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Abstract

Lattice defects in Cu deformed by high-pressure torsion (HPT) were investigated by positron annihilation spectroscopy (PAS) com-
bined with transmission electron microscopy, X-ray diffraction (XRD) and Vicker’s microhardness (HV) measurements. The evolution of
the microstructure during HPT processing was studied on samples subjected to various numbers of HPT revolutions using pressures of 2
and 4 GPa. Since strain in torsion deformation increases with the radial distance from the center of rotation, one can expect a non-uni-
form microstructure across the sample diameter. To examine this, HV was measured at various distances from the center of the HPT-
deformed sample and the microstructure at the center was compared with that at the periphery. It was found that HPT-deformed Cu
contains a high density of dislocations and also small vacancy clusters formed by the agglomeration of deformation-induced vacancies.
The center of the sample exhibits coarser grains, a slightly lower density of dislocations and smaller vacancy clusters compared to the
periphery. The dislocation density and concentration of vacancy clusters were evaluated from the combination of the PAS and XRD
results. The theoretically estimated concentration of deformation-induced vacancies is of an order of magnitude comparable to that
determined in experiment.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Ultrafine-grained (UFG) materials with a grain size
below 1 lm exhibit a number of advantageous properties
compared to traditional polycrystals [1]. In particular,
UFG materials are characterized by a favorable combina-
tion of very high strength and enhanced ductility [1,2].
The main feature of (UFG) materials is the significant vol-
ume fraction of grain boundaries (GBs), which results in
new, unusual physical properties, e.g. high diffusion activ-
ity [3] and superplasticity [4]. Bulk UFG materials with a

grain size typically around 100 nm can be prepared by
high-pressure torsion (HPT) [1,5]. Severe plastic deforma-
tion applied during HPT processing introduces a large
number of dislocations. Hence, lattice defects play an
important role in UFG materials. The detailed character-
ization of these defects and their evolution during HPT
processing is necessary for understanding the specific prop-
erties of UFG materials.

Defect studies of UFG Cu prepared by HPT were per-
formed in this work, including (i) characterization of lattice
defects introduced by HPT and (ii) investigation of defect
evolution during HPT processing. Positron annihilation
spectroscopy (PAS) is a well-developed non-destructive
technique with a high sensitivity to open-volume defects,
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e.g. vacancies, dislocations and vacancy clusters [6]. In this
work PAS was employed as a principal technique of defect
characterization and was combined with X-ray diffraction
(XRD) line-profile analysis and the direct observation of
microstructure by transmission electron microscopy
(TEM). Variations of mechanical properties were moni-
tored by Vicker’s microhardness (HV) measurements.

Previous TEM investigations of HPT-deformed Cu
revealed a fragmented structure, with high-angle misorien-
tation of neighboring grains and a high dislocation density
[2,7,8]. Positron lifetime (LT) investigations of UFG Cu
prepared by HPT revealed two types of defects [8]: (i) dis-
locations and (ii) small vacancy clusters with a size compa-
rable to a few vacancies. There are indications that very
high concentration of vacancies is created by severe plastic
deformation [9–12]. Dislocation densities determined from
measurements of the stored energy by differential scanning
calorimetry (DSC) and residual electrical resistivity are
three to four times higher than those obtained from
XRD line-profile analysis. Several authors proposed that
this discrepancy is due to excess vacancies, which also con-
tribute to the total stored energy [10–12]. PAS enables the
direct determination of the concentration of vacancies and
can clearly distinguish between monovacancies and
vacancy clusters. Hence, using PAS, one can determine
whether UFG materials contain single vacancies or if
deformation-induced vacancies have agglomerated and
formed vacancy clusters.

In HPT processing a disk-shaped sample located
between two anvils is subjected to compressive pressure
of several gigapascals and simultaneously strained by a
rotating anvil. The shear strain c imposed on the disk dur-
ing HPT performed using N revolutions can be estimated
from the relationship [1,5]

c ¼ 2pNr
h

ð1Þ

where h denotes thickness of the deformed sample and r is
the sample radius. Hence, for a disk-shaped sample, the im-
posed strain increases with radial distance r, from zero at
the disk center up to a maximum value at the edge. As a
consequence, one can expect that the microstructure at
the center differs from that at the periphery. Indeed, HV
measurements performed across the diameter of HPT-de-
formed Cu [13] and Ni [14,15] revealed lower hardness at
the center compared to the periphery. The difference be-
tween the center and the periphery becomes smaller with
higher compressive pressure and higher number of turns.
A relatively homogeneous HV profile across the sample
was achieved using a combination of sufficiently high pres-
sure and number of revolutions. These results agree well
with strain gradient plasticity modeling of HPT processing
[16]. Recent investigations of HPT-deformed Cu–Ag alloy
[17] and high-purity Al [18] performed by scanning electron
microscopy revealed that straining occurs initially at the
periphery of the disk and with increasing strain the defor-
mation spreads towards the center. Observations of vortex

microstructures were reported in Refs. [17,18], suggesting
the occurrence of Kelvin–Helmholtz instabilities caused
by a difference in the local shear velocity between adjacent
positions. A variation in the concentration of small va-
cancy clusters with distance from the center was detected
by PAS in UFG Cu subjected to 5 HPT turns under a pres-
sure of 6 GPa [19]. This is another strong indication for
non-homogeneity in defect concentration across the sample
diameter.

2. Experimental

Technical-purity Cu (99.95 wt.%) specimens were sub-
jected to quasi-constrained HPT straining at room temper-
ature. Samples processed under two different compressive
pressures (2 and 4 GPa) were compared. The evolution of
the microstructure was investigated by the measurement
of samples subjected to 1, 3, 5, 10, 15 and 25 HPT revolu-
tions. HPT-deformed specimens were disk shaped, with a
diameter of �9 mm and a thickness of �0.3 mm.

PAS investigations were performed using a fast–fast
positron lifetime spectrometer [20] with a time resolution
of 150 ps (FWHM 22Na). At least 107 annihilation events
were accumulated in each LT spectrum. A 22Na2CO3 pos-
itron source with diameter of �3 mm and activity of
�1 MBq was used. The mean penetration depth of posi-
trons emitted by this source into Cu amounts to �30 lm.
The source contribution representing a contribution of
positrons annihilated in the 22Na2CO3 spot and the cover-
ing mylar foil consisted of two weak components with life-
times of 0.368 and 1.5 ns and relative intensities of 8% and
1%.

TEM observations were carried out on a JEOL JEM
2000 FX electron microscope operating at 200 kV. Foils
for TEM were prepared by electrolytic polishing in STRU-
ERS TENUPOL 5 jet-polishing unit using 50% H3PO4 at
10 �C.

XRD measurements were carried out with the aid of an
X’Pert Pro powder diffractometer (PANalytical) using fil-
tered Cu Ka radiation. Detection of scattered X-rays was
performed with a PIXCel position-sensitive detector (PAN-
alytical). Line-profile analysis was done using the whole
pattern fitting program MStruct described in Refs.
[21,22], which was developed at the Charles University in
Prague as an extension of the Fox code for structure solu-
tion from power diffraction [23].

The HV was measured by STRUERS Duramin 300
hardness tester using a load of 100 g applied for 10 s.

3. Results and discussion

3.1. TEM

As shown schematically in Fig. 1A, foils for TEM inves-
tigations (£ = 3 mm) were cut (i) from the center of the
sample (r = 0) and (ii) from the periphery (r = 3 mm).
TEM observations of the sample subjected to 1 HPT
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revolution revealed a microstructure similar to that
reported in Ref. [7], i.e. a heavily deformed structure with
a high density of dislocations and a strong stress field both
at the center and at the periphery. The microstructure at
the center exhibits features typical of the initial stages of
dislocation rearrangement, i.e. the formation of cells with
lowered dislocation density separated by dislocation walls.
On the other hand, a more refined microstructure was
observed at the periphery.

Fig. 2A shows the microstructure at the center of a sam-
ple subjected to 15 HPT turns using a pressure of 4 GPa.
The microstructure at the center consists of dislocation
cells and sub-grains separated by tangled dislocations.

The periphery of the sample shown in Fig. 2B exhibits a
refined structure with a mean grain size of 200–300 nm,

which is in reasonable agreement with the prediction of
the second-order strain gradient model [16]. Hence, from
TEM investigation it is clear that the microstructure at
the center differs significantly from that at the periphery
even after 15 HPT revolutions. This again agrees well with
the second-order strain gradient model [16], which predicts
a coarser structure at the center persisting even after 5 HPT
turns.

3.2. Microhardness

The dependence of the microhardness on the radial dis-
tance r from the center is shown in Fig. 3 for Cu samples
subjected to HPT under the pressure of 4 GPa. The center
is characterized by a lower HV, the hardness increasing
from the center towards the edge of the sample. With
increasing number of HPT revolutions, the HV at the cen-
ter increases and the difference between the center and the
periphery becomes smaller.

Fig. 4 shows development of HV at three distances from
the center shown schematically in Fig. 1B: (i) the center
(r = 0 mm), the middle region (r = 1.5 mm) and the periph-
ery (r = 3.0 mm). The periphery is already characterized by
a high hardness (HV � 150) after the first HPT revolution.
There is no systematic development of HV with increasing
number of HPT turns except that statistical scattering can
be seen at the periphery. On the other hand, in the middle
region the HV increases with the number of HPT turns. In
the sample subjected to 15 HPT turns, the HV in the mid-
dle region reached the value (HV � 150) typical of the
periphery. This behavior indicates that the region charac-
terized by higher hardness extends from the periphery
towards the center with increasing number of HPT revolu-
tions. HV in the center gradually increases with increasing
number of HPT revolutions, testifying again that the

Fig. 1. Schematic illustration showing the regions in the sample investi-
gated in this work. (A) Regions cut from the sample for preparation of the
foils for TEM, i.e. the center region at r = 0 and the periphery region
centered at r = 3 mm. The same regions were examined by PAS. (B) The
circles at various distances from the center. The HV values shown in Fig. 4
were obtained by averaging the values measured on these circles: center
(r = 0 mm), middle (r = 1.5 mm) and periphery (r = 3.0 mm).

Fig. 2. A bright field TEM image of the sample subjected to 15 HPT turns: (A) center of the sample disk; (B) periphery of the sample.
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region with higher hardness extends from the periphery
towards the center. This is in accordance with the strain
gradient modeling [16] and demonstrates that a reasonably
homogeneous structure can be achieved after a sufficient
number of HPT turns. However, even the sample subjected
to 25 HPT turns exhibits an HV that is slightly lower at the
center than at the periphery.

The formation of a region with increased HV propagat-
ing towards the center was also observed in recent investi-
gations of HPT-deformed high-purity Al [18]. However,
contrary to our results, the region with enhanced HV
already extended to the center after 1 HPT revolution.
Moreover, the Al sample exhibited dynamic recovery and

grain growth, which again started at the periphery and
led to a softening. The recovered region propagated
towards the center with increasing number of HPT turns.
Complete homogenization with constant HV across the
whole sample was achieved after 20 HPT turns. Hence,
homogenization in HPT-deformed high-purity Al occurs
faster than in the technical-purity Cu studied here. This
could be due to the greater mobility of dislocations in Al,
which leads to rapid recovery and enables homogeneity
across the sample to be achieved more quickly than in
Cu. The results in Ref. [18] indicate that constant HV
across the whole Cu sample should also be achieved after
a sufficient number of HPT revolutions.

3.3. XRD

The area illuminated by the X-ray beam covered the
center of the specimen as well as the periphery. Therefore,
both the center and the periphery contribute to the
recorded diffraction pattern. The coherently scattering
domain size, i.e. the mean size of dislocation-free domains
corresponding approximately to the mean size of disloca-
tion cells, and the dislocation density determined by
XRD should therefore be regarded as an average over
the whole sample. Note that no significant differences in
the width of XRD reflections measured at the center and
at the periphery were found in a Cu sample subjected to
10 HPT revolutions [19]. Fig. 5 shows the domain size plot-
ted as a function of the number of HPT revolutions.
Already after the first HPT revolution the domain size
has reduced down to �100 nm. After two HPT turns the
domain size becomes approximately constant and basically
does not change further with increasing number of HPT
turns. Although the sample deformed using a pressure of
4 GPa exhibits slightly smaller domain size compared to
that deformed using a pressure of 2 GPa, the general trend
in development of domain size is similar in both samples. It
should be mentioned that the domain size determined by

Fig. 3. Dependence of the microhardness HV on the radial distance r

from the center of the sample disk. The data in the figure were measured
on Cu subjected to various numbers of HPT revolutions under a pressure
of 4 GPa. Each point is an average from several measurements performed
at the same distance r from the center (except for the HV value at the
center, r = 0).

Fig. 4. Development of microhardness with increasing number of HPT
turns in various regions: center (r = 0 mm), middle region (r = 1.5 mm)
and periphery (r = 3.0 mm). In the middle region and the periphery, each
point represents an average from several measurements performed at the
same distance from the center.

Fig. 5. The mean size d of coherently scattering domains determined by
XRD line-profile analysis plotted as a function of the number of HPT
revolutions.
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XRD is always smaller than the grain size estimated e.g. by
TEM [8]. This is because XRD provides the mean size of
coherently diffracting crystallites, i.e. regions with almost
perfect structure and without microstrains, which are
caused mostly by dislocations. Hence, contrary to grains
discernible by TEM, coherently scattering domains are
e.g. dislocation cells or sub-grains. These are not necessar-
ily separated by well-defined GBs.

The mean dislocation density qD determined by XRD
line-profile analysis is plotted in Fig. 6 as a function of
the number of HPT revolutions. The Cu samples deformed
using pressures of 2 and 4 GPa both exhibit a high density
of dislocations qD � 7 � 1015 m�2. This value is compara-
ble to the dislocation density reported on HPT-deformed
Cu and Ni [12,24] and is significantly higher than the dislo-
cation density found in Cu deformed by equal channel
angular pressing (ECAP) [10,11]. One can see in Fig. 6 that
the mean dislocation density is almost saturated and shows
only a very slight increase with increasing number of HPT
revolutions.

3.4. PAS

LT spectra of HPT-deformed Cu samples are well fitted
by two exponential components with lifetimes s1 and s2

and relative intensities I1 and I2 normalized so that
I1 + I2 = 100%. The evolution of lifetimes s1, s2 with
increasing number of HPT revolutions is plotted in
Fig. 7. Both lifetimes s1 and s2 are significantly longer than
the bulk positron lifetime in Cu sB = 114 ps [8,19]. Hence,
both components detected in HPT-deformed samples rep-
resent a contribution of positrons trapped at defects. The
shorter component, with dominating intensity, exhibits a
lifetime s1 � 164 ps, which agrees well with the lifetime of
positrons trapped at dislocations in Cu [8,25]. Thus, dislo-
cations created during severe plastic deformation represent
the dominating type of defects in HPT-deformed Cu sam-
ples. The longer component, with lifetime s2, can be attrib-
uted to positrons trapped in vacancy clusters (microvoids).
Fig. 8 shows the relative intensity I2 of this component as a
function of the number of HPT turns.

The lifetime of positrons trapped in vacancy clusters
increases with increasing size of cluster. Ab initio calcula-
tions of the lifetime of positrons trapped in vacancy clus-
ters of various sizes in Cu performed in Ref. [8] make it
possible to determine the mean size of vacancy clusters in
HPT-deformed samples from the lifetime s2. Fig. 9 shows
the dependence of the mean size of vacancy clusters
(expressed as the number of vacancies NVC in the cluster)
on the number of HPT turns. Vacancy clusters at the center
consist of 4–5 vacancies, i.e. they are smaller than the clus-
ters at the periphery, which consist of 7–9 vacancies. No
significant change in the size of vacancy clusters with
increasing number of HPT turns was observed.

Since vacancies in Cu become mobile below room tem-
perature [26], it is expected that vacancies created during
HPT processing either disappear by diffusion to sinks or
agglomerate into small clusters. These clusters are respon-
sible for the component with the lifetime s2 detected in the

Fig. 6. The mean dislocation density qD determined by XRD line-profile
analysis plotted as a function of the number of HPT revolutions.

Fig. 7. Lifetimes s1 (full symbols) and s2 (open symbols) of the exponential components resolved in LT spectra of HPT-deformed samples plotted as a
function of the number of HPT revolutions performed using pressures of 2 and 4 GPa. The lifetimes measured in the center of each sample (r = 0) and at
the periphery (r = 3 mm) are compared in the figure.
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LT spectrum. Since there is competition between positron
trapping at dislocations and in vacancy clusters, and
deformed samples exhibit a high dislocation density, the
appearance of the contribution from positrons trapped in
vacancy clusters testifies to the very high concentration of
vacancies in HPT-deformed samples. Indeed, vacancy clus-
ters were detected in metals subjected to severe plastic
deformation, e.g. HPT-deformed Cu [8,19,27], Ni [27,28]
and Cu deformed by ECAP [29]. On the other hand, no
vacancy clusters were detected in conventionally cold-
rolled Cu [25]. From inspection of the PAS results shown
in Figs. 7–9, one can draw the following conclusions:

(i) There is always a significant difference between the
center of the sample (r = 0) and the periphery
(r = 3 mm). In particular, the peripheral region con-

tains larger vacancy clusters than the central region
and has a higher contribution of positrons trapped
in vacancy clusters.

(ii) The intensity I2 increases during HPT processing.
Hence, the contribution of positrons trapped in
vacancy clusters increases with increasing number
of HPT turns.

(iii) The samples deformed under pressures of 2 and
4 GPa exhibit very similar results.

3.5. Estimation of defect densities

No free positron component could be resolved in the LT
spectra of HPT-deformed samples. This testifies to the very
high density of defects. Already after the first HPT revolu-
tion defect density in the sample becomes so high that every
positron is very quickly trapped at some defect (saturated
positron trapping). The ratio I2/I1 of the relative intensities
of positrons trapped in vacancy clusters and in dislocations
is plotted in Fig. 10. Because of the saturated positron trap-
ping, the ratio of intensities is directly proportional to the
ratio of defect concentrations:

I2

I1

¼ mVCcVC

mDqD
ð2Þ

Here cVC denotes the concentration of vacancy clusters and
qD stands for the dislocation density. The symbols mVC and
mD denote the specific positron trapping rate to vacancy
clusters and dislocations, respectively. The specific positron
trapping rate for a small vacancy cluster consisting of NVC

vacancies (NVC 6 10) is proportional to the number of
vacancies mVC ¼ NVCmV , where mV = (1.2 ± 0.2) � 1014 at s�1

[30] is the specific positron trapping rate for vacancy in Cu.
The specific positron trapping rate for dislocations in Cu
mD = 0.6 � 10�4 m2 s�1 was estimated in Ref. [31]. Using
Eq. (2) and the dislocation density qD determined by

Fig. 8. The relative intensity I2 of the component representing a
contribution of positrons trapped in small vacancy clusters plotted as a
function of number of HPT revolutions. Results measured in the center
(r = 0) and at the periphery (r = 3 mm) are compared in the figure.

Fig. 9. The mean size of vacancy clusters (expressed as the average
number of vacancies NVC in the cluster) at the center and at the periphery
of HPT-deformed samples.

Fig. 10. The ratio I2/I1 of intensities of positrons trapped in vacancy
clusters and positrons trapped at dislocations plotted as a function of the
number of HPT revolutions. Results measured in the center of each
sample (r = 0) and at the periphery (r = 3 mm) are compared in the figure.
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XRD line-profile analysis, one can estimate the concentra-
tion of vacancy clusters in an HPT-deformed sample:

cVC ¼
I2

I1

mD

NVCmV
qD ð3Þ

Fig. 11 shows the concentration of vacancy clusters cal-
culated using Eq. (3) as a function of the number of HPT
revolutions. The concentration of vacancy clusters is simi-
lar in the samples deformed using pressures of 2 and
4 GPa. Moreover, the concentration of vacancy clusters
at the center and at the periphery is comparable. However,
the size of vacancy clusters at the periphery is roughly twice
that at the center. The concentration of vacancy clusters
increases with the number of HPT revolutions from 1.0
to 2.5 � 10�4 at�1. Note that a comparable concentration
of vacancy clusters falling in the range (1.5–
4.5) � 10�4 at�1 was estimated from DSC data in Ref.
[24] in Cu subjected to HPT deformation under pressures
of 4 and 8 GPa.

Since vacancy clusters were formed by agglomeration of
vacancies, one can estimate the concentration of vacancies
in the sample simply as

cV ¼ N VCcVC ¼
I2

I1

mDqD

mV
ð4Þ

The concentration of vacancies obtained using Eq. (4) is
plotted in Fig. 12 as a function of the number of HPT rev-
olutions. The periphery exhibits enhanced concentration of
vacancies due to larger size of vacancy clusters. The con-
centration of vacancies at the center of the sample as well
as at the periphery increases with increasing number of
HPT revolutions. This result testifies that the concentration
of vacancies increases with increasing strain. Similar behav-
ior was observed in Ref. [24]. The estimated concentration
of vacancies in HPT-deformed Cu falls in the interval (0.4–
2.0) � 10�3 at�1. This concentration of vacancies is higher

than the cV � (1–4) � 10�4 at�1 estimated in Cu deformed
by ECAP [11]. It should be emphasized that Fig. 12 shows
vacancies which agglomerated into vacancy clusters. This is
only a fraction of the total number of vacancies created
during plastic deformation because some vacancies disap-
peared by diffusion to sinks at GBs or were annihilated
by climbing dislocations. The total concentration of vacan-
cies ctot generated by plastic deformation is proportional to
the plastic work applied to the material [32]:

ctot �
AV

G

Z e

0

sdc ð5Þ

Here s is the shear stress, c is the strain and G = 48.3 GPa
[33] is the shear modulus for Cu. The factor AV � 10�2 [34]
represents the fraction of the plastic work stored in vacan-
cies. Substitution of Eq. (1) into Eq. (5) assuming maxi-
mum shear stress s = Mr/I, where M � 5 Nm is torque
and I = pR4/2 � 640 mm4 is the polar moment of inertia
of the sample disk with diameter R, yields a rough estima-
tion of the net concentration of vacancies:

ctot �
AV

G
4Mr2

R4h
N ð6Þ

The total concentration of vacancies created by plastic
deformation at the periphery (r = 3 mm) of the Cu speci-
mens subjected to 1 and 25 HPT turns, respectively, esti-
mated by Eq. (6), is ctot � 0.2 and 8.0 � 10�3 at�1. These
values are of a similar order of magnitude as experimental
values (see Fig. 12), taking into account that Eq. (6) can
give only a very rough estimate. Obviously some deforma-
tion-induced vacancies disappeared by diffusion into sinks
at GBs or were annihilated by climbing dislocations. This
effect is more pronounced at higher numbers of HPT turns
and leads to an actual increase in vacancy concentration in
the HPT-deformed sample that is lower than that predicted
by Eq. (6).

Fig. 11. The concentration of vacancy clusters cVC calculated using Eq.
(3) plotted as a function of the number of HPT revolutions. Results
measured in the center of each sample (r = 0) and at the periphery
(r = 3 mm) are compared in the figure. The solid line is only a visual guide.

Fig. 12. The concentration of vacancies which formed vacancy clusters
estimated using Eq. (4) plotted as a function of the number of HPT
revolutions. Results measured in the center of each sample (r = 0) and at
the periphery (r = 3 mm) are compared in the figure.
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4. Conclusions

Two types of lattice defects were found in Cu subjected
to HPT deformation: (i) a high density of dislocations of
the order of �7 � 1015 m�2 and (ii) small vacancy clusters,
which were formed by agglomeration of deformation-
induced vacancies. This proves that a very high concentra-
tion of vacancies is created during HPT processing. Inves-
tigation of the spatial distribution of defects across the disk
sample revealed that the center of the specimen is charac-
terized by a coarser structure, smaller size of vacancy clus-
ters (i.e. lower concentration of vacancies) and lower
hardness compared to the periphery. This is due to the fact
that strain caused by torsion increases with the distance
from the center of the sample disk. The concentration of
deformation-induced vacancies increases with increasing
strain, which leads to the formation of larger vacancy clus-
ters at the periphery.
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