limit was

increased to 15�, the grain size value from EBSD evalua-

tion increased to 200 nm. These values agree within the

experimental error with those determined after HPT pro-

cessing. After the second exothermic peak at 497 K, a fully

recrystallized microstructure is observed throughout the

disk with a characteristic grain size of *50 lm. The re-

crystallized grains contain a large number of subgrains

with a size of *1 lm which are bounded by twin bound-

aries. The presence of these twinned volumes is explained

by the very low twin boundary energy of silver (*8 mJ/m2

[25, 26]).

Between the two exothermic peaks at about 440 K the

nanohardness measurements showed a very narrow tran-

sition layer *170 lm under both surfaces of the disk (see

Fig. 3). The EBSD image in Fig. 4c was taken in this

region after the heat treatment up to 440 K. The position of

the transition layer is denoted by a dashed line. On the left

side of Fig. 4c a part of a recrystallized grain with a size

larger than the linear dimension of the image can be seen

from the middle region of the disk. There are numerous

small twin-oriented subgrains inside the large grain. The

inset in Fig. 4c shows a higher magnification EBSD image

of these fine subgrains taken from the designated square on

the left of the dashed line. The right side of Fig. 4c cor-

responds to the surface region of the disk which remains as

a UFG structure even after the heat treatment up to 440 K.

The presence of a UFG structure is confirmed at the higher

magnification in Fig. 4d. The average grain size values in

the surface region at 440 K with misorientation limits of 5�
and 15� were 165 and 180 nm, respectively.

In order to reveal whether any change took place in the

surface region during the first exothermic peak, the grain

size and the misorientation distributions in the surface

layers were determined from the EBSD images at both 400

and 440 K and these results are plotted in Fig. 5. There is

only a slight increase in the grain size and a negligible

change in the misorientation distribution for the surface

regions when the temperature increases from 400 to 440 K.

The hardness and EBSD observations suggest that the first

exothermic DSC peak is primarily caused by recovery and

recrystallization in the middle of the disk, while the second

peak corresponds to recovery and recrystallization of the

Fig. 4 EBSD micrographs

showing the UFG

microstructure before the

exothermic DSC peaks at 400 K

(a) and after the second peak at

497 K (b). The microstructure

after the first DSC peak at

440 K is shown in (c) where the

transition layer between the

recrystallized interior and the

UFG surface layer is indicated

by a dashed line. The inset in

(c) shows a part of the

recrystallized grain in a higher

magnification, illustrating that

the large grain contains smaller

twinned subgrains. A part of the

UFG microstructure in the

surface region is shown in a

higher magnification in (d)
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surface regions of the HPT-processed disk. These results

demonstrate that the UFG microstructure in the interior of

the disk processed by 10 revolutions of HPT is less stable

than the surface regions, leading to an inhomogeneous

softening during the heat treatment in DSC. According to

the nanohardness measurements, the volumes of the disk

interior and the surface regions are very similar, however

the released heat during the DSC scan was significantly

smaller for the second peak corresponding to the recovery

and recrystallization of the surface regions. This dichotomy

can be explained by the remaining UFG volumes in the

surface regions at 497 K as suggested by their slightly

higher hardness compared to the values determined for the

middle of the disk (see Fig. 3). Direct evidence for this

assumption was not obtained, since the preparation of the

surface by FIB limited the area to 100 9 100 lm2 inves-

tigated by EBSD. However, it was shown recently for the

same material processed by 4 passes of ECAP that 17 % of

the microstructure remained UFG even at high tempera-

tures where no additional heat release was detected during

annealing in DSC [37].

In order to reveal the reason for the gradient in the

thermal stability in the axial direction of the HPT-pro-

cessed disk, the characteristics of the microstructure were

determined by XLPA as a function of the depth beneath the

top surface. The crystallite size, the dislocation density,

and the twin-fault probability are shown at different loca-

tions from the top surface to the mid-plane of the disk in

Fig. 6. These results provide clear evidence for axial

inhomogeneity of the lattice defect structure in the HPT-

processed sample. The average crystallite size, the dislo-

cation density, and the twin-fault probability were

56 ± 6 nm, 109 ± 11 9 1014 m-2, and 0.9 ± 0.1 % at

the top surface of the disk, respectively. In the surface layer

with the thickness of 170 lm, the parameters of the

microstructure did not change significantly. However, in

the middle of the disk, at a distance of 300 lm from the

surface, the dislocation density was lower (79 ± 9 9 1014

m-2) while the crystallite size (80 ± 9 nm) and the twin-

fault probability (1.6 ± 0.1 %) were larger than at the

surface. Former studies [27–30] have shown that plastic

straining of low SFE fcc metals such as Ag, lattice dislo-

cations are dissociated into twinning partials at glide

obstacles such as Lomer-Cottrell locks or grain boundaries

and consequently twins may then form by slipping of these

partials in neighboring {111} lattice planes. The stronger

twinning activity in the interior of the sample is most

probably a consequence of the geometry of the quasi-

constrained HPT processing facility since in the middle of

the sample the metal can flow outwards during SPD while

in the surface regions the material is constrained by the

walls of the HPT anvils. The larger plastic straining in the

middle of the sample most probably results from an

increase of the number of glide obstacles where twinning

may occur due to the large stresses [42].

A former investigation [19] suggested that, in the vol-

umes where the twin-fault probability increased at the

expense of the dislocation density, the stored energy

decreased due to the very low twin boundary energy of Ag.

Thus, these volumes can act as nuclei for new defect-free

grains during annealing, thereby reducing the time required

for recrystallization in the middle of the HPT-processed Ag

disk. The initiation of structural relaxation of the micro-

structure in the interior of the sample is also indicated by

the larger crystallite size compared to the value determined

in the surface region. It is noted that the crystallite size

obtained by XLPA for metals processed by SPD is usually

about 2–6 times smaller than the grain size determined by

transmission electron microscopy (TEM) since the former

Fig. 5 Grain size and misorientation angle distributions in the

surface region before and after the first DSC peak at 400 and

440 K, respectively, as obtained from the EBSD images in Fig. 4a, d.

In the determination of the grain size distribution, the volumes with

misorientations higher than 5� were considered as separate grains

Fig. 6 The average crystallite size, the dislocation density, and the

twin-fault probability determined by X-ray line profile analysis as a

function of the depth beneath the top surface
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quantity corresponds to the subgrain size [43]. Therefore, it

is not necessary for the larger crystallite size in the middle

of the disk to be accompanied by the larger grain size as

obtained by EBSD. It should be noted that the nanohard-

ness measurements and the microstructure investigations

were performed only at the half-radius of the disk pro-

cessed by 10 revolutions since previous studies have shown

that the inhomogeneity in the hardness and microstructure

in the radial direction is negligible even after 1 turn of HPT

[32]. The lack of a considerable variation in the micro-

structure along the radial direction indicates a saturation in

the vicinity of the center of the disk processed by 10 HPT

revolutions.

Discussion

DSC scans for UFG fcc metals processed by SPD usually

reveal only one exothermic peak in the thermograms. This

peak corresponds to the recovery and recrystallization of

the UFG microstructure. In the case of 99.998 and 99.99 %

purity Ni samples processed by HPT at RT, two exothermic

peaks were detected in the DSC thermograms [18, 44]. The

first peak, appearing at a lower temperature of about 393 K

at 10 K/min, corresponds to the disappearance of excess

monovacancies while the larger second peak, at about

548 K, is associated with the annihilation of vacancy

clusters and dislocations as well as recrystallization. The

area under the first peak was about one order of magnitude

smaller than for the second peak. The first ‘‘monovacancy’’

peak was not observed for 99.99 % Cu processed under the

same conditions as most probably all the vacancies are

clustered [44]. In the case of Ni, the high values of SFE and

the high-melting point, together with the large pressures

applied during HPT, retard the clustering of vacancies.

The single exothermic peak observed in the thermo-

grams for the majority of SPD-processed UFG fcc metals

indicates that the recovery and recrystallization occur at

very close temperatures during DSC scans. However, when

the UFG microstructure in Cu was obtained by the con-

solidation of powders using HPT technique, two exother-

mic peaks with similar areas were observed on the DSC

thermogram [45]. The first and second peaks corresponded

to the recovery and recrystallization of the microstructure,

respectively. Both peaks appeared at higher temperatures

than the single peak in the case of SPD-processed Cu. The

more stable microstructure in the consolidated Cu sample

is attributed to impurities and oxide dispersoids which are

usually unavoidable in powder metallurgy. Thus, their

pinning effect on grain boundaries is much stronger than on

dislocations as suggested by the higher temperature

of *250 K for recrystallization compared to recovery in

the sintered specimen.

In the case of the present HPT-processed Ag sample, the

double DSC peak is not associated with the very different

temperatures of the recovery and recrystallization pro-

cesses but rather it is due to the difference between the

thermal stability of the UFG microstructures in the middle

and the surface regions of the disk. The variation of the

temperature of recovery and recrystallization in the axial

direction is caused by the change of the lattice defect

structure. In the whole sample, extremely high-dislocation

densities (79–109 9 1014 m-2) were measured by com-

parison with the saturation values obtained for other pure

fcc metals processed by HPT [43, 46, 47]. The very high-

dislocation density is attributed to the low SFE of silver, as

the annihilation of dislocations is hindered by the high

degree of dislocation dissociation. In low SFE metals such

as Ag, twinning occurs at glide obstacles due to the large

stresses [42].

In the middle of the disk the strain is larger than in the

surface regions, as shown by model calculations [33], and

this is due to the outflow of material between the anvils in

quasi-constrained processing [48]. Therefore, in the interior

of the disk it is anticipated that the number of glide

obstacles is larger than in the surface regions, yielding

larger twinning activity in accordance with the results of

the present XLPA. An earlier study on ECAP-processed

pure silver [19] showed that a larger twin-fault probability

gave a weaker stability of the UFG microstructure against

recrystallization. This effect is attributed to the very low

energy of the twin boundaries. In the volumes where twin

boundaries were formed at the expense of dislocations, the

stored energy decreased locally by comparison with the

neighboring regions. These volumes act as nuclei of defect-

free new grains during subsequent annealing, thereby

accelerating the recrystallization process. Therefore, in

the middle of the disk where the twin fault probability is

larger (1.3–1.6 ± 0.1 %) than in the surface regions

(0.7–0.9 ± 0.1 %), the softening occurs at lower temper-

atures. Consequently, both the low SFE and the variation of

the strain in the axial direction during HPT are necessary

prerequisites for the observation of a double exothermic

DSC peak. This is in accordance with the detection of a

single DSC peak for pure Ag processed by ECAP [37]. It

should be noted that inhomogeneities in the microstructure

lead to easier recrystallization in any deformed metallic

material [49]. Thus, for low SFE silver the difference in the

stored energies in the twinned and dislocated volumes

causes the inhomogeneity in the microstructure.

Axial heterogeneity in hardness and microstructure has

already been observed for other HPT-processed materials,

such as pure Cu [33], an Al–Mg–Sc solid solution [50],

Mg-alloys [34–36], and the Zr3Al intermetallic compound

[51]. However, in the AZ31 Mg alloy and in Cu the

observations show higher hardness in the vicinity of the
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mid-plane of the sample and lower in the surface regions

[33–36]. These studies explained this phenomenon in terms

of the smaller grain size in the middle of the sample caused

by the higher strain which is probably caused by the out-

flow of the material between the anvils. In the case of pure

silver, the higher strain near the mid-plane of the HPT disk

caused easier softening during subsequent heat treatment.

As in the present Ag sample, the transition layers

between the middle and surface regions in the AZ31 alloy

and the Zr3Al intermetallic compound were also very thin

[35, 51]. The reason for the sharpness of these layers is not

clear at the present time and requires further investigation.

Nevertheless, it should be noted that the microstructure

changes only slightly along the radial direction of the Ag

disk either immediately after 10 revolution of HPT or after

subsequent annealing. This suggests there is an early sat-

uration of the dislocation density due to their strong dis-

sociation because of the low SFE.

In a recent study [32], the same Ag was processed by

HPT for one revolution and showed a single exothermic

peak during the DSC scan. The reason for the single exo-

thermic peak is that the internal region of the sample

processed by 1 turn was already recrystallized prior to the

DSC experiment as confirmed by nanohardness measure-

ments on the cross section. The thickness of this recrys-

tallized volume and the hardness values of both the internal

and surface regions in the disk deformed by 1 turn were

very close to the values obtained for the present sample

after the first exothermic peak at 440 K. Therefore, the

single exothermic peak obtained for the sample processed

by 1 turn corresponds to the recrystallization of the surface

regions and therefore it is similar to the second peak

detected in the present sample processed by 10 revolutions

of HPT. The internal region of the sample processed by 1

turn may be recrystallized due to the increase of the tem-

perature during HPT processing [39, 52] or due to trans-

portation and storage before the investigation. An earlier

study [19] showed that the UFG microstructures in SPD-

processed Ag samples may recrystallize during their stor-

age at RT. In the present sample deformed by 10 revolu-

tions, the microstructure in the middle region remained

UFG until the microstructural characterization which might

may be due to a shorter storage period at RT.

Conclusions

1. The thermal stability of the UFG microstructure in Ag

sample processed by 10 revolutions of HPT varied strongly

in the axial direction of the disk. During annealing first the

middle of the sample was softened while the surface

regions remained as hard as immediately after HPT. The

transition layer between the soft interior and the hard

surface layers was very sharp, as revealed by nanoinden-

tation. At higher temperatures, the surface regions of the

disk were also recrystallized.

2. The spatially inhomogeneous thermal stability in the

HPT-processed Ag specimen resulted in two separate

exothermic DSC peaks: the first and second peaks were

related to the recovery and recrystallization in the interior

and the surface volumes of the disk, respectively. This

behavior is unique among fcc metals and most probably

can be attributed to the low SFE of Ag.

3. The easier recrystallization of the middle of the

sample was most probably caused by the larger strain due

to the outflow of the material between the anvils of the

HPT facility. The higher straining in the interior yielded

stronger twinning activity at the expense of dislocations,

and these twinned volumes can act as nuclei in

recrystallization.
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