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Thermal stability of ultra-fine grained (UFG) nickel (mean grain size 114 nm) prepared by high
pressure torsion was studied by means of positron-lifetime spectroscopy (PLS) combined with
TEM. The experimental results obtained by PLS are interpreted using the diffusion trapping mod-
el, which allows for determination of important physical parameters characterizing the specimens.
The microstructure of the material studied is strongly inhomogeneous. The grain interiors with low
dislocation density are separated by distorted regions with high numbers of dislocations. We have
found that positrons are trapped at dislocations inside the distorted regions and in the microvoids
situated inside the grains. Structure evolution with increasing temperature was studied in details
using isochronal annealing of the specimen. We have found that recovery of the UFG structure
involves the abnormal grain growth followed by further recrystallization in the whole volume of
samples. It was shown that PLS is sensitive to structure changes, caused by the magnetostriction
phenomenon.

1. Introduction

Recently it has been found that techniques based on severe plastic deformation can be
used to produce ultra-fine grained (UFG) materials. Particularly high presure torsion
(HPT) allows for preparation of UFG materials with a mean grain size about 100 nm
[1, 2]. Similarly to nanocrystalline (NC) materials prepared e.g. by the gas condensation
technique (GCM) [3], the UFG materials exhibit a number of unusual physical and
mechanical properties and become, therefore, highly attractive for materials science.
Moreover, the UFG materials appeared to be promising for further industrial applica-
tions. In particular the UFG materials are characterized by high srengthened state [4]
and enhanced ductility and superplasticity [2, 5]. In addition, they exhibit changes of
usually structure-insensitive parameters as elastic moduli, Curie and Debye tempera-
ture, saturation magnetization etc. [2, 6]. These properties are induced by significant
volume fraction of grain boundaries (GBs) in the UFG materials.
However, the UFG structure becomes usually unstable at elevated temperatures. As

the advantageous properties are bound to the UFG structure, information about ther-
mal stability of these materials is very valuable. Moreover, the UFG structure repre-
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sents highly non-equilibrium solid state, therefore, its evolution with temperature is
very interesting. Clearly, detailed information about thermal stability of the UFG mate-
rials is necessary also for their further exploitation in industry.
In recent years, several works [7–12] have been devoted to investigation of thermal

evolution of structure occurring in UFG material during heating. These investigations
have revealed that recovery of UFG structure involves grain growth and relaxation of a
non-equilibrium defect structure of specimens. The processes, which take place during
isochronal annealing of UFG Cu and Ni prepared by HPT have been studied by TEM,
electrical resistometry, microhardness, DSC and XRD [7]. These investigations have
revealed that significant recovery of electrical resistivity and relaxation of elastic strains
precedes the grain growth observed at 175 �C in the case of UFG Ni. The decrease of
electrical resistivity, which occurs prior to the grain growth, is caused by recovery of
defects and relaxation of elastic strains [7].
Thus, recovery of defects interferes with the grain growth during thermal evolution of

UFG structure. It is, therefore, important to have separate information regarding beha-
vior of defects with increasing temperature. Positron lifetime spectroscopy (PLS) is a
well established technique for investigation of open-volume defects in solids [13]. Thus,
PLS measurement correlated with other techniques is an ideal tool for investigation of
evolution of defect structure of UFG materials.
It is known that the UFG materials prepared by HPT exhibit microstructure with

large angle missorientation of neighboring grains [1, 7]. The grain interiors (non-dis-
torted regions) almost free of dislocations are separated by distorted layers along GBs
with high dislocation density and elastic strains [1]. Our investigations [9, 10] of thermal
stability of UFG Cu by means of PLS correlated with TEM and XRD have revealed
two types of defects present in this material: (i) dislocations situated in the distorted
regions along GBs and (ii) microvoids with a size comparable to a few vacancies dis-
tributed homogeneously throughout the grains. In the case of UFG Cu we have found
that isolated dislocation-free grains are formed in the deformed matrix (abnormal grain
growth) with increasing temperature prior to the recrystallization [10]. Recovery of the
microvoids takes place during the abnormal grain growth as well as due to the recrys-
tallization. At the same time the mean size of the microvoids increases. It is assumed
that some size distribution of the microvoids is present in the UFG Cu and only the
largest ones from this distribution survive in the recrystallized specimen [10].
The comparison of available works dealing with thermal evolution of UFG structure

[7–11] indicates that thermal stability of the UFG metals depends substantially on the
initial grain size and the selected materials.
It is highly interesting whether the recovery of the UFG structure is made by similar

processes also in UFG metals other than Cu. Thus, we have chosen UFG Ni in the pre-
sent work, which is of great interest due to its ferromagnetic properties. An increasing
number of GB dislocations was found on Ni step-by-step isochronaly annealed above
Curie temperature Tc ¼ 358 �C , which is reflected by increase of electrical resistivity [7].
This phenomenon is caused by magnetostriction during quenching of specimens [14] and
may lead to a significant difference between recovery processes in UFG Cu and Ni.
The aim of the present work is investigation of the thermal evolution of the structure

of UFG Ni prepared by HPT. The structure changes and recovery of defects was stu-
died by PLS correlated with TEM. The investigation was performed on the same UFG
Ni samples on which TEM, electrical resistivity, microhardness, DSC and XRD meas-
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urements were made in Ref. [7]. Thus, the results of our measurements obtained in the
present work can be directly correlated with those obtained by other techniques in Ref.
[7]. We developed a model for positron behavior in the UFG materials [10], which
takes into account their specific structure, and allows for determination of physical
parameters as the mean size of the non-distorted regions (the mean size of coherent
domains), the volume fraction of the distorted regions, the dislocation density, and the
concentration of microvoids, from experimental positron-lifetime spectra. This model
called hereafter diffusion trapping model was successfully used in investigation of ther-
mal stability of UFG Cu [10] and was applied in the present work also on UFG Ni.

2. Experimental

2.1 Specimens

In order to fabricate the UFG structure the Ni (99.98%) specimens were subjected to
HPT under pressure of 6 GPa up to logarithmic degree of deformation e ¼ 7 [1]. The
deformation was performed at room temperature. The mean grain size of 114 nm in the
as-prepared UFG Ni was determined by TEM [7]. The UFG specimens were disk
shaped with diameter 10 mm and thickness 0.25 mm.
After characterization of the as-prepared state, the specimens were subjected to iso-

chronal annealing with an effective heating rate of 1 �C/min (in steps 30 �C/30 min).
The annealing was carried out in silicon oil base up to 250 �C and in vertical furnace
with protective argon atmosphere above this temperature. Each annealing step was
finished by rapid quenching into water of room temperature. The PLS and TEM meas-
urements were carried out at room temperature.

2.2 Positron-lifetime spectroscopy

Positron-lifetime spectrometer similar to the fast–slow one described in Refs. [15, 16]
was employed in the present work. The spectrometer was modified recently with pur-
pose to enhance coincidence count rate keeping simultaneously the excellent timing
resolution (for details see Refs. [16, 17]). The main improvement with respect to the
device [15] consisted in selection of the coincidence events by means of summing the
energy signals as described in Refs. [16, 17]. The timing resolution of the spectrometer
was 150 ps (FWHM) for 22Na at a typical coincidence counting rate of 75 s�1. A 22Na
positron source of activity of �1:3 MBq sealed between two mylar foils of thickness of
2 mm was used. At least 107 counts were collected in each positron-lifetime spectrum.
Measured spectra were decomposed by means of maximum-likelihood procedure [18]
into up to five exponential components. The time-resolution function of the spectro-
meter was considered as a sum of the three gaussians and was fitted simultaneously
with the other parameters (for details see Refs. [16, 18]).

2.3 Transmission electron microscopy

Observations of microstructure were performed on the JEOL 2000 FX electron micro-
scope operating at 200 kV with EDX system LINK AN 10000. Thin foils for TEM
were electropolished in a twin-jet device TENUPOL 2. The electropolishing was per-
formed in 30% solution of HNO3 at �20 �C.
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3. Results and Discussion

3.1 As-prepared state

The bright field TEM image of as-prepared specimen is shown in Fig. 1. The mean
grain size of 120 nm was found in agreement with Ref. [7]. As one can see in Fig. 1, the
specimen exhibits fragmented structure with strongly inhomogeneous distribution of
dislocations. The grain interiors almost free of dislocations are separated by distorted
regions with high dislocation density, see Fig. 1a. The electron diffraction pattern, see
Fig. 1b, testifies high-angle misorientation of neighboring grains. ‘‘Diffusion contrast” of
GBs, see Fig. 1a, indicates non-equilibrium state of majority of GBs and existence of
elastic stresses, which are caused by the non-equilibrium GBs.
The positron-lifetime spectrum of as-prepared specimen is well fitted by two expo-

nential components (except of the source contribution) with lifetimes t2 ¼ ð157� 1Þ ps
and t3 ¼ ð336� 8Þ ps, respectively. Lifetimes of both the components lie substantially
above the Ni bulk lifetime tB ¼ 108 ps [19]. It clearly indicates that both the compo-
nents come from positrons trapped at defects. The lifetime t2 is slightly lower than the
lifetime of positrons trapped in Ni monovacancies t1v ¼ 180 ps [20], which is typical for
the lifetime of positrons trapped at dislocations [21]. Note that the dislocation line itself
represents only a shallow trap for positrons (positron binding energy < 0:1 eV). It is
not compatible with the lifetimes found in deformed metals, which are only slightly
shorter than those for monovacancies (positron binding energy �1 eV) [21]. Thus, it is
generally accepted [21–23] that positrons trapped at a dislocation line diffuse quickly
along the line and are eventually trapped at point defects associated with the disloca-
tion as a vacancy bound to dislocation or jog at dislocation. Indeed, the lifetime of
positrons trapped in a vacancy bound to dislocation in Ni was calculated to be about
160 ps [24]. Moreover, a component with lifetime ð157� 2Þ ps was found experimen-
tally on plastically deformed Ni [25]. For simplicity in the following text the statement
‘‘positron trapped at dislocation” will mean the process involving temporally trapping
of a positron in the dislocation line and its final annihilation in a point defect associated
with the dislocation as was explained above.
TEM investigations of UFG Ni have revealed a high number of dislocations situated

inside the distorted layers along GBs. Thus, it is natural to attribute the first component

394 J. Čížek et al.: Positron-Lifetime Investigation of Thermal Stability

Fig. 1. a) Bright field TEM image and b) diffraction pattern of the as-prepraed UFG Ni



with lifetime t2 to positrons trapped at dislocations inside the distorted regions. The
relative intensity of this component is 80%, i.e. the majority of positrons in the as-pre-
pared specimen annihilates from trapped state at dislocations.
Vacancies in Ni become mobile at 100 �C [26, 27]. Not only a remarkably shorter life-

time t2 ¼ 157 ps, but also a relatively high thermal stability of this component, see Figs. 2,
3, and in particular no change of t2 after annealing above 100 �C indicate that the contri-
bution of single vacancies to this component is negligible. It means that in the UFG Ni,
vacancies introduced into the material due to plastic deformation are recovered even at
room temperature probably due to higher deformation energy stored in the UFG materi-
al and, thereby, also higher driving force for recovery of non-equilibrium defects.
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Fig. 2. Lifetimes of the components resolved in positron-lifetime spectra as a function of annealing
temperature. The lifetime t2 exhibits only statistical fluctuations around the mean value of 157 ps,
which is indicated in the figure by the dotted line

Fig. 3. Temperature dependence of relative intensities of spectral components



The component with lifetime t3 (relative intensity 20%) comes from positrons
trapped at larger defects with free volume comparable to that of a few monovacancies.
In similar manner as in the case of UFG Cu [10], we attribute this component to posi-
trons trapped in microvoids distributed homogeneously throughout the grains. It is
known from PLS studies of deformed Cu [28] that strong plastic deformation often
introduces the microvoids into the specimen. Thus, the microvoids apparently were
created in the UFG Ni due to severe deformation.
We note that a number of PLS studies of NC metals prepared by GCM have re-

vealed also the existence of vacancy-like traps of positrons and some larger defects with
a lifetime from 300 to 450 ps [29–32]. The larger defects in NC materials are attributed
by most authors to defects situated at triple junctions of GBs (triple points) [29]. How-
ever, in the case of UFG materials the defects responsible for the lifetime t3 are situ-
ated inside grains [10].
One can easily estimate the trapping rate to defects situated in the triple junctions in

NC and UFG materials. If we approximate a grain by a cube with side d, then there is
one triple point per grain. Thus, atomic concentration of the triple points ct can be
expressed

ct ¼
1

d3nNi
; ð1Þ

where nNi is the atom density, i.e. the number of atoms in a unit volume. Firstly we
make this estimation for typical NC material with grain size d ¼ 10 nm. In such a case
we obtained ct ¼ 1:1� 10�5 at.�1. Further we assume that one defect is situated at each
triple point. A free volume of these defects corresponds to that of ten vacancies, see
Section 3.3. Under these assumptions, we can estimate the positron trapping rate K for
these defects.

K � ctnn1v ; ð2Þ

where n ¼ 10 and n1v denotes the specific positron trapping rate for monovacancy.
Hence, the specific trapping rate for a microvoid is assumed to be roughly proportional
to the number of vacancies in the microvoid. Typically n1v ¼ ð1014–1015Þ at. s�1 in me-
tals [13]. Therefore, we used n1v ¼ 5� 1014 at. s�1 in this estimation. For typical NC
nickel, we obtained K � 6� 1010s�1. This trapping rate is comparable or higher than
the bulk annihilation rate lB ¼ 1=tB ¼ 9:2� 109 s�1. Secondly we make the same esti-
mation for typical UFG Ni with grain size d ¼ 100 nm. For such material we obtained
K � 6� 107 s�1, which is more than two orders of magnitude lower than the bulk anni-
hilation rate. Thus, in contrary to NC materials, the concentration of defects situated in
the triple points is too low to represent noticeable contribution to positron-lifetime
spectra in UFG materials. Hence, this simple estimation supports our interpretation
regarding the microvoids in the UFG Ni.
Note that a lifetime of 230 ps was reported by some authors for deformed Ni [33].

This lifetime is certainly too high to be attributed to positrons trapped at dislocations.
Clearly, it is an effective value, which involves contribution of positrons trapped at dis-
locations as well as those trapped in microvoids.
Hence, we conclude that similarly to UFG Cu, positrons are trapped at dislocations

inside the distorted regions and in the microvoids distributed homogeneously through-
out the grains. The fact that no contribution of free positrons was resolved in the posi-
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tron-lifetime spectrum, i.e. all positrons are trapped at defects in the as-prepared state,
is not surprising as most of the positrons are trapped at dislocations inside the distorted
regions along GBs and the mean grain size of 114 nm is comparable with the mean
positron diffusion length Lþ ¼ 150 nm in defect free Ni.

3.2 Isochronal annealing

The mean lifetime t is a robust statistic parameter, which is not affected by the as-
sumed number of components or constraints made in the fit of the positron-lifetime
spectrum. Thus, it is reasonable to use t firstly as an integral characteristics of evolution
of the UFG structure with temperature. Temperature dependence of t for the UFG Ni
is shown in Fig. 4. One can see in Fig. 4 that no essential change of t takes place up to
160 �C. The main decrease of t occurs in the temperature region from 190–340 �C. An
interesting feature is that from 350 �C t starts to increase again, see Fig. 1, and reaches
its maximum at 430 �C. Such kind of behavior was not observed on UFG Cu [10].
Above 430 �C t decreases back and remains roughly constant at higher annealing tem-
peratures.
It is clear from the temperature dependence of t that the main recovery of defects

occurs between 190 and 340 �C. The increase of t from the Curie temperature (358 �C)
is most probably caused by magnetostriction phenomena during quenching, which is
responsible also for the observed increase of electrical resistivity above the Curie tem-
perature [7, 12]. The increasing number of dislocations in the vicinity of GBs was ob-
served in quenched UFG Ni annealed above the Curie Temperature [12].
More detailed information about processes, which take place during the recovery of

the UFG structure can be obtained from the decomposition of positron-lifetime spectra
to individual components. The positron-lifetime spectra of UFG Ni are well fitted by
two exponential components with the lifetimes t2 and t3, respectively up to tempera-
ture 220 �C. Above 220 �C, an additional component with lifetime t1 appears in the
positron-lifetime spectra. Thus, above 220 �C, the positron-lifetime spectra are well
fitted by three exponential components. Temperature dependencies of the lifetimes t1,
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Fig. 4. Temperature dependence of the mean lifetime t



t2 and t3 and corresponding relative intensities are shown in Fig. 2 and Fig. 3, respec-
tively. As one can see in Fig. 2 the lifetime t1 lies well below 100 ps and therefore
represents a contribution of free positrons. The lifetime t2 does not exhibit any change
with annealing temperature except of statistical fluctuations around the mean value of
157 ps (shown by the dotted line in Fig. 2). On the other hand, the lifetime t3 increases
(up to 190 �C), while at higher temperatures t3 decreases (up to 300 �C), see Fig. 2.
Above the Curie temperature t3 exhibits slight gradual increase. The decrease of t3
with temperature in the interval of 190–300 �C is a rather surprising effect as in the
case of UFG Cu the lifetime t3 exhibited an opposite behavior [10].
The relative intensity I2 remains constant to 130 �C, then it exhibits a slight increase

in the temperature interval from 130–200 �C, see Fig. 3. This slight increase is corre-
lated with a decrease of I3 in this temperature range. This effect indicates abnormal
grain growth, which takes place also in UFG Cu prior to recrystallization [10, 11]. Iso-
lated recrystallized grains appear in the practically unchanged deformed matrix. Simi-
larly to the case of UFG Cu [10], the abnormal grain growth leads to a slight decrease
of the number of the microvoids reflected by a decrease of I3, while the dislocation
density remains unchanged. Hence, the number of microvoids in the isolated recrystal-
lized grains is lower.
A bright-field TEM image of the UFG Ni specimen annealed up to 190 �C is shown

in Fig. 5a. The corresponding diffraction pattern is shown in Fig. 5b. The isolated recrys-
tallized grains are present in the deformed matrix in the specimen annealed up to
190 �C, see Fig. 5a. It indicates the abnormal grain growth in this temperature interval.
It was estimated that the fraction of abnormaly grown grains is about 5% at 190 �C.
The recrystallized isolated grains are almost free of dislocations and contain the anneal-
ing twins.
Above 200 �C I2 decreases dramatically, see Fig. 3, which indicates recovery of dislo-

cations. The slope of this decrease changes at 300 �C, above this temperature I2 continu-
ously decreases more moderately. Above 200 �C, where the radical decrease of I2 starts,
the free positron component with relative intensity I1 appears in the positron-lifetime
spectrum. A comparison of PLS and TEM observation leads to the conclusion that the
radical decrease of t and I2, see Figs. 3 and 4, respectively, in the temperature interval
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200–400 �C takes place due to recrystallization. Below the term recrystallization will be
used for description of the structure changes in the temperature interval 200–400 �C.
This term will be associated with grain coarsening in the whole volume of sample ob-
served after the abnormal grain growth. The distorted regions with high dislocation
density are consumed by recrystallized grains, leading to a substantial decrease of dislo-
cation density.
Bright field TEM image and the electron diffraction pattern of the specimen an-

nealed up to 250 �C is shown in Figs. 6a and b, respectively. The specimen annealed up
to 250 �C is characterized by a recrystallized structure with isolated regions of a non-
recrystallized initial deformed matrix, see Fig. 6a. The fraction of recrystallized volume
is about 80% at 250 �C. Similarly to the case of the abnormal grain growth, the anneal-
ing twins were found inside the recrystallized grains.
The fraction of non-recrystallized volume decreases to only about 1% at the speci-

men annealed up to 380 �C. The bright-field TEM images for the specimen annealed up
to 380 and 400 �C are shown in Figs. 7a and b, respectively. The specimen annealed up
to 400 �C exhibits a fully recrystallized structure. The presence of the annealing twins in
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Fig. 6. a) Bright field TEM image and b) diffraction pattern of UFG Ni annealed up to 250 �C

Fig. 7. Bright field TEM image of the UFG Ni specimen annealed up to a) 380 �C and b) 400 �C



the recrystallized grains is a typical feature of the recrystallized sample similarly as in
the case of UFG Cu [10].
Note that the same sequence, i.e. the abnormal grain growth followed by the recrys-

tallization was also found in UFG Cu [10, 11]. Further decrease of I2 above 400 �C is
probably due to growth of recrystallized grains.
The relative intensity I3 corresponding to the microvoids remains virtually unchanged

or even slightly increases during the recrystallization. At the same time the correspond-
ing lifetime t3 decreases during the recrystallization. Both these trends are opposite to
those observed during the recrystallization in UFG Cu [10]. Hence, in contrary to UFG
Cu, the larger microvoids in Ni seem to decay to smaller ones during the recrystalliza-
tion. The decrease of the mean size of microvoids is reflected by the decrease of t3,
while the increase of their concentration is reflected by the increase of I3, see Figs. 2
and 3, respectively.
Above the Curie temperature (358 �C), the lifetime t3 slightly increases, which indi-

cates the increase of the mean size of the microvoids. The relative intensity I3 exhibits
also moderate increase above the Curie temperature.
An interesting picture about the evolution of both kinds of defects with increasing

temperature may be seen in Fig. 8, where temperature dependence of the ratio I3=I2 is
shown. The two different processes, i.e. the abnormal grain growth and the recrystalliza-
tion, are indicated by a different slope of the I3=I2 ratio dependence. Clearly, after
initial decrease in the temperature interval of 130–200 �C due to the abnormal grain
growth, the ratio I3=I2 continuously increases above 200 �C. It indicates that in the
UFG Ni the microvoids are more stable with respect to temperature than dislocations.
Similar behavior of the relative intensities of vacancy-like and larger defects with tem-
perature was observed also in NC Cu prepared by GCM [30].

3.3 Microvoids

In the present section a special attention is focused to the microvoids. We note that
important profit of using PLS study on the present material consists in its ability to
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bring valuable information regarding the microvoids (concentration, mean size), which
can hardly be provided by other techniques due to their small size. The lifetime t3 of
positrons trapped in the microvoids brings information about the size of the microvoids.
The dependence of positron lifetime on the size of a vacancy cluster was calculated in
Ref. [34] for Ni. Using the results of this calculation, one can determine from the life-
time t3 the linear size dv (diameter) of the microvoids as a function of annealing tem-
perature. This dependence is plotted in Fig. 9. In addition to the diameter dv of micro-
void, the number of vacancies n making up the microvoid, is shown in Fig. 9. We
assume that some size distribution of the microvoids is present in the UFG specimen.
Then the diameter dv represents the center-of-mass of this distribution. In order to
determine the shape of this distribution and its possible changes with temperature, addi-
tional PLS studies, which consider continuous distribution of positron lifetimes in de-
composition of the experimental spectra, are required. An attempt to perform such
analysis is currently in progress.
One can see in Fig. 9 that dv exhibits firstly some increase, which may be caused by

relaxation of the elastic strains. The maximum of dv corresponds to 160 �C, when the
abnormal grain growth occurs. A significant decrease of dv occurs during the recrystalli-
zation (200–300 �C), see Fig. 9. This behavior can be explained only as decay of larger
microvoids to smaller ones during the recrystallization. Above the Curie temperature
(358 �C), dv moderately increases.
Note that the mean diameter of the microvoids at 520 �C (�0:55 nm) is lower than

the initial one (�0:65 nm), see Fig. 9. This feature is completely opposite to that ob-
served in UFG Cu [10].

3.4 Application of the diffusion trapping model

In order to obtain more physical parameters related to the UFG structure of the stu-
died specimen, we used the diffusion trapping model developed by us for the UFG
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Fig. 9. Diameter dv of the microvoids as a function of temperature. The diameter dv was calcu-
lated from t3 using results of theoretical calculations [34]. The number of vacancies n, from which
the microvoid consists is shown on the left vertical axis



materials [10]. The model is completely described in Ref. [10]. Here we give only the
assumptions of the model. We consider that UFG material consists of spherical non-
distorted regions (grain interiors) with radius R separated by the distorted regions (dis-
torted layers along GBs) of thickness d. Positrons inside the distorted regions annihilate
from trapped state at dislocations, while positrons inside the non-distorted regions anni-
hilate as free or trapped in microvoids. Moreover, the free positrons inside the non-
distorted regions diffuse throughout the specimen and may reach a distorted region and
be trapped here. On the base of TEM investigations [7, 10], we use d ¼ 20 nm. The
positron diffusion coefficient for Ni is Dþ ¼ 2:2 cm2s�1 [35].
The application of the model leads to a diameter of the non-distorted region 2R,

which is shown as a function of temperature in Fig. 10. It should be pointed out that 2R
does not correspond to the mean grain size obtained e.g. using TEM. It is due to a
different definition of grain size, which is connected to a change of contrast in the TEM
image inside the grain and at a GB. On the other hand, the size of the non-distorted
region is correlated with a different dislocation density inside the distorted and the
non-distorted regions. The mean size of the non-distorted regions 2R thus corresponds
rather to the mean size of coherent domain determined by XRD [7], which is also
directly connected to the dislocation density. It is known that in the UFG materials the
mean size of a coherent domain determined by XRD is remarkably lower than the
grain size obtained by TEM [7, 10]
The temperature dependence of the volume fraction h of the distorted regions is also

shown in Fig. 10. Note that the model cannot be used when saturation trapping of
positrons in defects occurs. Thus, in our case the model can be applied only to anneal-
ing temperatures above 200 �C.
Up to 250 �C, the mean size of the non-distorted regions 2R ¼ ð80� 10Þ nm was

obtained, see Fig. 10. As the deformed matrix remains practically unchanged during the
abnormal grain growth, we assume that a similar value of 2R corresponds also to an as-
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Fig. 10. Temperature dependence of the mean size of the non-distorted regions 2R (� � �) and the
volume fraction h (� � � � � � �) of the distorted regions obtained using the diffusion model. The
smooth solid line represents the fit of temperature dependence of h using Eq. (7), see text



prepared state of the specimen. This value of 2R lies somewhere between the size of
the coherent domain of 50 nm obtained using XRD and the grain size of 114 nm deter-
mined by TEM [7]. Thus, as expected the mean size of the non-distorted regions is
smaller than the mean grain size determined by TEM. It should be pointed out that the
mean size of the non-distorted regions and the mean grain size have to be distinguished
only prior to the recrystallization. In the recrystallized specimen there is no difference
between these two parameters.
During the recrystallization 2R abruptly increases by one order of magnitude, see

Fig. 10. Above 350 �C, R exhibits further gradual increase, which indicates growth of
the recrystallized grains.
The temperature dependence of the volume fraction h of the distorted regions deter-

mined using the diffusion model is shown in Fig. 10. One can see in Fig. 10 that h
exhibits drastic decrease during the recrystallization because the distorted regions are
consumed by the recrystallized grains. Further moderate decrease of h above 400 �C is
connected to the growth of the recrystallized grains.
The increase of the volume fraction X 	 1� h of the recrystallized material with

time t can be described by Göhler-Sachse’s equation [36]

dX
dt

1
1�X

¼ KðTÞ ðt � tnÞm�1 ; ð3Þ

where tn represents incubation time for nucleation and m is the kinetic parameter
known from Avrami’s equation [37]. The quantity K depends on the temperature T by
Arrhenius equation

K ¼ K0 exp � Q

kT

� �
; ð4Þ

where K0 is a temperature-independent constant, k denotes the Boltzman constant and
Q represents the activation energy of the recrystallization. The specimen was isochron-
ally annealed, therefore, the effective heating rate va ¼ dT=dt remains constant. Thus,
time in Eq. (3) may be expressed using temperature as

t ¼ ðT � TsÞ=va ; ð5Þ

where Ts denotes the annealing temperature, when the recrystallization starts. Inserting
the Eqs. (4) and (5) into Eq. (3), one obtains the following expression for the recrystal-
lized fraction X :

1�X ¼ exp �K0

ð
exp � Q

kT

� �
ðT=va � t1Þm�1 dT

� �
; ð6Þ

where t1 is another temperature-independent constant. In our case, the volume fraction
of distorted regions, i.e. 1�X , decreases from initial value h1 to final value h2, see Fig.
10. Thus, it is necessary to re-scale Eq. (6), which leads to expression

h ¼ ðh1 � h2Þ exp �K0

ð
exp � Q

kT

� �
ðT=va � t1Þm�1 dT

� �
þ h2 ; ð7Þ

where h is used instead of 1�X. The integral on the right side of Eq. (7) was solved
numerically and the obtained function was fitted to the temperature dependence of h
obtained from experiment (Fig. 10). The function obtained from the fit is plotted in
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Fig. 10 by a solid line. One can see in Fig. 10 that the fitted function exhibits reasonable
agreement with experimental points. The activation energy Q ¼ ð1:4� 0:1Þ eV
(ð130� 10Þ kJ mol�1) was determined from the fit for the recrystallization. This value
agrees with the activation energy of 126 kJ/mol for migration of equilibrium GBs in Ni
[38]. The excelent agreement of the activation energies confirms that the recrystalliza-
tion occurs in a temperature range from 200 to 400 �C in our specimen.
Using the diffusion model it is possible to calculate the trapping rates KD and Kv for

the components with lifetimes t2 and t3, respectively. Temperature dependencies of the
trapping rates are plotted in Fig. 11. Regarding the trapping rate KD, it exhibits a sharp
increase during the recrystallization. It clearly indicates a change of type of trapping
centers, which contributes to the second component with lifetime t2. As it was discussed
in the preceeding text the distorted regions are consumed by the recrystallized grains
during the recrystallization. As a result the mean dislocation density in the recrystal-
lized specimen decreased below 1013 m�2 [7], which is close to the lower limit of sensi-
tivity of PLS [39]. Thus, prior to the recrystallization the component with lifetime t2
comes from positrons trapped at dislocations. On the other hand, in the recrystallized
specimen this component represents contribution of positrons trapped at equilibrium
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Fig. 11. Temperature dependence of positron trapping rates obtained from the diffusion model.
The trapping rate KD corresponding to the component with lifetime t2, which comes from posi-
trons trapped at dislocations and GB, is plotted in the upper panel as a function of temperature.
Temperature dependence of the positron trapping rate to microvoids, Kv, which belongs to the
component with lifetime t3 is shown in the lower panel of the figure



high-angle GBs, which separate the grains. Further decrease of the trapping rate KD,
see Fig. 11, occurs due to the growth of the recrystallized grains. The lifetime is not
changed during the recrystallization, when the change in type of the trapping sites oc-
curs. It is not surprising as similarly to dislocations, positrons are trapped at GBs in
vacancy-like defects.
The trapping rate KD is directly correlated with the mean dislocation density rD in

the non-recrystallized specimen prior recrystallization

rD ¼ hKD

nD
; ð8Þ

where nD ¼ ð0:3� 10�4Þ m2s�1 [40] is the specific positron trapping rate for dislocation
in Ni. From Eq. (8) we obtain rD ¼ 1:5� 1014 m�2 for the specimen prior to recrystalli-
zation. This value of dislocation density agrees well with rD ¼ 1014 m�2 determined for
UFG Ni in Ref. [7].
The temperature dependence of the trapping rate Kv is plotted in the lower panel of

Fig. 11. There is practically no change of Kv up to about 370 �C. Above this tempera-
ture Kv decreases to a lower value and above 450 �C remains approximately constant
again. The mean concentration cv of the microvoids can be calculated from the trapping
rate using the following equation [10]:

cv � ð1� hÞ Kv

nn1v
; ð9Þ

where the constant n1v is the specific positron trapping rate for Ni monovacancy. As the
specific trapping rate is presently not available in literature, the quantity cvn1v is plotted
in Fig. 12 as a function of annealing temperature. This quantity differs from the mean
concentration of the microvoids only by the constant multiplicative factor n1v. It is clear
from Fig. 12 that cv increases in the temperature interval of 250–370 �C, i.e. during the
recrystalization up to the Curie temperature. The increase of cv is accompanied by a
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Fig. 12. Quantity cvn1v plotted as a function of temperature. The symbol cv means the mean con-
centration of the microvoids and the constant n1v stands for the specific positron trapping rate to
Ni monovacancy



decrease of size of the microvoids, see Fig. 9. This behavior can be explained only as
decay of larger microvoids to smaller ones. On the other hand, cv exhibits a rapid
decrease above the Curie temperature, see Fig. 12. The decrease of cv is correlated with
the increase of dv, see Fig. 9. Hence above the Curie temperature the mean size of the
microvoids increases. It may indicate that the smaller microvoids, which are not stable
enough, are annealed out. Eventually above 450 �C cv remains constant at a value,
which is higher than the initial one, see Fig. 12. Some microvoids may be introduced
into the specimen annealed above the Curie temperature due to the magnetostriction
effect during the rapid quenching.

3.5 Comparison of PLS with other methods

As it was shown in the previous text, detailed information about processes, which take
place in UFG materials with increasing temperature, can be obtained by PLS. PLS is
highly sensitive to open volume defects and, therefore, allows for study of their beha-
vior with increasing temperature. It is very interesting to compare sensitivity of various
experimental techniques involved in investigations of thermal stability of UFG materi-
als to various processes occurring in UFG specimens. The comparison of PLS with
microhardness and electrical resistivity measurements [7] is shown in Fig. 13. The posi-
tron-lifetime spectra are characterized by the mean lifetime t in order to have a single
integral parameter. Each point in Fig. 13 corresponds to some annealing temperature
indicated by the value in vicinity of this point. Electrical resistivity radically decreases
due to the abnormal grain growth (130–200 �C), while the recrystallization causes re-
markably smaller decrease of resistivity. The mean lifetime exhibits almost opposite
sensitivity: main recovery of t occurs due to recrystallization (200–400 �C), while the
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Fig. 13. Comparison of PLS with electrical resistivity and microhardness. Each point in the figure
represents some annealing temperature (in �C) indicated by the value in vicinity of the point.
Filled circles correspond to electrical resistivity (lower x-axis, in arbitrary units), while the open
circles belong to microhardness (upper x-axis)



abnormal grain growth leads to a smaller decrease of t, see Fig. 13. Both the electrical
resistivity and the mean lifetime are sensitive to the magnetostriction phenomena,
which take place due to quenching of the specimens annealed above the Curie tem-
perature (358 �C). The abnormal grain growth practically does not affect microhard-
ness, see Fig. 13. The recrystallization leads to a decrease of microhardness, which con-
tinues also during further growth of the recrystallized grains. The magnetostriction
phenomena above the Curie temperature have no impact on microhardness, see Fig. 13.
The present comparison shows that PLS, electrical resistivity and microhardness exhi-

bit different sensitivity to processes related with thermal recovery of UFG structure.
Therefore, it is convenient to use all these techniques in investigations to obtain com-
plementary information about thermal evolution of UFG structure.

4. Conclusions

Thermal evolution of UFG structure of Ni prepared by HPT was studied in the present
work by means of PLS combined with TEM. Interpretation of PLS results was made in
frame of the diffusion trapping model developed for UFG materials in Ref. [10]. The
obtained results were further correlated with XRD, electrical resistivity and microhard-
ness investigations on the same specimens [7]. The obtained results can be summarized
into the following items:
(i) Positrons in UFG Ni are trapped at dislocations inside the distorted layers along

GBs and in the microvoids with free volume comparable to a few vacancies. The micro-
voids are distributed homogeneously throughout the grains.
(ii) Up to 130 �C no structure changes detectable by PLS and TEM were found.
(iii) The abnormal grain growth, where isolated recrystallized grains grow in the de-

formed matrix, takes place in the temperature interval of 160–200 �C.
(iv) The recrystallization occurs from 200 to 400 �C and leads to a significant de-

crease of dislocation density and the volume fraction of the distorted regions. More-
over, the decay of larger microvoids to smaller ones occurs during the recrystallization.
(v) Further growth of the recrystallized grains takes place in recrystallized specimens

above 400 �C.
(vi) Additional microvoids and probably also dislocations seem to be introduced into

the specimen annealed above the Curie temperature (358 �C) due to the magnetostric-
tion phenomena occuring during quenching.
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