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Thermal stability of ultrafine graine@nean grain size 150 nncopper prepared by high pressure torsion was
studied by means of positron-lifetime spectroscopy correlated with transmission electron microscopy. The
microstructure of the material studied is strongly inhomogeneous. The grain interiors with low dislocation
density are separated by distorted regions with high number of dislocations. We have found that positrons are
trapped at dislocations inside the distorted regions and in the microvoids situated inside the grains. Calculations
of the lifetime of a positron trapped at a microvoid as a function of its size were performed to obtain
information about sizes of the microvoids. Abnormal grain growth, when isolated recrystallized grains grow
inside the deformed matrix, takes place from 160 °C. From 280 to 400 °C recrystallization occurs. Strongly
inhomogeneous spatial distribution of defects does not allow application of the simple trapping model. There-
fore a model of positron behavior in the ultrafine grained materials was developed in the present work. The
model takes into account inhomogeneous spatial distribution of defects and allows for determination of dislo-
cation density, concentration of microvoids, linear size of coherent domains, and volume fraction of the
distorted regions. Moreover using this model it was possible to determine the activation energy of the recrys-
tallization.
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[. INTRODUCTION tion about the open-volume defects. It was used for determi-
nation of defects associated with the extraordinary structure
Nanocrystalline(NC) materials are polycrystals with the of the GB’s in NC materials prepared by GCM by a number
mean grain size below 10 nmSubmicrocrystalline poly- of authorst®~3All these studies have led to the conclusion
crystals with a mean grain size of about 100 nm are ofterthat “vacancy-like” open volume defects with the size of
called ultrafine graineUFG) materials? In recent years the about one missing atom were present in the NC specimens
NC as well as the UFG materials have attracted much intertogether with larger defects whose size is comparable to a
est of researchers in the field of materials science. It is convacancy cluster. A few PL studies of UFG metals prepared by
nected with new, unusual properties caused by significaniPT have also been performéd® and similar two defect
volume fraction of grain boundarig$B’s), i.e., interfaces components were found in PL spectra. However, interpreta-
among individual crystallites, in these nontraditional materi-tion of the PL results has to be done with care, because there
als. In particular the NC and the UFG materials exhibit ab-are significant differences between the microstructure of the
normally high diffusion activity unusual changes in Curie NC materials prepared by GCM and the UFG ones prepared
temperature, saturation magnetization, and elastiby HPT. The UFG materials prepared by HPT exhibit high
properties! as well as highly strengthened state and highdislocation density, while dislocations are unstable in the NC
strain rate superplasticify materials due to small grain siz&.In the UFG materials
NC materials can be produced by gas condensatioprepared by GCM the dislocations are distributed strongly
method(GCM).>" A disadvantage of this technique consistsinhomogeneously, which was confirmed both by transmis-
in the fact that nanocrystals prepared by the GCM contairsion electron microscopyTEM)%1"2and XRD (Ref. 18
gas impurities and residual porostty.Recently it has been measurements. The grain interiors almost free of dislocations
shown that very fine crystalline structures with a mean grairare separated by the distorted regigb®’s) with high dis-
size from 50 to 200 nm can be achieved by high pressurécation density situated along GB’dn order to obtain de-
torsion(HPT).>? The HPT technique leads to specimens withtailed information about types and concentrations of defects
larger grain size, however, it has several advantages. Compresent in the UFG materials prepared by HPT, PL spectros-
trary to the GCM,(i) no residual porosity was found in the copy correlated with TEM investigation seems to be very
samples produced by HPTij) high purity UFG materials useful.
can be prepared, an@i) one can obtain massive samples Investigations of microstructure evolution with increasing
(sheets, rods temperature in the NC or the UFG materials represent a fur-
The investigations of NC materials by means of x-rayther important task in the study of these materials. It is inter-
diffraction (XRD) have revealed that GB’s exhibit highly esting from a physical point of view, as information about
disordered atom arrangement without short-range drder. recovery of strongly nonuniform structure is obtained. The
Positron-lifetime(PL) spectroscopy gives detailed informa- enhanced mechanical properties make the NC and the UFG
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materials extremely attractive for technical applications.of PL spectroscopy are correlated with TEM, which makes
These advantageous properties are connected with the NC pessible direct observation of dislocations and their spatial
the UFG structure. Hence, thermal stability of the micro-distribution as well as observation of grain growth.
structure of these materials is crucial for their future techni- In the interpretation of experimental PL spectra obtained
cal use. on the UFG materials highly nonuniform spatial distribution
Electrical resistometry, TEM, XRD, and differential scan- of dislocations must be taken into account. In order to obtain
ning calorimetry(DSC) were used in the investigation of the COrrect values of defect densities from PL spectra we devel-
thermal stability of UFG Cu and Nf This study by different OP€d in the present work a model of positron trapping in the
techniques has revealed that there are some recovery prgFG materials, which directly takes into account the inho-
cesses probably connected with relaxation of elastic stress@d0geneous spatial defect distribution. In the framework of
and some rearrangement of defect structure inside thBliS model, it is possible to determine dislocation density,
DR’s,!® which precede grain growth. These recovery pro-concentration of the microvoids, the linear size of the coher-
cesses prior to grain growth cause a significant decrease 81t domains, and the volume fraction of the DR’s. These
electrical resistivity as well as an exothermal peak in DScPhysical parameters obtained from the model are directly
measuremenif Significant structure changes at the anneal-compared with the TEM observations as well as the results
ing temperatures prior to grain growth were also confirmed?f other methods available in literature. _
by XRD.*6 The paper is organized as follows. In Sec. i dgtaﬂs about
The additional studies of microstructure thermal evolutionth® specimens and techniques of their investigations are
are necessary for understanding of the processes connect@iyen. Obtained results are described in Sec. Ill A for the
with the recovery of the nonequilibrium UFG structure. In @S-prepared state. Results regarding evolution of the micro-
particular there is complete lack of information about ther-Structure with increasing temperature are shown in Sec.
mal evolution of the microvoids in the UFG materials pre- !l B. Calculatlons_ of mlcr0v0_|d size are given in Sec. IIl C.
pared by HPT. Both the mean size and concentration of théhe .mOQeI of positron behavior in the UFG materials and its
microvoids can be relatively easily obtained by PL spectros@Pplication to the UFG Cu can be found in Sec. IV. In Sec. V
copy, while they can hardly be detected by other availablé brief comparison of PL results with other nonlocal tech-
techniques. Together with large sensitivity to dislocations, itliques used in the study of UFG materials is done. Conclu-
makes from PL spectroscopy an ideal tool for investigation$ions of the present investigations are summarized in
of the thermal evolution of defects in NC and UFG materials Sec- VI
Several PL investigations of thermal stability of the NC ma-

terials prepared by GCM have been performied? It was Il EXPERIMENTAL DETAILS

found that the thermal stability of the NC materials prepared _

by GCM is strongly influenced by the presence of the gas A. Specimens

impurities and the residual porosity™® Essentially no Copper specimens of purity 99.99% were studied. In or-

change of the lifetimes and the relative intensities was founder to fabricate the UFG structure the specimens were sub-
for NC Cu up to 400°C? Similarly no major changes in jected to high pressure torsion under pressure of 3 GPa per-
positron parameters were observed for NC Pd in the rang®rmed at room temperature. This technique was described in
500-900 °CY? although remarkable crystalline growth took Ref. 20. Microstructure of the as-prepared state of the speci-
place. On the other hand, Eldrepal.;** who studied NC Cu  mens was investigated by means of TEM and PL spectros-
of improved purity prepared by GCM, observed a substantiatopy. Subsequently, the specimens were subjected to iso-
increase of the relative intensity of the component belonginghronal annealing. Temperature step was 30°C and
to the microvoids starting from 200 °C. This increase of thespecimens were annealed for 30 min at each temperature,
relative intensity was accompanied by a slight decrease dfe., corresponding effective heating rate was 1 °C /min. The

the lifetime of positrons trapped in the microvoids. Oneannealing was carried in oil base thermostat up to 250 °C and
would expect that the number of the microvoids decrease, vertical furnace with protective argon atmosphere above

with the annealing temperature, however the relative intenthjs temperature. Each annealing step was finished by
sity indicates the opposite process. There is still no explanagquenching to water of room temperature. Both PL and TEM

tion for this surprising behavior. In this connection, it is very measurements were performed at room temperature.
interesting to study thermal evolution of the microvoids also

in the UFG specimens prepared by HPT and to compare the
results with those already obtained on the NC materials pre-
pared by GCM. A PL spectrometer similar to the fast—slow one described
The aim of the present work is to use PL spectroscopyn Refs. 21 and 22 was employed in the present work. The
correlated with TEM to study the microstructure of UFG Cu spectrometer was modified recently to enhance the coinci-
prepared by HPT and its evolution with increasing annealinglence count rate while simultaneously keeping the excellent
temperature. Our work is focused mainly on nonequilibriumtiming resolution(for details see Refs. 23 and)2dhe main
defects present in the material and their recovery. High resdmprovement with respect to the deviéeconsisted in the
lution PL spectroscopy150 ps full width at half maximum selection of coincidence events by means of summing the
(FWHM) for ?°Na] allows for proper determination of even energy signals as described in Refs. 23 and 22°Ma pos-
very short and weak components in PL spectra. The resultisron source of activity of~1.3 MBq sealed between two

B. Positron-lifetime spectroscopy
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mylar foils of thickness of 2«m was used. The timing reso-
lution of the spectrometer was 150 B8NVHM) for ’Na at a
typical coincidence counting rate ef75 s ®. At least 10
counts were collected in each PL spectrum. Measured spectra
were decomposed by means of maximum-likelihood
proceduré* into up to five exponential components. The
time-resolution function of the spectrometer was considered
as a sum of the three Gaussians and was fitted simulta-
neously with the other parametefor details see Refs. 24
and 22.

C. Transmission electron microscopy

Observations of microstructure were performed on the
JEOL 2000 FX electron microscope operating at 200 kV
with EDX system LINK AN 10000. Thin foils for TEM were
electropolished in a twin-jet device TENUPOL 2. The elec-
tropolishing was performed in 30% solution of HNGt

—20°C. Some specimens were ion milled at TECHNOORG . . ,
LINDA device in order to remove surface impurities and of these distorted regions along GB's was observed to be

~20 nm, in agreement with Ref. 2. Rather complicated dif-

FIG. 1. Bright field TEM image of as-prepared state of UFG Cu.

oxides. . " o .
fraction contrast inside the grains indicates high internal
_ _ elastic stresses originating from the nonequilibrium GB's.
D. X-ray diffraction The same features of the UFG structure were also reported in
. . . . 5 6,17,2
X-ray studies were carried out with the aid of XRD7 and Previous V\_/ork§._ )
HZG4(Seifert-FPN) powder diffractometers using Gu X-ray diffraction patterns show that the samples contain

radiation filtered with a nickel foil and Soller slits placed in Only pure fcc copper with the lattice parameter of 3.6451
the diffracted beam. XRD profiles were fitted with the Pear-A, Which very well corresponds to the value given in the
son VIl function by the prograrpiFpaTan, see Ref. 25. The PDF-2 powder diffraction pattern databdS&mall preferred
lattice parameters were determined by the Cohen—Wagnéirain orientation of the typel00) was detected. However, in
extrapolation plot &, Vs cosd cotd), preferred grain ori- MOst cases of the Cu samples obtglned by HP_T almost no
entation was characterized by the Harris texture indices antgxture was observed. Expected line broadening was ob-
 scans. XRD line broadening was evaluated simply by in-served, see Fig. 3 I_t' indicated stral'ns. of about 0.1% and
tegral breadths £) and FWHM's in terms of the always showed 5|gn|f|can'F characteristic amsotropy of the
Williamson—Hall(\WH) plots (8 vs sind). The correction for  YP€ Bnoo™Bnnn- The anisotropy can be explained by
instrumental broadening was performed with the aid of NisTdislocation-induced line broadening and the corresponding
LaBg standard and the Voigt function method. Then the
modified WH method was used for the determination of co-
herent domain size and dislocation dendigttice micro-
straings.

Ill. RESULTS AND DISCUSSION
A. As-prepared state

Using TEM we found the mean grain size in the as-
prepared UFG Cu to be 150 nm. This value is slightly higher
than 100 nm reported in Ref. 16. A similar difference was
expected because the present specimens of UFG Cu were
prepared by HPT under lower pressure than those studied in
Ref. 16. It is reasonable to assume that higher pressure re-
sults in smaller grain size. The bright field TEM image of the
as-prepared state is shown in Fig. 1. As can be seen in Fig. 1,
the specimen exhibits fragmented structure with high angle
misorientation of neighboring grains. “Diffusion” contrast
on GB'’s testifies to the nonequilibrium state of the majority
of GB’s. Another TEM image of the as-prepared UFG Cu is  F|G. 2. Bright field TEM image of as-prepared state of UFG Cu.
shown in Fig. 2. It is clearly visible that the grains almost Magnification was increased compared to Fig. 1. Dislocation-free
free of dislocations are separated by the regions along GB'&gions separated by the distorted ones with high dislocation den-
with high dislocation density 10" m~2). The thickness sity are clearly visible.
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FIG. 3. XRD line profiles of the peak 311. The thick line cor-
responds to the as-prepared sample; the thin peak was obtained
from the sample annealed up to 500 °C.

Temperature (°C)

FIG. 5. The positron mean lifetime as a function of annealing
temperature.

orientation(contras} factors for the most common slip sys-  |n view of TEM observations, it is obvious that positrons
tems in the fcc structuréBurgers vectob=a/2(110)) can  are trapped at dislocations inside the DR’s with high dislo-
be evaluated. A simple proposed procedure for the evaluatiogation density which were found along GB'’s. We note that
has been briefly described in Ref. 27 and will be publishedhe mean grain size of the studied material is comparable to
separately. The results are shown in Fig. 4 in terms of thehe mean diffusion length of free positromhs, ~150 nm, in
well-known Williamson—Hall plot, the slope of which is pro- well-annealed Cu. Therefore, a relatively high fraction of
portional to the microstrairfor square root of dislocation positrons may reach the DR’s and be trapped at dislocations
density and the intercept gives reciprocal value of the mearinside them.
domain size. The agreement of experimental results and the- Migration of monovacancies was observed to start below
oretical calculations is very good. The obtained values oD °C in plastically deformet! Cu or around 0°C both in
domain sized and the mean dislocation density, are 120 quenchet! and electron irradiatéd Cu. Thus, there is no
+20 nm and (5-2)x 10" m™?2, respectively. contribution of positrons trapped in single monovacancies to

The PL spectrum of the as-prepared specimen is well fitthe component,. This conclusion is supported also by the
ted by two exponential componentexcept for the two- remarkably shorter lifetime of this component compared to
component source contributiprThe first component exhib- the lifetime 7,=180 ps of positrons trapped in Cu
its lifetime 7,=166=2 ps and relative intensity 834%.  monovacancy: Moreover, high temperature stability of the
The lifetime 7, is in good agreement with the lifetime, componentr, with no changes of the lifetime during anneal-
~164 ps of positrons trapped at dislocations in deformedng (see Sec. Il B, Figs. 5 and) @estifies to this component
Cu?829Thus the component, represents the contribution of as contribution of positrons trapped at dislocations inside the
positrons trapped at dislocations. DR’s.

Dislocation lines themselves represent relatively shallow
traps for positrons with binding energy not greater than 0.1
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eV3**®Thus, it is generally accepted that positrons trapped
at shallow trap of a dislocation diffuse rapidly along the line
and are eventually trapped and annihilate in point defects
associated with the dislocatidfA-*® That is why the lifetime

of trapped positrons in deformed metals is only slightly
lower than that of positrons trapped in monovacancies. Dis-
locations lines act as precursor states for transitions into
deeper traps.

The second component resolved in the PL spectrum ex-
hibits the lifetime 73=252+3 ps and it may therefore be
attributed to positron trapping in larger point defects with
free volume comparable to that of a few monovacancies, see
Sec. Il C. Thus, we consider this component as the contri-
bution of positrons trapped at microvoids, which were

closed circles correspond to the experimental values and opeformed in the material due to strong deformation.

circles denote the values calculated for distribution of dislocations

No component coming from delocalized positrons was

with the Burgers vector cdi/2(110), which are common for the fcc  found in the PL spectrum. Hence, all positrons in the speci-

metals.

men annihilate from the trapped state at a dislocation or in a
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FIG. 7. The bright field TEM image of UFG Cu annealed up to
190 °C. Isolated recrystallized grains appear in the specimen, while
the remaining deformed matrix remains essentially unchanged.

FIG. 6. The bright field TEM image of UFG Cu annealed up to

130 °C. No recovery of microstructure was found.
annealing stag€é). Relaxation of internal stresses inside the

microvoid. It is not surprising because the mean diffusiongrains was observed at this temperature. In addition, abnor-
length of positron is comparable with the mean grain size. mal grain growth of isolated grains, which are almost free of

Note that a similar shape of the PL spectrum was foundlislocations[dislocation density (1-5)¥10'2 m~?], takes
on UFG Cu prepared by HPT which was subjected to heatinglace in a deformed matrix. A similar picture can be seen in
at 175°C for 0.5 h prior to measureméfitContrary to  Fig. 8, which corresponds to the specimen annealed up to
some NC materials prepared by GQRefs. 13 and 1IPno 250 °C. The mean linear size of these recrystallized grains is
positronium formation occurs in the specimen studied. It is &rom 2 to 3 um. Annealing twins were observed inside the
direct indication that no pores with size greater than 10 nnecrystallized grains. At the same time the mean cell size in
are present in the specimen. the deformed matrix remains essentially unchanged.

Bright field TEM image of the specimen annealed up to
280 °C, which represents the onset of annealing stipds
_ shown in Fig. 9. Recrystallization, i.e., grain growth in whole

It is known that the positron mean lifetimeis a robust  volume of the sample, occurs during this stage. The de-
parameter which does not depend on the number of compdermed matrix is consumed by almost defect-free recrystal-
nents to which a PL spectrum is decomposed. Therefore, wized grains. The mean linear size of recrystallized grains is
first use this parameter for a description of changes which
occur during annealing. The mean lifetime for UFG Cu is
plotted in Fig. 5 as a function of the annealing temperature.

Clearly, no change of occurs up to 160°C. One can

recognize two annealing steps in Fig.(:a slight drop ofr
in the temperature interval 160—250°C afiid a dramatic

decrease of from 280 up to 400 °C. The mean lifetime does
not exhibit further changes above 400°C. It seems to be
straightforward that the above-mentioned annealing stages
are connected with some recovery processes of the initial
microstructure.

In order to obtain detailed information about microstruc-
ture changes, TEM observations were performed at selected

B. Isochronal annealing

temperatures. Bright field TEM image of the specimen an- e
nealed up to 130°C is shown in Fig. 6. One can see virtu- T—
ally the same features of the microstructure as on the as- 5,200 nm’

prepared state. Therefore, we conclude that no observable
changes of the microstructure take place up to this tempera- FiG. 8. The bright field TEM image of UFG Cu annealed up to
ture. On the other hand, significant changes of the micro2s0 °C. The interface between an abnormally grown grain and the
structure were observed by TEM on the specimen annealegeformed matrix is clearly visible. The small black dots are only
up to 190°C, see Fig. 7. This temperature corresponds tartifacts of ion milling of the specimen prior to measurement.
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FIG. 9. The bright field TEM image of UFG Cu annealed up to fixed value of the lifetimer,, see the text, is indicated by the solid

280 °C. The recrystallization occurs in the specimen at this annealiN€, While the closed circles correspond to lifetimss obtained
ing temperature. from an unconstrained fit.

~3 um. Their volume fraction lies in the range from 20% lies around 1& m~2. Virtually the same picture was found

° ; : Iso at higher temperatures than 400 °C. Hence, on the basis
t % at 2 t t | f 40% td* . ) .
500;0612 310§(c): C and increases to an interval from 40% of the present TEM study, we attribute annealing stagt

the abnormal grain growth, where isolated almost
a TEM image of the specimen annealed up to 400°C. Th islocation-free grains appear in the deformed matrix, and
recrystallized grains with linear size of &m prevail, how- Stage(ii) to the recrystallization. XRD studies on the sample
ever the grains with sizes from 1 to 1@m were found. The annealed up to 520 C. gave lattice parameter of 3'@48
Cf corresponding to the ideal value. Small preferred orienta-

Fully recrystallized material is shown in Fig. 10, which is

recrystallized grains contain the annealing twins, see Fig. 1

The mean dislocation density in the recrystallized specime jon was .Of type 311. but the development OT texture was not
systematically studied on the same specimen. Diffraction

linewidths nearly corresponded to the instrumental broaden-

ing (Fig. 3 so that no microstructural analysis from XRD

was possible. It indicates only low strain in the specimen and

grains larger than a few hundreds nanometers.

Our results exhibit very good consistency with the study
of UFG Cu performed recently by Islamgalievall’ In that
work UFG Cu was heated with constant effective heating
rate of 20 °C/min. It is well known that a higher heating rate
often leads to a shift of recovery processes to somehow
higher temperatures. No noticeable grain growth was found
by the authors in Ref. 17 up to 185 °C. Start of the abnormal
grain growth was found at 220°C and the appearance of
annealing twins inside the grains was also repotfeth
agreement with our observation, the mean linear size of the
recrystallized grains from 2 to 2.5xm was recently found
by other authors’

For further analysis the PL spectra at each annealing tem-
perature were decomposed into exponential components cor-
responding to individual annihilation sites of positrons. Ex-
cept for the source contribution, the measured PL spectra
were well fitted by two exponential components up to
200°C. Three components were found at higher annealing
temperatures, due to the occurrence of the free positrons con-

FIG. 10. The bright field TEM image of UFG Cu annealed up to tribution with lifetime 7.

400 °C. The specimen exhibits a fully recrystallized microstructure.  The lifetimes of individual spectral components as func-
The small black dots are only artifacts of ion milling of the speci- tions of annealing temperature are plotted in Fig. 11. Corre-
men prior to measurement. sponding relative intensities are given in Fig. 12. As one can
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FIG. 12. Dependence of the relative intensities of individual

components on annealing temperature. ) ] )
FIG. 13. The bright field TEM image of UFG Cu annealed up to

190°C. The image was taken inside of some abnormally grown

see in Fig. 11, the lifetime, exhibits no temperature depen- 2rain. One can see a few microvoids in the grain.

dence except for fluctuations around the mean value of 16
+1 ps. Therefore, the lifetime, was fixed at 164 ps and all . o .
the PL spectra were subsequently refitted with this constrairff€nce of positron lifetime on the size of a cluster of
in order to reduce statistic uncertainties and mutual correlayacancies was calculated in the present work for Cu. We
tions of other fitted parameters. The lifetimes 75 and the follow _the Ilfe_tlme calculation¥ of this dependence alre_ady
relative intensities shown in Figs. 11 and 12 were obtained"2de in the literature for other elements, e.g., Al and Ni. The
from this second decomposition. Only the results of this secP0Sitron potential was constructed from the lattice Coulomb
ond decomposition will be used in the following analysis. pot_entlal and the electron-positron correlation po'tentlal
No contribution of free positrons was found in the PL Which depends on the electron d_enéﬁyThe crystalline
spectra below 200 °Csee Figs. 11 and 12Thus all posi- charg_e dens_lty and Coulp_mb potential were appro?qmated by
trons are trapped at defects up to 200°C. The COmponeﬁtuperlmposmg_the densmes._and Coulomk_J potenuals of free
with lifetime 7,<100 ps coming from free positrons was, aoms respectivef}/. The Schrdinger equation for positrons
however, clearly resolved in the PL spectra of the specime/@s Solved on a three-dimensional grid using a conjugate
annealed at higher temperatures above 20(s%@ Figs. 11 gradient method® In thls way, the groun_d state posﬂro_n en-
and 12. The contribution of free positrons appeared in the€'dy and wave functiony, , were obtained. The positron
PL spectra at annealing staé, when the abnormal grain annihilation rate was determined from the equaffon
growth occurs. The recrystallized grains are almost free of
dislocations and also lower concentration of the microvoids
inside them is expected. Therefore the appearance of compo- A= wrgcJ’ n.(ryn_(r)y[n_(r)]dr, (EN)
nent 7, in stage(i) seems to be due to annihilations of free
positrons inside the isolated recrystallized grains.
wherer is the classical electron radius aads the speed of
light. The symbolsn_(r) andn_(r)=|.(r)|? denote the
electron and positron density, respectively. The enhancement
Special attention has to be focused on the microvoids. Wéactor vy reflects enhancement of the electron density at the
note that an important benefit of using PL spectroscopy irsite of positron, which is due to the attractive electron-
the study of the present material consists in its ability topositron interaction. In the present calculations we used the
bring valuable information regarding the microvoiton-  form of vy introduced by Boroski and Niemineff as well as
centration, mean sizewhich can hardly be provided by that suggested by Stachowiak and LAtF?
other techniques. The calculations were performed using the 256 atom
The microvoids were rarely observed on the UFG Cubased supercells considering periodic boundary conditions
specimens by TEM inside the regions free of dislocations. Aor the positron wave function. Recent investigations regard-
typical example is shown in Fig. 13. On the basis of theseng the convergence of calculated positron parameters with
observations the diameter of the microvoids was estimated tespect to the supercell size indicate that the supercells used
lie below ~10 nm. in the present calculations are sufficiently large to obtain
Evaluation of the size of the microvoids can, however,well-converged result§
much more precisely be made by PL spectroscopy. The life- Stable vacancy cluster configurations were determined us-
time 75 clearly indicates that the open volume of the micro-ing the results of theoretical calculations performed by
voids exceeds that of the monovacancy. Therefore, depedohnsoff for fcc metals. No relaxation of atoms surrounding

C. Microvoids
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FIG. 15. The dependence of the open volume of the microcavi-
n ties on the annealing temperature. The open volume was obtained
. . using Eq.(2). The mean concentration of the microvoids as a
FIG. 14. The calculated dependence of the ratio of positror ., tion of the annealing temperature is also included. The mean

lifetime 7,, in cluster consisting from vacancies tp the lifetime concentratiorc, was determined using the model introduced in the
71, (for monovacancyon n. The corresponding radius of a cluster present work

is indicated in the upper axis. The results obtained using Biien

Nieminen’s (closed circles and Stachowiak’siopen circleg en- 37 . . .
hancement factor are compared. In addition to the results for Cuwork, despite the fact that the lifetimes,, calculated in

the calculated dependence, /7;, is shown for Al again using the pre.sen't work are §Iightly lower than. those given in Ref.
Bororski—Nieminen's (closed trianglés and Stachowiak's(open 37. This difference originates from a different formula for

triangles enhancements in order to compare our results with thaParametrization of the enhancement factorin Ref. 37.
calculated by Puskat al. (Ref. 37 gray diamonds. The solid lines However, it does not affect the relative increase of lifetime
represent fit of the dependence by fourth-order polynomial functionWith the size of cluster. It is illustrated in Fig. 14, where the
see the text. | T1, ratio calculated in Ref. 37 is also included.

The dependence of,, /7, on n can be well approxi-

the clusters was taken into account, as it is known that it hag'ated(within 5% uncertainty, see the solid lines in Fig.) 14
a very small influence on calculated positron lifetimes in fccPY Polynomial function
metals®’

The results of the calculations are shown in Fig. 14, where Tno | T, =an*+bn+cn?+dn+e. 2)
the ratio of the lifetimer,, of positron trapped in a cluster
consisting ofn vacancies to the lifetimer;, of positron  For Cu we obtaine@=(—5.3+0.4)x 10"/, b=(8.6=0.5)
trapped in a monovacancy is plotted versus X107°, ¢=(—5.1+0.2)x10 3, d=(1.36+0.03)x10 1,

The results obtained using Boski—-Nieminen’s and Sta- ande=0.93+0.1.
chowiak’s enhancement factor, respectively, are compared in The open volume of the microvoids, expressed in units of
Fig. 14. The lifetimer,,=168 ps was calculated for posi- the monovacancy open volume, derived from the lifetirge
tron trapped in a monovacancy in Cu using Bakin  using the results of the present calculations, as a function of
Nieminen’s enhancement factor. It is in relatively goodthe annealing temperature is shown in Fig. 15. The open
agreement with the experimental value of 180°b&n the  volume of the microvoids in the as-prepared state corre-
other hand, Stachowiak’s form of leads to lower value sponds to that of about 5 monovacancies. As one can see in
71,= 157 ps. One can see in Fig. 14 thaf /7, saturates Fig. 15, it remains approximately constant up to 200 °C and
substantially slower in the case of the enhancement factdhen increases gradually to the open volume corresponding
from Ref. 40. This is due to improper behavior of this en-to ~8 monovacancies in the temperature range from 200 to
hancement factor for very low electron densiflé§tachow- 400°C. Subsequently between 400 and 430°C the open
iak’s form of y exhibits more correct behavior for very low volume abruptly increases up to that of about 20 mono-
electron densitie$!*2 which leads to faster increase of the vacancies.
T | 71, ratio. Therefore, we use the results obtained with We assume that some size distribution of the microvoids
Stachowiak’s enhancement in further discussion. Note thas present in the material. The mean value of this distribution
the difference between free volumes determined using theorresponds to the open volume plotted in Fig. 15. Only the
two various enhancements is smaller than 20%. largest microvoids from this distribution may be observed by

In addition to Cu, the dependence gf, /7, onn was TEM. Decrease of concentration of the microvoidsflected
calculated also for Al, see Fig. 14, with aim to compare ourby a decrease df;) is accompanied by change of center of
results with the previous calculations for XiOne can see in  mass of their size distribution seen as increasefThe
Fig. 14 that there is good agreement of the ratjg/ 7y, decrease of; directly indicates that the concentration of the
calculated in the present work for Al with the previous microvoids in the recrystallized grains is substantially lower
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200 T T T T T havior of 7; at lower temperatures is indicated by a dotted
line. Itis clear at first sight that; is substantially higher than
T 1 75 (114 ps for CU® shown by the dashed line in Fig. 16

and, therefore, relatiof¥) fails for annealing temperatures
below 400 °C. It is direct indication that some assumption of
STM is not satisfied for the studied specimen. While assump-
tion (i) is obviously valid and the validity of assumptidin)

140 |- . may be the subject of some discussion, assumgiionis
certainly incorrect because of the obvious inhomogeneity of
spatial distribution of dislocations, which represent dominant

160 |- ' -

T (ps)

120 *B 4

S S positron traps in the specimen. Hence, it seems to be most
probable that strongly nonhomogeneous spatial distribution
100 ! ! 5 L L of dislocations in the specimen bars STM from being applied
0 100 200 300 400 500

in the present case.
Temperature (°C) It is evident from the above-presented discussion that a
q of i he d proper description of positron behavior in UFG Cu has to be
FIG. 16. Dependence af on annealing temperature. The dot- 46 \ysing a model which reflects the spatial distribution of
ted line at temperatures below 200 °C was obtained by formal usa . . .
. . efects in the material. Such a model was developed in the
of Eq. (4) in the temperature range where saturated trapping occurs, Kk and is d ibed in the followi
indicating saturated trapping of positrons at defects. The dashed IirBreser],t work-an . IS escr' ed in the fo OW_'ng, text.
shows the bulk lifetimerg of positrons in copper. Posﬁron trapping at inhomogeneously dlstr|bgted defects
was discussed by a number of researcA&r® Various de-

than inside the initial NR’s. It seems to be most probable thaveloped models were applied to the PL study of deformed

small microvoids disappear preferentially in the recrystal-metals with cellular dislocation structutéand positron trap-
lized grains. ping at grain boundari€¥. However, the specimens of UFG

Cu exhibit some specific features, which need not be consid-

ered for other materials. Namely, the volume fractiprof

the DR’s is significanisee Sec.)land certainly cannot be
The simple trapping modéSTM)*® is often used in fur- neglected compared to the volume fraction of nondistorted

ther analysis of PL spectra because it allows for a determioenes. Moreover, the distance between the DR’s is compa-

nation of positron trapping rates and thereby concentrationgable to the positron diffusion length. Both of these features

of present type of defects. Nevertheless, it should be pointeldave to be incorporated in the model.

out that the STM is based on some assumptions which may It is convenient to distinguish two different kinds of re-

or may not be valid for the measured specimen. The assumgions of the studied specimen of UFG Cu:

IV. FURTHER ANALYSIS OF THE RESULTS

tions can be summarized as follows: (i) distorted regions(DR’'s) along GB's (thickness &
(i) the annihilation rates of positrons trapped at the same-20 nm) with high density of dislocations ¢f
kind of defect are the same, ~10'® m~?) and relatively high level of internal stresses,
(i) only thermalized positrons can be trapped, and and
(i) the defects are distributed homogeneously. (i) nondistorted regiongNR'’s) with low density of dis-

In order to test the validity of the above-mentioned as-locations @p~ 102 m™?2).

sumptions and thereupon applicability of the STM for a\ye a55ume that positrons are trapped at dislocatiotg
given specimen it is convenient to define the quantity inside the DR’s. This assumption is quite reasonable as dis-
1 location density inside the DR’s is at least two orders of
= ( E |i/7-i> , ©) magnitude greater than that inside the NR’s. Dislocation den-
i sity inside the NR'’s is in fact close to the lower limit of
sensitivity of PL spectroscopy.

M Using TEM, we have found some rare microvoids inside
the NR’s. Estimation of the diameter of these microvoids
leads to a value below 10 nm. We assume that there is some

=g (4) si;e distribution of the microyoic_is in the specimen. A few

microvoids observed by TEM inside the NR’s represent only
holds?® 75 in Eq. (4) states the bulk positron lifetime, i.e., the largest ones from the distribution. It is reasonable to as-
lifetime of free positrons in defect-free material. Obviously, sume that the microvoids are homogeneously distributed in-

relation (4) can be experimentally verified only when the side the NR’s. There is in principle no reason why the mi-

free positron component is resolved in the measured Pkrovoids cannot also be presented inside the DR’s, however

spectrum. we would not be able to see them by TEM due to the pres-
The dependence af; on annealing temperature is shown ence of a large amount of dislocations. In order to determine
in Fig. 16. It is plotted only for temperatures higher thanwhether the microvoids are also present inside the DR’s, we

200 °C, where validity of relatioi4) can be tested. The be- used two approaches¢l) We consider that the microvoids

wherer; andl; (2;1;=1) denote the lifetimes and relative
intensities of the spectral components. In the frame of ST
the relation
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are situated inside the NR’s only. The model developed un- T=Kp47R26n(R1). (7)

der this assumption will be shown in the following te{®)

In addition, an alternative model was developed with consid-The symbolKy, represents the trapping rate to dislocations
eration that the microvoids are homogeneously distributedor & positron situated inside a DR. At the same tifrequals
throughout thavholematerial, i.e., also inside the DR’s. The the density gradient-driving current passing through the in-
latter approaclt2) is not described in the present paper. Con-terface between the NR and the DR,

trary to model(1) shown here, moddPR) leads to an unrea-

sonablly small size of the NR’s. For example, at a tempera- T=—47RD (‘7_”) @)
ture of 220 °C we obtained the size of NR’s of 80 and 4 nm oor r—R.

using models(1) and (2), respectively. Thus, assumption o .

(1)—that the microvoids are situated inside the NR's only—BY combining Egs.(7) and (8) one obtains the boundary
seems to be a much more realistic description of the studie@ondition for the diffusion Eq(6),

specimen.

Hence, we obtain the following conditions for positron (‘9_”> __ En(R t) 9)
trapping: (i) inside DR a positron annihilates from the al. s R e
trapped state in a dislocation affid) inside NR a positron
annihilates as trapped at a microvoid or from free state. Nd he parameter
detrapping is considered.

After thermalization somenon-negligible fraction of = KpdR (10)
positrons will be situated inside the DR’s. Clearly, the prob- D,
:gIlljlgstr;ﬁ;avg(l)usrﬁ??rzggsr:tz:rlﬁremgg;t_lTslr:;gi tir;eaDnR S'was: introduced in .R(_af. 49 and it charac_te_rizes the balance
extremely high concentration of defects inside the DR’s, Wéaetween capturg—hm'ltlng. f‘f"CtorS- The |Imt't—>00 corre-
assume that all positrons, which are thermalized inside thgPonds to the d|ffu5|oné!a|m|ted regime, while=0 to the
DR’s, annihilate from trapped state at a dislocation. If a posjransmon-llmlted capture. . .
itron ends its thermalization inside a NR, it diffuses through- Contrary to Ref. 49, the fraction of positrons that com-

out the material until it is trapped or annihilates from a free.pletes the thermalization inside the DR’s cannot be neglected

state. Obviously, during its life in the specimen, it may reach” the present case. Thus, the initial condition for &) has

some DR and be trapped inside. The mean linear size of ngle form

is comparable to the positron diffusion length, therefore, dif-

fusion of free positrons from the NR’s to the DR’s represents n(r,0)= 1-7 (11)

an important process. In order to model this process cor- ' 4/37R3’

rectly, the diffusion equation for the positron inside the NR’s

has to be solved. In the present work we use an approach As was discussed previously, positrons thermalized inside

similar to that developed by Dupasquigtral*® for positron  the DR'’s are quickly trapped at defects there. Thus only dif-

trapping at grain boundaries. However, important modificafusion of positrons, which complete thermalization inside the

tions of the approach regarding the specific features of UFGIR’s is considered. The analytical solution @) including

Cu mentioned previously were introduced. the boundary and the initial conditiori8) and(11), respec-
The NR’s were considered as spherical-shaped domairsvely, is

of radiusR. The positron trapping occurs at the surface of the

domains, i.e., inside the DR’s. Constant thicknéssf the 1-7 RS SiNBI/R)
DR’s was assumed. The volume fractignof the DR’s can n(r,t)= S D a—————e N, (12
4/37R3 I k=1 sin By
be then expressed as
where g, is thekth solution of
ok (5 1=0 13
= cotB+a—1=0,
7 (R+9)° BrkcotByt a (13
Detrapping of a positron already trapped at a dislocation or a aL— 2a (14)
microvoid is negligible. The space and time dependence of K BE"‘“(O‘_]-),
the positron density is governed by the diffusion equation
BD
an 5 n 2 dn K 6 MNe=Agt+K,+ % (15
P+ trar (Mgt Ky)n, (6)

By inserting the solution12) into Eq. (7) or Eqg. (8) one
whereD , is the positron diffusion coefficient ari¢l, stands  obtains the trapping rat&(t) of positrons to dislocations

for the positron trapping rate to the microvoids. inside the DR’s.
The number of positrons trapped at the surface of a NR in  The numbemN; of free positrons can be obtained by spa-
unit time is tial integration of the density(r,t),
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N¢(t) = é n(r,t)dr=47TJORn(r,t)r2dr. (16)

One obtains

©

D, 1
Ni=3(1-n)a— 2, aym————
=31 mag 2 ag— e

The rate equation describing the time evolution of the
numberNp of positrons trapped in dislocations in the DR’s

IS

dNp

T:_)\DND_I_T' (18)

e M, (17

PHYSICAL REVIEW B65 094106

where\ represents the annihilation rate of positron trapped

at dislocation. The trapping rate

1-9

T=3 R

Kpd2, ae M (19)
k=1

is obtained by inserting the solutidid?) into Eq. (7). The

initial condition

Np(0)=17 (20

reflects the fact that some fraction of positrons completes

where
- D. 1 1
7 PV v i v v
- (27)
()\k_)\B_Kv)()\k_)\v),
-1
BiD
tk=(7\B+KD+ p , (29)
I,=7+3a(l )D*Ex‘, (29
= — R a ,
27T " R2 &1 ““Ne— Mo
! (30
T:_J
27 %o
D. K,
l,=3a(l—7)— > a ,
2=3a(1-7) o 2 A TR )
(31)
! 32
7'3—)\_- (32

v

thermalization inside the DR’s and is quickly trapped at dis-Clearly, infinitely many components cannot be resolved in

locations. Solving Eq918) and (20) gives

D,
— . aApt — )
Np=#ne o'+ 3a(l—17) R

o

XE ay
k=1

(e *ot—g M), (22)

A—Ap

The rate equation for the number of positrons trapped in

the microvoids can be written as

dn, _ N, +K,N 22
dt __}\v v+ v!INf ( )

with the initial condition
N,(0)=0. (23

One obtains the solution

©

D+ Kv(ef)\vt_ef)\kt)
N =3(1—n)a—:— a .
o=3(1=m) R? kzl KM= Ng—K,)(\k—\,)

(24)
Hence, the lifetime spectrum
d
St)==g;(Nr+Np+N,) (25

takes the form

oo

1 1 1
S(t)=2 et —1e2+ —15ets,  (26)
Kt 72 3

spectra in any practical situation. Thus, we used three-
component decomposition, where the first component repre-
sents weighted average

oo

> itk

™M= = (33)
> ik
k=1
and the relative intensity
=2 iy (34
k=1

The infinite sums in the above equations converge relatively
fast. Therefore, the truncation e « turns out to be always
acceptablé® On the basis of TEM observations, we assume
6~20 nm. Then we are able to determine the trapping rates
Kp andK, together with the radius of the NR'R, from the
experimental PL spectra. The dependence of the mean size of
the NR’s, R, on the annealing temperature is shown in Fig.
17. For the as-prepared state of UFG Cu, we have obtained
the mean linear size of the NR’s of 810 nm. This value is
lower than the mean grain size of 150 nm determined by
TEM. It is not surprising because PL spectroscopy directly
reflects the change in dislocation density inside the DR’s and
the NR’s, while TEM responses to different contrast in both
kinds of regions. Thus, “the size of the NR’s” does not nec-
essarily mean “the mean grain size,” which is obtained by
TEM. A similar difference was fourld between “the coher-

ent domain size” obtained using XRD profile analysis and
“the grain size” observed by TEM in UFG Cu and Ni. “The
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3000 - ' - 50 Increase of volume fractio=1— 7 of the recrystallized
ssooF material with timet can be described by ®@er—Sachse’s
Jwo equation!
2000 dX -
T 1600 {30 < EHZK(T)(I_IH) , (35
& 1000 | ds © wheret, represents incubation time for nucleation ands
the kinetic exponent. The quantikydepends on temperature
soor by Arrhenius equation
-{10
o
Q
. l . . K—Koexp(—ﬁ , (36)
200 300 400 500
Temperature [°C] where K, is a time-independent constark, denotes the

Boltzmann constant, anQ represents the activation energy
FIG. 17. The closed circle shows the dependence of the size aff the recrystallization. The specimen was isochronally an-
the NR’s, R, on annealing temperature. The open circle is thenealed, therefore, the effective heating rate=dT/dt, re-

volume fractionz of the DR’s as a function of annealing tempera- mains constant. Thus, time in E¢5 may be expressed
ture. The results were obtained using the model for positron trapysing temperature as

ping in UFG material developed in the present work. The solid

smooth line represents fit of temperature dependence loy Eq. t=(T—To)lv,, (37
(39), which allows for determination of the activation energy of the
recrystallization. where T4 denotes the annealing temperature, when the re-

crystallization starts. Inserting Eq&36) and (37) into Eq.

mean size of the NR’s,” R, obtained by PL spectroscopy (35), one obtains the following expression for the recrystal-
should correspond to “the domain size” determined by!ized fractionX:
XRD, because both quantities are closely related to disloca- T m—1
tion density. Indeed, “the domain size” of 120 nm v — _3 _
- ! | 1-X=ex Ko | ex ty aT|,
found in the as-prepared specimen, see Sec. Il A, is lower kT/\v
than “the mean grain size” and exhibits relatively good (38)

agreement with R. It should be pointed out that the assump-yheret, is another temperature-independent constant. In our
tion of spherical domain size for NR's was made in analy5|%ase, the volume fraction of distorted regions, i.es X,
of both the XRD and the PL spectra. As the actual shape Ofigcreases from initial valug, to final values,, see Fig. 17.
NR’s is generally nonspherical,Rshould be treated as an Thus, it is necessary to rescale E88), which leads to
effective linear size of the NR’'s. The geometrical signifi-
cance of the effective linear size of nonspherical domains is Q
addressed in Ref. 46. The good consistency ofRhealue n=(n1— ﬂz)eX!{ - Kof EXF{ - k_T)
obtained from our model both with the XRD and the TEM
observations and the literature serves also as strong indirect 1
evidence of the validity of the model used in the present X
work. Note that “the mean grain size” determined by TEM
exhibits reasonable agreement witR Bbtained by PL spec- where 7 is used instead of 2 X. The integral on the right-
troscopy, see Fig. 17, in the recrystallized material, i.e.side of Eq.(39) was solved numerically and the obtained
above 400 °C, when the volume fraction of the DR'’s is neg-function was fitted to temperature dependence abtained
ligible. from experimentFig. 17). The function obtained from the fit
The mean size of the NR’s,R, remains practically con- is plotted in Fig. 17 by a solid line. One can see in Fig. 17
stant up to 300 °C, see Fig. 17. It means that the abnormahat the fitted function exhibits reasonable agreement with
grain growth affects only weakly the mean size of the NR’s.experimental points. The activation energ@=1.0
Radical increase of R occurs during the recrystallization in 0.1 eV (9610 kJ/mol) was determined from the fit.
the temperature range from 300 to 400°C, see Fig. 17This value agrees well with the activation energy of 107
Above 400 °C, R still gradually increases probably due to kJ/mol for migration of GB's in coarse-grained &iiThus, it
further growth of the recrystallized grains realized by migra-confirms that the annealing sta@e in our specimens occurs
tion of the high-angle GB’s. due to growth of the recrystallized grains. Analysis of the
In addition to R, the volume fractiony of the NR's  temperature dependence of microhardness for the UFG Cu
calculated from Eq(5) is plotted in Fig. 17 as a function of revealed two stages with activation energy oft38) and
the annealing temperature. One can clearly see in Fig. 17 th@8+20 kJ/mol, respectivel{/. The later stage takes place
7 exhibits drastic decrease during the recrystallizatffoom  between 300 and 350 °C and similar to our case it was at-
300 to 400 °@ where the DR’s are consumed by the recrys-tributed to the recrystallizatiot. Clearly, the activation en-
tallized grains. ergy for the growth of recrystallized grains determined by PL

T m-
__tl) dT)+7]2, (39)

Ua
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FIG. 18. The closed circle is the trapping ra€g of positron Temperature (°C)

situated inside DR to dislocations; the open circle is the positron

. . - FIG. 19. The mean dislocation densigy for UFG Cu as a
trapping rateK, to microvoids.

function of annealing temperature.

spectroscopy in the present work agrees well with that ob
tained from the microhardness measureméhts.

The trapping rateK of positron situated inside DR to
dislocation determined from our modétgs.(32)] is plotted

Spectroscopy due to saturated trapping. However, one can
see in Fig. 19 thap certainly lies above 010" m™2.

Saturated trapping requires the mean dislocation density in
specimen above this value, as can be seen from the following

in Fig. 18 as a function of annealing temperature. One cagjm e estimation. Clearly, the trapping ratéas to exceed
see in Fig. 18 that the trapping reitg, decreases first up to the bulk trapping rate.s, i.e., T>\g. Using Eq.(19) one
280°C, i.e, in the stage of the abnormal grain growth. This.5q \write

decrease is likely caused by a decrease of dislocation density
inside the DR’s probably connected with some rearrange- 1— 9
ment of dislocations as was suggested also in Ref. 16. Then 3
during the recrystallizatiorK, remains constant. However, R

for the recrystallized specimen at 400°C it abruptly in-y; follows from Egs. (11) and (12) that the infinite sum

creases about one order of magnitude, see Fig. 18. The drassnnot be greater than 1. Thifs, obeys the relation
tic increase ofKp can be explained only as the change of

nature of positron traps in the recrystallized specimens. As AgR
was found by TEM, dislocation density in the recrystallized Ko= g7 -
. . To a 35(1—1)

specimen lies around 3 m~2, which is the lower limit of
sensitivity of PL spectroscopy. Thus, positron trapping to Hence, assumingy~0.4 for the as-prepared UFG Cu one
dislocations becomes negligible in the recrystallized speciebtains the conditioiKp=1.1\g. Using Eq.(40), the esti-
men and positrons are most probably trapped at high-anglmation of the mean dislocation density in the as-prepared
boundaries of recrystallized grains. specimen is therpp=0.7x10"* m~2, which agrees well

Dislocation density inside the NR’s is negligible com- with 10'* m~2 obtained on the UFG Cu by TEM and
pared to that inside the DR's. Hence, below 400°C theXRD.® In the case of recrystallized specimeh=400 °Q),
mean dislocation densitgp in the specimen is directly con- the trapping rate to grain boundaries can be expressed as
nected with the trapping ratep,

KpdY ae M=\g. (41)
k=1

(42)

K= Vepo, (43)

2o=7Kolvo, 40 where o represents the specific surface of GB’s. For spheri-
where vy is the specific positron trapping rate to Cu dislo- cal grains of diameteR, o=3/R. The quantityvgg is the
cation. In the present work we usedvy=0.6 specific positron trapping rate per unit specific surface. For
x10"* m?s ! determined by @ek et al!® The mean dis- the UFG Cu we obtainedvgg=(1.1+0.2)x10* m s 1,
location density calculated from EO) is plotted in Fig. 19  which remains approximately constant from 400 to 520°C.
as a function of annealing temperature. The mean dislocatiofihere is lack of the specific trapping ratgg for Cu in the
density exhibits radical decrease in stdgeof the abnormal literature. However, Dupasquiet al*° found the values of
grain growth. It is connected with the appearance of isolatedgg range from 0.X10* m s (for zZn alloys to 3
dislocation-free recrystallized grains and also with the de-x10* m s ! (for Al alloys). Although these specific trap-
crease of dislocation density, i.e., some rearrangement of diging rates were determined for other materials, we conclude
locations, inside the DR'’s, which was reflected by a decreasthat at least an order of magnitude =&fg obtained for the
of Kp. Further decrease afp takes place during the pri- UFG Cu in the present work agrees with those in Ref. 49. It
mary recrystallization. The mean dislocation density in thesupports our assumption of positron trapping at GB’s in the
as-prepared state of specimen cannot be determined by Récrystallized specimen.
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The trapping ratéK, of positron to the microvoids is di- Microhardness ( MPa )
rectly connected with their concentration. Clearly, the mean 800 1000 1200 1400 1600 1800

concentration of the microvoids is T T T T T
190

Cv:(l_n)Kv/Vvv (44)

180

wherewv, represents the specific positron trapping rate to the
microvoids. The specific trapping rate depends strongly
on the size of a microvoid. For small spherical clusters con-
sisting of n vacanciesy, can be approximaté®l by linear
relationv,~nv,, , wherev,,=1.2+0.2x 10" s !at. is the
specifying trapping rate for Cu monovacari¢ythe number

of vacancies corresponding to the open volume of a micro-
void was calculated using ER). The mean concentration of 130 |
the microvoids is then plotted as a function of annealing
temperature in Fig. 15. One can see that the number of the e Py o8 oo 0 1
microvoids decreases drastically from 220 to 350 °C, while
the mean volume of the microvoids gradually increases. In
the temperature interval from 370 to 430 °C the mean vol-
ume of the microvoids, however, drastically increases. At the, .

i?en;eu?'ﬁivs et);gbrlgsdigg:y dree;?e'[glseely;?ha;l rmgpo(cgiglccgséetime?is plotted as a function of the electrical resistivity in arbitrary
’ ’ Whits (closed circle, solid lineand the microhardnegspen circle,

tration occurs during the abnormal grain growth. It seems tQjotted ling obtained for the same annealing temperature indicated

indicate that the recrystallized abnormally grown grains conyy centigrades by the numbers shown near the points. The electrical

tain a substantially smaller number of the microvoids. It is esistivity and the microhardness data were taken from Ref. 16.
expected that the smaller a microvoid, the smaller its thermal

stability. Hence, the smallest microvoids disappear first from o — : :
the material. It is reflected by a gradual shift of the mean(recrystalllzatlom, when 7 dramatically decreases, while the

volume of microvoids toward higher values, see Fig. 15 Theelectrical resistivity and the microhardness exhibit only a
f . light decrease. The electrical resistivity and the microhard-

mean volume of microvoids exhibits an abrupt increase at . g . e :
the end of the recrystallization stage. In this temperatur@ess exhibit very similar behavior, which is characterized by

rangec, decreases only moderately. Thus, only the IargesEna'n decrease in the stage of the abnormal grain growth and

(most stablg microvoids survive in the recrystallized speci- felatively small d(_ecrease due to the recry_stalllzatlon_. The
men. former decrease is probably connected with relaxation of

elastic stresses as well as some rearrangement of dislocations
in the DR's!® On the other hand, PL sensitivity to the

V. COMPARISON OF PL RESULTS WITH OTHER stresses in specimen as well as dislocation rearrangement in
TECHNIQUES the DR’s is relatively low, therefore, it responds mainly to

An interesting point represents comparison of PL resultdhe recrystallization, when disappearance of the defects takes

with those obtained by other nonlocal techniques commonly'@c€:

used in investigations of thermal stability of NC and UFG

metallic specimens, namely electrical resistivity and micro- VI. CONCLUSIONS

hardness measurements. We compare the results obtained on . )

UFG copper by PL spectroscopy in the present work with the 1 nermal stability of UFG copper was studied by means of
electrical resistivity and the microhardness results on th&'L SPectroscopy correlated with TEM. The initial grain size

same material published in Ref. 16. Results obtained by afff @Pout 150 nm was found. Positrons are trapped at dislo-

the techniques are correlated in Fig. 20. The positron meaf@lions inside the distorted regions and also in the micro-
e . . voids. There is some size distribution of the microvoids with
lifetime 7 is used as an integral parameter characterizing th

e o the mean size of about 5 vacancies. No significant change of
PL spectrum. The mean lifetimeis plotted in Fig. 20 as a mjcrostructure was observed up to 150°C. In the tempera-
function of the electrical resistivitysolid line) and the mi- e region from 150 to 280 °C abnormal grain growth takes
crohardnesgdotted ling obtained for the same annealing pjace. Isolated recrystallized grains almost free of defects
temperature indicated by the numbers in the vicinity of theﬁ:ow in the deformed matrix. The mean concentration of the
individual points. There is no change detectable by any ofpicrovoids decreases remarkably during the abnormal grain
the methods up to the annealing temperature of 150°C. Ajrowth and simultaneously their mean size gradually in-
higher annealing temperatures up to 250 (bnormal grain  creases. In the temperature range from 280 to 400 °C recrys-
growth) the electrical resistivity as well as the microhardnessq|lization takes place, where the deformed matrix is con-
exhibit a strong decrease, see Fig. 20. On the other hand, thgmed by the recrystallized grains. As a result the distorted
mean lifetimer remains almost unchanged. Practically op-regions disappear, which is accompanied by significant dimi-
posite behavior can be seen at temperatures above 250 °@ution of dislocation density. At the end of the recrystalliza-

170 |

160

150

Mean lifetime ( ps)

Electrical resistivity (arb. units)

FIG. 20. Correlation of the mean positron lifetimewith the
ctrical resistivity and the microhardness. The mean positron life-
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tion stage the mean size of the microvoids abruptly increasermed by other author®. Moreover, using the model of
up to about 20 vacancies. Thus, only the largest microvoidgositron trapping developed in the present work, the activa-
survive in the recrystallized material. Above 400°C thetion energy of the recrystallization of 9610 kJ/mol was
specimen is fully recrystallized and the mean grain size ofjetermined. It corresponds to the activation energy of migra-
about 3 um was found. Positrons in the recrystallized speci-tion of equilibrium grain boundaries in coarse-grained Cu.
men are trapped most probably at the grain boundaries. High resolution of the PL spectrometer used in the present
Spatial distribution of defects in the studied UFG coppefyork has enabled proper determination of lifetime and rela-
is_highly nonuniform, which does not allow one to use thetjve intensity, especially of the free positron component,

simple trapping model. Therefore, the trapping model, whichyhich is crucial for application of the developed model.
takes into account the nonuniform defect distribution as well

as positron diffusion between the different regions, was de-

veloped in the present work. This model properly describes

positron behavior in the UFG copper. The model allows for ACKNOWLEDGMENTS
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