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Summary. Ultra-fine grained (UFG) Cu (grain size 80nm) containing 0.5 wt.% Al,O5; nanoparticles
(size 20nm) was prepared by high pressure torsion (HPT). Positron lifetime spectroscopy was
employed to characterize the microstructure of this material, especially with respect to types and
concentration of lattice defects. The evolution of microstructure with increasing temperature was
studied by positron lifetime spectroscopy and X-ray diffraction measurements. The thermal stability
of the Cu+ 0.5 wt.% Al,O3 nanocomposite was compared with that of pure UFG Cu prepared by the
same technique. The processes taking place during thermal recovery of the initial nanoscale structure
in both studied materials are described.
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Introduction

Recently it has been found that ultra-fine grained (UFG) materials can be produced
using severe plastic deformation. Grain sizes from 50 to 150 nm in metals were
achieved by high pressure torsion (HPT) [1, 2]. The equal channel pressing tech-
nique (ECAP) [1] represents another method based on the above phenomenon. The
UFG materials prepared by ECAP exhibit grain sizes of about 200 nm [3]. How-
ever, more massive samples can be prepared by ECAP, whereas the size of the
samples prepared by HPT is limited [3]. Smaller grain sizes can be produced by
HPT; therefore, this method was choosen for the preparation of the samples in
this work. In comparison with other techniques of preparation of nanocrystalline
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materials (e.g. gas condensation or ball milling), HPT and ECAP are capable of
producing high-purity specimens with no residual porosity.

TEM investigation of UFG Cu and Ni prepared by HPT [4, 5] have revealed a
fragmented structure with high-angle misorientation of neighboring grains. Dislo-
cations are concentrated in distorted layers along grain boundaries (GBs), whereas
the grains themselves are almost free of dislocations. A highly non-uniform dis-
tribution of dislocations was also confirmed by XRD [6]. Most of the GBs are in
non-equilibrium states of higher energy. The specific structure of UFG materials
leads to a number of unusual physical and mechanical properties. In particular, the
UFG materials exhibit abnormally high diffusion activity [7], unusual changes in
Curie temperature, saturation magnetization, and elastic properties [8]. Moreover,
the UFG materials are characterized by combination of high strength and ductility
[1, 9]. These advantageous mechanical properties make them highly attractive for
further industrial applications.

Valuable information about defects in UFG materials has been obtained by
means of positron lifetime (PL) spectroscopy [5, 10]. Two types of defects were
found in UFG Cu: (i) dislocations inside the distorted regions near to GBs and (i7)
microvoids consisting of a few vacancies distributed homogeneously throughout
the grains.

The evolution of UFG structures with increasing temperature is interesting from
a physical point of view as one obtains information about the thermal recovery of the
highly non-equilibrium initial structure. Moreover, detailed knowledge about ther-
mal stability is necessary for further industrial applications of these materials. It has
been found that thermal recovery of UFG structures is realized by abnormal grain
growth followed by recrystallization, i.e. grain growth in the whole volume of the
sample [5, 11]. Recently, it has been proposed that ceramic nanoparticles may
inhibit the grain growth and, thereby, extend the thermal stability of the UFG struc-
ture. Indeed, investigations of UFG Cu with 0.5 wt.% Al,O; have revealed enhanced
thermal stability of this nanocomposite compared to pure UFG Cu [12, 13]. The
onset of the recrystallization was shifted from 170°C in pure UFG Cu [4] to 400°C in
UFG Cu+ 0.5wt.% Al,O5 [12]. However, relaxation of elastic strain and some
recovery of defects indicated by a decrease of the electrical resistance precede the
recrystallization [12]. Changes of microstructure corresponding to this recovery
remain still unclear, but it is believed that they are connected with some changes
of defect structure. PL spectroscopy represents an important tool for the investiga-
tion of these changes due to its high sensitivity to open volume defects [14].

In the present work, the thermal evolution of the microstructure of UFG
Cu+ 0.5 wt.% Al,O5 prepared by HPT was studied by PL spectroscopy and XRD,
the main attention being focused on changes of the defect structure. The obtained
results were compared with those for pure UFG Cu prepared by the same technique.

Results and Discussion

As-prepared state

The PL spectrum of pure UFG Cu can be fitted best by three exponential com-
ponents; the lifetimes and relative intensities of these components are shown
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Table 1. Positron lifetimes and corresponding relative intensities (I; + I, 4+ I3 = 100%) for as-pre-
pared UFG Cu and UFG Cu + 0.5 wt.% Al,O5; the values in parentheses represent the measurement
errors (one standard deviation)

Specimen T I T2 L T3 I

(ps) (%) (ps) (%) (ps) (%)
Pure UFG Cu 67(8) 3.3(5) 166(2) 72(2) 255(2) 25(1)
UFG Cu+0.5wt.% Al,O4 - - 161(3) 60.4(5) 257(1) 39.6(5)

in Table 1. The shortest component’s lifetime 7; is well below 100 ps; this is
remarkably lower than the lifetime of positrons in defect-free Cu which amounts
to 114.5+ 0.1 ps [10]. It is well known that when open volume defects are present,
the lifetime of free positrons is shortened due to positron trapping at the defects
[14]. The lifetimes of positrons trapped at open volume defects are always higher
than the lifetimes of free positrons in defect-free material. Thus, the component of
lifetime 7, can be obviously attributed to free positrons. The small relative inten-
sity of this component clearly indicates that the majority of positrons annihilate
from trapped states at defects. The lifetime 7, of the second component corre-
sponds to the lifetime of 164 ps of positrons trapped at dislocations [15, 16]. This
component originates from positrons trapped at dislocations in distorted regions
along GBs; for a detailed discussion, see Refs. [5, 10]. The third component (life-
time 73) represents a contribution of positrons trapped at microvoids inside grains
[5, 10]. Using theoretical calculations in Ref. [5], one obtains a size of the micro-
voids in the as-prepared specimen corresponding to 5 monovacancies, meaning that
the diameter of the microvoids is about 0.5 nm. Some rare microvoids were found
by TEM inside grains in pure UFG Cu [5]. The formation of microvoids of similar
size was observed by PL spectroscopy also on plastically deformed polycrystalline
Cu [16]. It is reasonable to assume that there is some size distribution of the
microvoids, and only the largest microvoids are visible by TEM. In principle, there
is no reason why the microvoids cannot be situated also inside the distorted
regions. To solve this question we used the diffusion model of positron behaviour
in UFG materials as described in Ref. [S]. A detailed description of the diffusion
model is out of the scope of the present work; therefore, we give here only the basic
ideas of the model and we will discuss the results of its application. We assume that
a UFG or a nanocrystalline material consists of spherical non-distorted regions
(grain interiors) with radius R which are separated by distorted regions of thickness
d. The dislocation density inside the non-distorted regions is below the detection
limit of PL spectroscopy (about 10'?m ~?). On the other hand, the distorted regions
are characterized by high dislocation density. Thus, we assume that positrons
annihilate from trapped states at dislocations inside the distorted regions only.
Contrary to coarse-grained materials, the volume fraction of the distorted regions
cannot be neglected in the UFG and the nanocrystalline materials. Therefore, the
positrons are divided into two groups:

1) positrons which end their thermalization inside the distorted regions (we
assume that they are trapped at dislocations there) and
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2) positrons which end their thermalization inside the non-distorted regions; these
may a) annihilate from the free state, b) be trapped in microvoids, or c) diffuse
to distorted regions and be trapped at a dislocation there.

To solve this problem one has to solve the positron diffusion equation which
was done similar to Dupasquier et al. [17]. As a result we obtained density of free
positrons n(r, #) at a given time ¢ and at position r. From the density of the free
positrons one can calculate the densities of the positrons trapped at the defects and
deduce the shape of a PL spectrum which can be directly fitted to the shape of the
experimental one. As a consequence, we can determine the linear size of the non-
distorted regions, 2R, which corresponds to the coherent domain size [5], the
volume fraction of the distorted regions, 7, and the density of the dislocations
and concentration of the microvoids.

Regarding the microvoids, we used two different approaches in the diffusion
model: (i) we assumed that the microvoids are distributed homogeneously inside
grains only, i.e. they are not situated inside the distorted regions, and (ii) in
an alternative approach the microvoids were assumed to be distributed homo-
geneously throughout the whole material, i.e. also inside the distorted regions.
Approach (ii) leads to unphysically small grain sizes (below 10nm), whereas
approach (i) gave the grain sizes plotted in Fig. 9 and listed in Table 2 and which
agree well with the coherent domain sizes determined by XRD. Thus, we conclude
that the assumption that the microvoids are situated inside grains only is much
more realistic, and approach (i) was used for elaboration of PL data in this work.
For a detailed description of both approaches, see Ref. [5].

Two components were resolved in UFG Cu+ 0.5 wt.% Al,O5 (see Table 1).
Similarly to pure UFG Cu, the component with lifetime 7, = 161 ps results from
positrons trapped at dislocations inside the distorted regions, whereas the compo-
nent with 73 =257 ps represents a contribution of positrons trapped at the micro-
voids inside grains. No free positron component was found in UFG Cu + 0.5 wt.%
Al,O3. This may be a consequence of smaller grain size, as the relative intensity of
this component is very small even in pure UFG Cu.

Whereas the lifetimes of trapped positrons are virtually the same for both
specimens, the relative intensity of the component originating from the microvoids
is remarkably higher for UFG Cu + 0.5 wt.% Al,Oj3. Thus, the size of the micro-
voids is the same in both specimens, but their concentration is higher in UFG

Table 2. The coherent domain size a obtained by XRD and the size of the non-distorted regions 2R
calculated from PL spectra using the diffusion model [5]; for comparison, the mean grain size d
determined by TEM [4, 12] is included; the values in parentheses represent the measurement errors
(one standard deviation)

Specimen a 2R d
(nm) (nm) (nm)
Pure UFG Cu 80(10) 80(4) 107

UFG Cu+0.5wt.% Al,O; 50(10) 64(4) 80
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Fig. 1. XRD profiles (311) and (222) for UFG Cu with 0.5 wt.% Al,Oj after preparation (thick line)
and after annealing at 550°C (thin line)

The lattice parameter determined for the pure UFG specimen by XRD
measurements (3.6152 A) agrees well with the values given for PDF-2 [13]
(3.6150 A). This means the absence of both impurities in the lattice and residual
stresses. Texture indices show a random grain distribution or a weak (111) texture
which does not vary with annealing temperature. The texture does not change
during the recrystallization.

A typical feature of the XRD spectra for both UFG specimens is a broad-
ening of the diffraction profiles which decreases with annealing temperature.
This is illustrated in Fig. 1, where the measured XRD peaks (311) and (222)
for as-prepared UFG Cu+ 0.5 wt.% Al,O3 and for the specimen after annealing
at 580°C are plotted. A significant strain anisotropy of line broadening of the
type Bunn<Pnoo for the as-deformed state was found in both samples. This
anisotropy seems to be a typical feature of these materials and was found also
for milled Cu powder [13]. Williamson-Hall (WH) plots for as-prepared UFG
Cu and UFG Cu+ 0.5wt.% Al,O3 are shown in Fig. 2. The anisotropy can be
related to the dislocation-induced line broadening, and the integral breadths can
be calculated using known orientation (contrast) factors for the most common
slip systems in fcc structures (Burgers vector b=a/2(110)). A simplified pro-
cedure for the evaluation of 3 is similar to that published by Ungar et al. [19]
and it is based on Eq. (1) where D is the mean domain size in the measured
direction, A is the wavelength, @ is the diffraction angle, k is the Scherrer
constant, by is related to stacking-fault probability, W(g) is the known corre-
sponding orientation factor, By = Aphv/2In P, p is the dislocation density, b is
the magnitude of Burgers vector, Ao~ 1, P is a factor related to the cut-off
radius of the dislocation arrangement which must be estimated from the
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Fig. 2. WH plot for as-prepared pure UFG Cu (full triangles) and UFG + 0.5 wt.% Al,05 in the as-
prepared state (full circles) and after annealing at 580°C (full squares); calculated integral breadths
are indicated by open symbols connected by solid lines

diffraction profile shape (e.g. from Fourier coefficients), and O® indicates
non-interpreted high-order terms.

B =+ boW(s) + Boy/a/Tw)

For a mean value of the orientation factor, the Ungar and Tichy formula
(Eq. (2)) is used in such a way that the fraction of edge dislocations is weighted
by we (Eq. (3)).

sin

2]
3 + 07 (1)

W2k + W22 + k2

k) =A+BH?> H?=
(=) (h? 4 k2 + 12)?

(2)

(k) = We(Ae + B-H?) + (1 — we)(As + BH?) (3)

The parameters A., B., A, and B for the edge and screw dislocations, respectively,
can be found in Ref. [20]. A two-step procedure [13] was used to determine D, b,
We, and o under the assumption that the hk/-dependence of D and the higher-order
terms O can be neglected. This simplified procedure gives reasonable results,
especially for the dislocation densities which are the dominant reason of line-
broadening. For a more detailed analysis, a new procedure should be applied
[21]. The calculated values are also shown in Fig. 2 by open symbols connected
by solid lines. The agreement of experimental results and theoretical calculations is
excellent. The coherent domain size a, which can be obtained from WH plots [22],
is shown in Table 2 for both the specimens. The dislocation densities for both
materials as determined by XRD are plotted in Fig. 3.

Using the diffusion model of positron behaviour in UFG materials (described in
details in Ref. [5]) it is possible to calculate the linear size 2R of the non-distorted
regions, i.e. the regions free of dislocations. The diffusion model can be modified
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Fig. 3. Temperature dependence of the mean dislocation density determined by XRD for UFG Cu
(squares) and UFG Cu+ 0.5 wt.% Al,O3 (circles)

also to the case of saturated trapping at dislocations and microvoids which occurs
in UFG Cu+ 0.5 wt.% Al,O3. A detailed description of this modification is out of
the scope of this paper and will be published separately. When applying the diffu-
sion model to the case of saturated positron trapping in UFG Cu + 0.5 wt.% Al,Os,
we used the additional assumption that the number of dislocations inside the dis-
torted layers in as-prepared UFG Cu + 0.5 wt.% Al,Oj5 is the same as in pure UFG
Cu. This seems to be reasonable due to the same procedure of preparation. More-
over, we can make a very simple estimation of dislocation density inside the dis-
torted regions from the mean dislocation densities determined by XRD (Fig. 3). It
is clear from Fig. 3 that the mean dislocation density in UFG Cu with Al,O;
exceeds that in pure UFG Cu by a factor of about 1.5. This is clearly due to the
smaller domain size in the case of the UFG Cu with Al,O3 and, thereby, the
increased volume fraction 7 of the distorted regions. Neglecting the dislocation
density inside grain interiors, which is more than two order of magnitude smaller
[5], the mean dislocation density can be expressed by Eq. (4) where 7 denotes the
volume fraction of the distorted regions and gp is the dislocation density inside
the distorted regions. If the dislocation density gp is the same in both samples, the
volume fraction of the distorted regions has to be higher for UFG Cu with Al,O3 by
the same factor as the mean dislocation density. Assuming spherical grains, the
volume fraction of the distorted regions is given by Eq. (5) where a is the coherent
domain size and 6 denotes the thickness of the distorted regions. Using the domain
sizes determined by XRD (Table 2) and 6 = 10 nm [3], we obtained a value of 7 for
UFG Cu with Al,O5 which is higher by factor of 1.4 than 7 for pure UFG Cu. Thus,
the XRD data also indicate that the dislocation density inside the distorted regions
is virtually the same in both materials.

0 = 10D (4)
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(a + 6>3 B <a)3 (5)
LS

According to our previous results on UFG Cu [5] and TEM studies of UFG Cu
[4] and UFG Cu+ 0.5wt.% Al,O5 [12], we further assume that the dislocation
density inside the distorted regions does not change with temperature and that
practically unchanged distorted regions are consumed by the recrystallizing grains
during the recovery process. Using these assumptions, it is possible to obtain the
volume fraction of the distorted regions (7)), the size of the non-distorted regions
(2R), and the concentration of the microvoids (c,), also in the case of saturated
positron trapping. The sizes of the non-distorted regions for both specimens cal-
culated using the model from measured PL spectra for as-prepared UFG-Cu and
UFG Cu+0.5wt.% Al,O3 are given in Table 2. They correspond well to the
domain size obtained by XRD, which is confirmed also by the values in Table 2,
and both quantities are very closely related to the grain sizes in the specimen. It has
been found that the domain size (or size of the non-distorted regions) is slightly
smaller than the mean grain size determined by TEM [4, 5]. This results from the
fact that the former quantities are correlated with different dislocation densities
inside the grains and inside the distorted layers along GBs, whereas the grain size is
determined from different contrasts for grains and GBs in the TEM image; for
more detailed discussion, see Refs. [4, 5]. The difference between these quantities
obviously decreases with annealing temperature due to a change of non-equilib-
rium GBs to the equilibrium ones. One can see from the Table 2 that UFG
Cu+0.5wt.% Al,O3 exhibits smaller grain sizes than pure UFG Cu, despite of

the same preparation procedure.

Evolution of structure with temperature

It is known that the mean positron lifetime 7 is a robust parameter which does not
depend on the number of components to which a PL spectrum is decomposed.
Therefore, we used this parameter for the description of changes occuring during
isochronal annealing of UFG Cu and UFG Cu + 0.5 wt.% Al,0O3. The dependence
of 7 on the annealing temperature for both the samples is shown in Fig. 4. One can
see that 7 for UFG Cu + 0.5 wt.% Al,Oj3 is remarkably higher than for pure UFG
Cu due to higher number of microvoids in UFG Cu + 0.5 wt.% Al,O5. Moreover, in
contrast to the pure UFG Cu, it continuously increases up to 400°C. In the case of
the pure UFG Cu, T starts to decrease at 370°C, whereas in the case of UFG
Cu+0.5wt.% Al,O5 the decrease starts at 400°C, i.e. at a similar temperature.
The temperature dependence of the lifetimes of individual components for
UFG Cu and UFG Cu+0.5wt.% Al,O3 is shown in Fig. 5; the corresponding
relative intensities are plotted in Fig. 6. As one can see from Figs. 5 and 6, no
free positron component was observed in UFG Cu+ 0.5 wt.% Al,O3 up to a tem-
perature of 430°C. On the other hand, a continuous increase of intensity /; takes
place in pure UFG Cu from 160°C (Fig. 6), and strong increase of this intensity
occurs above 370°C. This difference clearly indicates that the recovery of defects
is much more pronounced in pure UFG Cu compared to UFG with Al,Oj,
i.e. the presence of the Al,Os; nanoparticles prevents the recovery of defects.
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Fig. 4. Temperature dependence of the mean positron lifetime for UFG Cu (open circles) and UFG
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Fig. 5. Lifetimes of the components determined from PL spectra of UFG Cu (open symbols) and
UFG Cu with 0.5wt.% Al,O3 (full symbols) as a function of annealing temperature

The behaviour of the lifetimes 7, and 73 with temperature is practically the same
for both samples (Fig. 5). Thus, the same kind of defects, i.e. dislocations in the
distorted regions and the microvoids inside the grains, are present in both samples.
The difference between the two samples consists in different concentration of these
defects as well as different temperature intervals of their recovery.

The lifetime 7, of positrons trapped at dislocations exhibits no change with
temperature. The intensity of this component starts to decrease from 160°C in pure
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(open symbols) and UFG Cu with 0.5wt.% Al,O3 (full symbols) as a function of annealing
temperature

UFG Cu and is correlated with an increase of the intensity /, of the free positron
component. TEM investigations revealed an onset of the grain growth in this
temperature region [4].

On the other hand, a decrease of I, takes place from 250°C in UFG
Cu+0.5wt.% Al,O3 and, contrary to pure UFG Cu, is not accompanied by an
appearance of the free positron component. This means that no recrystallized
defect-free grains are formed. The decrease of I, in both specimens obviously
reflects the recovery of the distorted regions, and one can conclude that the
presence of the Al,Os; nanoparticles shifts the start of this recovery by about
100°C to higher temperatures.

The lifetime 73 of the microvoid exhibits a continuous increase with tempera-
ture for both the samples (Fig. 5), indicating that the mean size of the microvoids
increases with temperature. Using theoretical calculations performed in Ref. [5],
one can determine the size of the microvoids from 73. The temperature depen-
dences of the size and the effective diameter of the microvoids for both specimens
are plotted in Fig. 7. One can see that the initial size of the microvoids corresponds
to 5 vacancies and increases to about 10 at 450°C in pure UFG Cu. The increase of
size of the microvoids is less pronounced in UFG Cu+ 0.5 wt.% Al,Os.

The relative intensity /5 exhibits a decrease from about 370°C in pure UFG Cu.
In the case of UFG Cu + 0.5 wt.% Al,Oj5 it increases from 250°C to 300°C because
of the normalization of the relative intensities I; + I, + 15 = 100% and the fact that
in this temperature range /; =0%. The increase of I5 is, therefore, due to the
corresponding decrease of I, and does not indicate an increase of the number of
the microvoids in this temperature interval. A determination of the concentration of
the microvoids must be performed using the positron diffusion model. However,
after the increase, I3 decreases again, accompanied by the appearance of the free
positron component /.
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Fig. 8. Temperature dependence of the volume fraction of the distorted regions for pure UFG Cu
(open circles) and UFG with 0.5 wt.% Al,O5 (full circles)

A further elaboration of PL spectra was performed using the diffusion model of
positron behaviour in UFG materials [5, 10]. The temperature dependence of the
volume fraction of the distorted regions 7 is plotted in Fig. 8. The higher initial
volume fraction of the distorted regions in UFG Cu with Al,Oj3 is obviously due to
the smaller grain size as compared to pure UFG Cu (Table 2) and the estimation
performed above. In the case of pure UFG Cu, 7 radically decreases from 160°C to
250°C; TEM investigations have revealed that rapid grain growth takes place in
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Fig. 9. Temperature dependence of the linear size of the non-distorted regions, 2R, as determined

from PL data using the diffusion model [5]; full circles: UFG Cu with Al,Oj3, open circles: pure UFG

Cu; domain size a as determined by XRD for UFG Cu with Al,Oj3 (full triangles) and pure UFG Cu

(open triangles); the temperature dependence of the mean grain size obtained by TEM for pure UFG
Cu [4] is also included in the figure (gray diamonds)

this temperature region [4]. Thus, the recrystallization occurs in this temperature
interval, as also confirmed by an analysis of the activation energy of this process
[23]. Only a small decrease of n occurs in UFG Cu with Al,O5 in temperature
region of 250-300°C, i.e. at about 100°C higher temperatures. The radical decrease
of n taking place at 430°C reflects clearly the recrystallization in UFG Cu with
AL O3.

The mean sizes of the non-distorted regions (dislocation-free grain interiors),
2R, determined using the diffusion model for both materials are shown in Fig. 9.
Clearly, 2R exhibits good agreement with the domain size a determined by XRD
(Fig. 9, full triangles). One can see from Fig. 9 that 2R increases rapidly from
80nm to 500 nm during the recrystallization in the pure UFG Cu, corresponding
well with TEM results [4]. On the other hand, there is only a very small increase of
the mean grain size in the temperature region of 250-300°C in UFG Cu + 0.5 wt.%
Al,O3. The most probable explanation for this fact is that only a small fraction of
grains exhibits growth, i.e. only a few recrystallized grains appear in the deformed
matrix. The recrystallization takes place from 430°C in UFG Cu with Al,O; (Fig. 9)
and leads to a rapid increase of grain size in the whole volume, accompanied by a
decrease of the volume fraction of the distorted regions (Fig. 8). It is consistent
with recent TEM results [12] which have shown that the fraction of the recrystal-
lized grains at 400°C is not higher than 5—6%; after annealing at 600°C, it amounts
to 90%. The coherent domain size lies well below 100 nm up to 400°C (Fig. 9). The
mean grain size determined by TEM in Ref. [12] is still below 100 nm at 400°C in
UFG Cu+ 0.5 wt.% Al,O5, whereas it is about 1 um, i.e. one order of magnitude
higher, in pure UFG Cu. Thus, in agreement with Ref. [12], we can conclude
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the diffusion model [5]; full symbols: UFG Cu with Al,Os, open symbols: pure UFG Cu

that the grain growth is substantially prevented by the presence of the Al,O;
nanoparticles in UFG Cu.

The concentration of the microvoids ¢, can be obtained from the positron
diffusion model [5, 10] and is plotted in Fig. 10. It should be noted that PL spectros-
copy represents a unique tool for the investigation of the behaviour of the micro-
voids which are hardly detectable by other techniques. One can see from Fig. 10
that the concentration of the microvoids is higher in UFG Cu with Al,O5 than in
pure UFG Cu. At low temperatures (below 150°C), ¢, exhibits some decrease in
UFG Cu + 0.5 wt.% Al,05; no such behaviour occurs in pure UFG Cu. During the
recrystallization in pure UFG Cu, ¢, only moderately decreases. A rapid decrease
starts at 370°C, i.e. in already recrystallized UFG Cu. In the case of UFG
Cu+ 0.5 wt.% Al,Os;, ¢, exhibits a decrease from 300°C, i.e. prior to recrystalliza-
tion, and a further decrease takes place above 400°C during recrystallization. In
general, the behaviour of the microvoids with annealing temperature is relatively
similar in both specimens, despite of completely different temperature regions of
the recrystallization.

Conclusions

The results obtained in the present work can be summarized into the following
items:

(i) The decrease of the mean dislocation density, which is caused by the decrease
of the volume fraction of the distorted regions along GBs, is shifted to sig-
nificantly higher temperatures in UFG Cu with 0.5 wt.% Al,O3. The recrys-
tallization occurs in the temperature region of 160-250°C in pure UFG Cu,
whereas in UFG Cu with 0.5 wt.% Al,O5 it starts above 400°C. The mean
grain size in UFG Cu with 0.5 wt.% Al,0O3 remains below 100 nm up to 400°C.
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(ii) UFG Cu with 0.5wt.% Al,O3 contains a higher number of microvoids than
pure UFG Cu. The behaviour of the microvoids with annealing temperature is
similar in both materials.

Experimental

Specimens

Pure copper of purity 99.99% and a mixture of copper (99.9%) with 0.5 wt.% Al,O5; nanoparticles
(GlidCop Al-15) were studied. In order to fabricate the UFG structure, the specimens were subjected to
HPT at 6 GPa and room temperature. The true logarithmic strain can be expressed as e =In(fr/I),
where € is the rotation angle in radians, and r and / are the radius and thickness of the disk, respectively
[3]. In our case, e =7, which corresponds to 7 rotations. The HPT technique has been described in
detail in Refs. [1-3]. The microstructure of the as-prepared state of the specimens was investigated by
PL and XRD spectroscopy. Subsequently, the specimens were subjected to isochronal annealing. The
temperature step was choosen as 30°C, and specimens were annealed for 30 min at each temperature,
i.e. the corresponding effective heating rate was 1°C/min. The annealing was carried in an oil base
thermostat up to 250°C and in a vertical furnace with a protective argon atmosphere above this
temperature. Each annealing step was finished by quenching with water of room temperature. Both
PL and XRD measurements were performed at room temperature.

Positron lifetime spectroscopy

A PL spectrometer as described in Refs. [24, 25] was employed in the present work. A **Na positron
source (activity: ~1.3 MBq) sealed between two mylar foils (thickness: 2 um) was used. The timing
resolution of the spectrometer was 160ps (FWHM) for *Na at a typical coincidence counting rate
of ~80s™'. At least 10’ counts were collected in each PL spectrum. The measured spectra were
decomposed by employing the maximum-likelihood procedure [26].

X-Ray diffraction

X-Ray studies were carried out using XRD7 and HZG4 (Seifert-FPM) powder diffractometers (CuK,,
radiation filtered with a nickel foil, Soller slits placed in the diffracted beam). XRD profiles were fitted
with the Pearson VII function by the program DIFPATAN [27]. XRD line broadening was evaluated by
integral breadths (3) and FWHMs in terms of the WH plots (3 vs. sinf). The correction for instru-
mental broadening was performed with the aid of a NIST LaBs standard and the Voigr function
method. Then, the modified WH method was used for the determination of coherent domain size
and dislocation density (lattice microstrains).
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