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Abstract. The positron characteristics in the temperature range 10-300 K have been
investigated for single crystals of vanadium deformed under different conditions. Positive
temperature dependences for the annihilation paramétersd 7 are found. The average rate

of increaseAS/AT appears to be controlled by the dislocation density and concentration of
vacancies induced by deformation. A positron trapping model, assuming trapping at dislocations
decreasing exponentially with temperature, thermally activated detrapping from dislocations and
temperature-independent trapping at deep traps, predicts a temperature-dependent competing
trapping that determines the temperature dependences of the annihilation parameters. The
validity and predictions of the model are discussed in terms of the parameters of the functions
S(T) or ©(T). The positron binding energy for dislocation lines, their positron trapping
coefficient, the dislocation density and the rate of trapping at deep traps can be determined
by fitting the observed temperature dependences to this competing-trapping model. The method
permits us to investigate quantitatively the evolution of the defect structure of metals during
their recovery.

1. Introduction

The nature of the traps responsible for positron trapping in deformed metals has been a
subject of controversy. In opposition to a model assuming that pure dislocation lines are deep
positron traps [1, 2], a shallow-trap model for dislocation lines was proposed by Smedskjaer
et al [3]. This model assumes that the positron binding energy in a dislocation line is so
small that detrapping from dislocations to the bulk and transitions to deep traps associated
with dislocations occur. Apparently, both models can lead to reasonable agreement with
the experimental results. Shirai al [4] concluded from their experiments that the positron
annihilation parameters observed for deformed f.c.c. metals and alloys are determined by
the dislocation lines. In contrast there exist other experimental results indicating that the
observed positron lifetimes for deformed metals are due to positrons trapped at defects
associated with dislocations rather than to positrons annihilating at the dislocation core
[5-8]. Calculations using molecular dynamics simulation and density functional theory
support the latter interpretation [9, 10]. According to these calculations, dislocation lines
are shallow traps for positrons, the positron lifetime for dislocations being experimentally
indistinguishable from the bulk lifetime value. The calculated lifetimes for vacancy-type
defects associated with dislocations in Al and Fe are in reasonable agreement with the long
lifetime observed for deformed samples of these metals [8-10].
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The positron annihilation characteristics at low temperature have been reported for
numerous deformed metals. It is found that the temperature dependence of either the
Doppler-broadening lineshape parameferor the mean positron lifetime in plastically
deformed samples is negative for In, Cd, Zn, Al and Al alloys [7, 8, 11-13], positive for
Cu, V, Ni and Sm [14-17] and null for Fe, Au and Pb [8, 10, 18]. These temperature
dependences can provide insight into the positron trapping characteristics of deformed
metals if they are interpreted correctly. Positron detrapping from shallow traps is usually
invoked to account for the negative temperature dependence [7, 8, 11]. The positive
temperature dependence was attributed to an increase of the positron trapping coefficient
with temperature [14, 15]. However, recently it has been shown that a model considering
temperature-dependent positron trapping at dislocations competing with detrapping from
them and trapping at deep traps gives an account of the positive temperature dependence
of the annihilation parameters observed for deformed Ni and Sm [16, 17]. The general
acceptance of this model calls for an exhaustive investigation concerning the effect of plastic
deformation on the temperature dependence of the annihilation parameters. In the present
paper we report positron annihilation experiments performed on plastically deformed single
crystals of V. We have applied the above competing-trapping model to analyse quantitatively
the positron annihilation characteristics in the temperature range 10-300 K. The results
demonstrate that the dislocation density and the concentration of vacancy-type defects
control the temperature dependence of the positron annihilation parameters of deformed
metals. The model predicts a positive or negative temperature dependence according to
whether the rate of positron transitions from dislocation lines to deep traps (associated with
dislocations) is, respectively, lower or higher than the rate of transition from the bulk to
deep traps.

2. Experimental procedure

Monocrystalline samples of pure vanadium were prepared from an electron-beam zone-
refined single-crystal rod, 99.99% pure (10 najy by cutting slices 1-2 mm thick parallel

to a (110) plane. After polishing, the samples were annealed at 1773 K foin an

oil-free vacuum of<1073 Pa. After annealing, positron lifetime and Doppler-broadening
measurements were performed on these samples. Four pairs of well-annealed samples were
selected for the experiments.

The first pair of samples was uniaxially deformed to successively greater extents up
to that required to get a thickness reduction of 21%. The deformations were performed
under compression at room temperature. Doppler-broadening and lifetime measurements
were carried out on the samples after each deformation step.

The second pair was uniaxially deformed at 77 K under compression up to a thickness
reduction of 8%. Afterwards, the samples were transferred at 77 K to a liquid-nitrogen
evaporation cryostat for positron lifetime measurements at 100 K after isochronal annealing
for 20 min over the temperature range 100-293 K. The isochronal annealing experiments
continued outside the cryostat for temperatures above 293 K. After each annealing step
above 293 K, positron lifetime measurements were performed at room temperature. In
addition, Doppler-broadening measurements were made after selected annealing steps. The
isochronal anneals in the temperature range 300-400 K were made in a silicon oil bath and
for temperatures above 400 K in an oil-free vacuung<dio—2 Pa.

The third and fourth pairs of samples were gradually rolled at room temperature until
a thickness reduction of 45% was achieved. These two pairs were isochronally annealed
for 20 min following the same annealing sequence. Positron lifetime measurements were
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performed on the third pair after each annealing step. Doppler-broadening and lifetime
measurements were made on the fourth pair after selected annealing steps.

A spectrometer with a time resolution of 230 ps (FWHM) was used for the positron
lifetime measurements. The positron source W$a inside sealed Kapton foils. The
lifetime spectra were analysed using the programs RESOLUTION and POSITRONFIT.
The background and the source contribution to the spectra, determined from measurements
on reference samples, were subtracted from the spectra. Doppler-broadening measurements
of the annihilation peak at 511 keV, and additional lifetime measurements, were made over
the temperature range 10-300 K with the samples inside a closed-He-cycle cryostat. A
zero- and gain-stabilized high-purity Ge detector having an energy resolution of 1.62 keV
at the 1.33 MeV line of°Co was used. The Doppler broadening was characterized by
the lineshape parametér defined as the fraction of counts within an energy window of
1.50 keV centred at 511 keV.
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Figure 1. The mean positron lifetime versus deformation for vanadium single crystals.
W experimental values obtained from the lifetime specttd; values calculated by means

of equation (6) using the fractions of positrons annihilated at each state determined from
measurements dof versus temperature.

3. Results

3.1. Samples uniaxially deformed at RT

The positron lifetime spectrum gives two lifetime components for deformations below 6%;
the long-lifetime component resulted in values between 170 and 180 ps. For deformation
around 6% and higher, the positron lifetime spectrum becomes single component and the
mean lifetime value saturates. Figure 1 depicts the mean positron lifetime at RT against the
thickness reduction of the samples.

Figure 2 shows the lineshape paramefeas a function of temperature for the same
pair of samples undeformed and deformed to different extents. An effect of the deformation
on the temperature dependence of the parameter clear. It becomes stronger as the
deformation increases up to around 16%. Deformations higher than 16% do not change the
temperature dependence &f The average rate of increagdes /AT in the range 10-300 K
remains constant at ¥ 10~°> K~ for deformations>16%. This rate can be as low as
2 x 1075 K~ for a deformation of 2%.
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Figure 2. The lineshape parametéras a function of temperature for the same pair of single
crystals of vanadium undeformed and deformed to different extents. The curves drawn for the
experiments on the deformed samples represent the least-squares fits of the points to the curve
S(T) given by equation (A9). The curve for the samples in the undeformed state represents the
fit of the points to the dependence predicted by thermal expansion of the lattice. The rows of
points for each deformation experiment are arbitrarily shifted with respect to each other along
the S-axis to improve the visibility of the curves.

3.2. Samples uniaxially deformed at 77 K

The pair of samples that were 8% deformed at 77 K exhibited a single-component spectrum
except after annealing in the temperature interval 403-583 K. In this interval the lifetime
spectrum is resolved into two lifetime components. The mean positron lifetimes for this
interval are given by

T=5Ihtu+ b )

where[; andt; are the intensity and the lifetime of the spectral components, respectively.
Figure 3 depicts the results. Figure 3(d) shows the bulk positron lifetime calculated by
applying the standard two-state trapping model to the two-component spectra. It is given
by the equation

= (It + L/t) " 2

The recovery of the mean positron lifetime was accomplished between 400 and 700 K,
as shown in figure 3(c).

Annealing in the range 100-293 K did not produce any recovery of the positron lifetime
measured at 100 K. However, after annealing at 293 K the result for the lifetime measured
at RT was 177 ps, i.e. about 7 ps higher than its value at 100 K.
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Figure 3. Characteristics of the positron lifetime spectrum versus annealing temperature for
vanadium single crystals that are 8% deformed at 77/Kand > are the intensity and the
lifetime of the second spectral componehtthe mean positron lifetime ang, the calculated

bulk positron lifetime. The measurements were performed®gtrbom temperature or a#j

100 K, after annealingOQ: the mean positron lifetime calculated by means of equation (6) using
the fractions of positrons annihilated at each state determined from measureménterstis
temperature.

Figure 4 shows the paramete¥ versus temperature after annealing at different
temperatures. The weak temperature dependence found after annealing at 293 K becomes
gradually stronger on increasing the annealing temperature upd&3 K. Subsequently,
the rate of increase of with temperature becomes weaker.

3.3. Cold-rolled samples

As-rolled samples exhibit a single-component spectrum whose mean positron lifetime
increases with temperature as shown in figure 5. The analyses of the lifetime spectra
measured at RT after each annealing step result in the annihilation parameters shown in
figure 6. The lifetime spectrum could only be decomposed into two exponential terms
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Figure 4. The lineshape parametsras a function of temperature for vanadium single crystals
that were 8% deformed at 77 K after annealing at different temperatures. The solid lines represent
the least-squares fits of the points to the cusy&) given by equation (A9). The dashed line is
drawn to guide the eye. The rows of points for each annealing experiment are arbitrarily shifted
with respect to each other along tlfeaxis to improve the visibility of the curves.

180 [ B

160

140

Positron Lifetime (ps)

120 " 1 " 1 "
0 100 200 300

Temperature (K)

Figure 5. The positron lifetime as a function of temperature for cold-rolled vanadium single
crystals. The curve represents the least-squares fits of the points to therciinvgiven by
equation (A9).

after annealings in the temperature range 373-673 K. For anneals below 373 K and above
673 K, the spectrum is single component. The recovery stage in the mean positron lifetime
is observed between 400 and 700 K as found for samples deformed at 77 K.

Figures 6(a) and 6(b) show the behaviour of the second spectral component resolved
during the recovery. After annealings in the temperature range 373—-448 K, the second
lifetime componentr, appears to be constant a240 ps while its intensityl, increases
with temperature up to a maximum at 448 K. After annealing above 448 Idecreases
continuously whiler, increases up to a maximum 6f350 ps for an annealing temperature
of ~600 K. Then,t, decreases and the second component disappears after annealing at
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Figure 6. Characteristics of the positron lifetime spectrum versus annealing temperature for
cold-rolled vanadium single crystal$; andt, are the intensity and the lifetime of the second
spectral componeng the mean positron lifetime and, the calculated bulk positron lifetime.

A: values for the samples used in the Doppler-broadening measurements shown in figure 7.

698 K. The calculated bulk lifetime is shown in figure 6(d).

Figure 7 shows the lineshape parametas a function of temperature for the fourth pair
of samples in the as-rolled state and after annealing at different temperatures. The positron
lifetime values measured after annealing at these temperatures are shown in figure 6(c). Itis
found that the rate of increase §fwith temperature changes with the annealing. Up to an
annealing temperature of463 K the temperature dependenceSofk the same as the one
observed for the as-rolled state. However, annealing above 463 K produces a noticeable
change in the temperature dependencs,afoinciding with the increase of the-value and
the decrease of the intensify; see figure 6. Subsequently, this temperature dependence
becomes gradually diminished as the annealing temperature increases.
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Figure 7. The lineshape parametér as a function of temperature for a pair of cold-rolled
vanadium single crystals after annealing at different temperatures. The solid lines represent the
least-squares fits of the points to the cuS4@’) given by equation (A9). The dashed line is
drawn to guide the eye. The rows of points for each annealing experiment are arbitrarily shifted
with respect to each other along tlieaxis to improve the visibility of the curves.

4. Discussion

4.1. Positron lifetime recovery

For both 77 K deformed and cold-rolled samples, the recovery onset is observ83aK

in agreement with previous positron annihilation experiments on polycrystalline vanadium
[15, 19]. This coincides with that found for electron-irradiated pure vanadium annealed
following the same isochronal annealing programme [20]. This indicates that the recovery
of deformed vanadium starts with the vacancy release from vacancy—interstitial impurity
pairs according to the interpretation given in reference [20]. The simultaneous appearance of
a second lifetime component shows that the released vacancies coalesce into tridimensional
vacancy clusters. 77 K deformed and cold-rolled samples exhibit the same recovery curve
for the positron lifetime, but the behaviours of the parameters of the second component
resolved during the recovery are significantly different; see figures 3 and 6. The possibility
that dislocations anneal completely during the recovery of the positron lifetime can be ruled
out. The following arguments support this assertion: (1) TEM observations reveal that
dislocations in vanadium persist after annealing’ap 1000 K [21, 22]; (2) the positron
lifetime recovery of electron-irradiated samples of undeformed vanadium single crystals is
accomplished in the same temperature range but no temperature dependence of the positron
lifetime is observed [20]. Moreover, the temperature dependence of the positron lifetime
found for cold-rolled samples (figure 5) is incompatible with the model suggestedgglK
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et al [19], attributing a lifetime of 167 ps to positrons trapped at dislocations.

For the rolled samples, the second lifetimeremains constant at 24010 ps over the
interval 385—460 K, while its spectral intensify increases; see figures 6(a) and 6(b). This
fact is clear evidence for the formation of small tridimensional clusters of vacancies. This
stage of vacancy coalescence is followed by coarsening of the vacancy clusters giving rise
to voids after annealing in the interval 480-600 K. This is revealed by the increase of
and the simultaneous decreaselgfin this temperature range; see figures 6(a) and 6(b).
These voids, having a positron lifetime 340 ps, appear to be unstable for temperatures
above 600 K, annealing out in the temperature range 600-680 K.

The behaviours of, and I, for the 77 K deformed samples also reveal the formation of
small tridimensional clusters of vacancies during the early stage of the recovery. However,
no coarsening takes place in the temperature range 480-600 K in contrast to what occurs
for the rolled samples. As the-values indicate, the vacancy clusters are smaller than those
produced in the rolled samples and anneal out at temperatures around 600 K.

Although the spectra are two-component ones during the recovery, the calculated bulk
lifetimes are in clear disagreement with the measured bulk lifetime throughout the major
part of the recovery stage, as shown in figures 3(d) and 6(d). This indicates that there
exists more than one type of positron trap during the recovery. In addition to dislocations
and vacancies induced by deformation, vacancy clusters, and eventually voids, are formed
during the recovery.

As regards positron traps, the above discussion suggests that the following four stages
can be considered in the recovery curves shown in figures 3(c) and 6(c).

(i) Stage 1, for annealing temperatures< 385 K. The positron traps are the straight
parts of dislocations, and vacancies. These vacancies can be either isolated vacancy—
interstitial impurity pairs or vacancy-like defects associated with dislocations such as a
trapped vacancy (i.e. a single jog), jogs or trapped vacancy—impurity pairs. In the following,
by trapping at dislocations we actually mean trapping at their straight parts.

(ii) Stage 2 or the vacancy coalescence stage, for annealing temperaturgs 7385
460 K. Here, dislocations, vacancies and small tridimensional vacancy clusters are the
positron traps.

(iif) Stage 3 or the void coarsening/vacancy cluster annealing stage, for temperatures
460 < T < 600 K. In addition to dislocations and small vacancy clusters, voids also appear
as positron traps if the conditions for void coarsening are fulfilled.

(iv) Stage 4 or the void annealing stage, for temperatdfeg, 600 K. Now, only
dislocations and voids can appear as positron traps.

The lifetime results suggest that the void formation and coarsening depend on the
defect microstructure in the material. The following quantitative study of the temperature
dependence of and its evolution with annealing support the above and permit us to
determine the dislocation density in the samples.

4.2. The temperature dependence of the annihilation parameters

The results shown in figures 2, 4 and 7 reveal that the defects induced by deformation,
i.e. dislocations and vacancies, control the temperature dependence of the pasariéter
following facts should be noted.

(i) For the samples uniaxially deformed at RT the average rate of inCr&dgaT
saturates for deformations16% while the positron lifetime at RT does this at deformations
>6%.
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(i) The average rateAS/AT and the positron lifetime for the 45% rolled samples
coincide with the corresponding values found for the samples uniaxially deformed at RT up
to >16%.

(iii) The positron lifetime at RT and the average raf&§/AT are respectively 177 ps
and 1x 1075 K~ for the 77 K deformed samples annealed at 293 K, but for the 45% rolled
samples, and those uniaxially deformed at RT above 12%, they are 169 psd0dK 1.

Since the 45% rolled samples, and those uniaxially deformed at RT by more than
12%, contain many more defects than the samples that were 8% deformed at 77 K, the
differences in the values af and AS/AT should be attributed to the characteristics of the
defect structure induced by the different conditions of deformation. The higkatue for
the 77 K deformed samples is attributed to a higher ratio of the vacancy concentration to
the dislocation density in the defect structure of these samples.

State 1

Ay
K1z Ko
2y X State 2
Kis K 2
23
State 3 2y
A
K

2y State 4

Figure 8. The four-state trapping model for positrons in deformed vanadium. 1 represents the
bulk positron state, 2 the trapped state at a dislocation line, and 3 and 4 the trapped states at
two different types of trap.

The above indicates that the observed values of the annihilation pararfieteds are
the results of competing trapping at different types of trap, yielding temperature-dependent
annihilation probabilities. A quantitative analysis of the measurements of T, versus
T requires the application of a four-stage annihilation model. According to the method
recently proposed to account for the temperature dependence of the annihilation parameters
of deformed Ni and Sm [16, 17], a suitable model has to take into consideration positron
detrapping from dislocations to the bulk state and positron transitions from dislocations to
deep traps associated with dislocations. Figure 8 depicts the annihilation scheme used for
our analysis of the temperature dependencs.of

In the model we have assumed a uniform distribution of deformation-induced defects
in our samples. We have made TEM observations of 45% cold-rolled samples to check
their dislocation structure; a uniform distribution of dislocations with no regions of low
dislocation density is observed. Moreover, other TEM observations on vanadium rolled in
the range 293-1273 K show that perfect cellular structures with regions of low dislocation
density are not formed even for deformations in the range 50-94% [21]. Also, uniform
distributions of dislocations are expected to be formed in the samples uniaxially deformed
under the present conditions according to TEM observations of vanadium uniaxially
deformed at 77 K and at RT [23].

As derived in the appendix, the temperature dependence of the parafeter
can be expressed in a reduced form by means of six parameters—thdt is,
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Table 1. Temperature-independent parameters for vanadium single crystals deformed at RT. The
values ofkz3, k13 and p were obtained with the&,-value constrained to have the mean value

of 121 meV found for deformations9%.

Deformation (%) k23 (1) k13 (571 p (M2

2 <107 (254 0.1) x 10° <2 x 1013

4 <108 (5.040.3) x 10° <2 x 1018

6 (1.84+03) x10° (1.05+0.12) x 10'° (234 0.2) x 103

9 (1.8+0.3) x 10° (4.0+0.5) x 100 (2.0£0.2) x 10*
12 (1.94+04) x 10° (4.0+0.8) x 100 (264 0.4) x 10*
16 (1.9+04) x 10° (3.1+0.6) x 10! (24+0.2) x 1015
21 (214+06) x 10° (47+1.0) x 101 (2440.7) x 10*°

Table 2. Temperature-independent parameters for 77 K deformed vanadium single crystals after
annealing at different temperatures.

T (K) Ep(meV) &3 (sh k13 (571 p (M™2)

293 150+40 (L1+0.3) x 109 (27+0.9 x 1011 (1L.0+0.8) x 104
383 130+£20 (9.1+0.6) x10°  (5+1) x 101 (6+2) x 103
463 90+ 3 <10° (8.6+0.7) x 10° (L.2+0.1) x 1013
543 90+ 20 <108

Table 3. Temperature-independent parameters for 45% rolled vanadium single crystals.

Ep (MeV) k23 (s71) k13 (571 p (M2

106+ 4 (16+01) x 10° (49+0.1) x 10'° (45+0.2) x 10*

S(T, Ey, yo, a1, a2, 03, ag); See equation (A9). The parameters are defined in the appendix.
We have adjusted the experimental values to equation (A9) by means of the program
MINUIT [24], looking for the best fit giving consistent values for the six adjustable
parameters. Those sets of values yielding singularities for the ¢(f@g or a sign change
for dS/dT in the interval 0-300 K, as well as unexpected valuesSfar dS/dT at 0 K,
are rejected.

Moreover, since the parametears and a4, respectively given by equations (A1l) and
(A13), are independent of the measured annihilation parameievs,z, we can find the
right set of parameters for describing the temperature depend&iiteif measurements
of S andt are accomplished on the pair of samples under the same conditions. From the
appropriate adjustments 6fandt versus temperature for the same experiment, we obtain
the same pair of values far, anday.

Using the E,-, a1- and ap-values obtained from the fitgyo and ko3 are determined
by means of equations (A10) and (Al1l). To obtain the-value we use ther;-value,
obtained by the adjustment of thevalues, in equation (A10), namely) = 1, = 124 ps
and F3 = 73 = 183 ps. If the corresponding lifetime spectra do not exhibit a long-lived
component due to vacancy clusters or voids, it is reliable to take= 0, andki3 and p
can be guantitatively determined using equations (A12) and (A13). Values{and p
cannot be obtained when the two types of deep trap, i.e. vacancies and vacancy clusters or
voids, coexist in the samples.

In order to facilitate the fitting procedure and optimize the parameter values, first
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Figure 9. Transition rates and annihilation probabilities as functions of temperature for deformed
vanadium single crystalsc;2 andkp; are respectively the trapping rate and detrapping rate for
dislocation lines, and3 the trapping rate for deep trap®; is the annihilation probability

for delocalized positrons, anfl, and P3 the annihilation probabilities for positrons trapped at
dislocation lines and deep traps, respectively.

we fitted the experimental data faf and 7 versus temperature for those experiments
performed on the 45% rolled samples exhibiting the strongest temperature dependences,
i.e. the data for the as-rolled state and for anneals €t463 K. It should be noted that, for
annealing below this temperature, vacancy clusters have not been formed yet and therefore
k14 = 0. From these fits we obtaif, = 106+ 4 meV, yo = (8.4+0.5) x 103 K

and o = (1.654 0.04) x 102 m? s 1. These values fopy and o were used as constant
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Figure 10. Transition rates and annihilation probabilities as functions of temperature for
vanadium single crystals 8% deformed at 77 K after annealing at different temperatuges.
andkp; are respectively the trapping rate and detrapping rate for dislocation lines; atide
trapping rate for deep trap®; is the annihilation probability for delocalized positrons, ahd

and Pz the annihilation probabilities for positrons trapped at dislocation lines and deep traps,

respectively.
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Figure 11. Transition rates and annihilation probabilities as functions of temperature for 45%
cold-rolled vanadium single crystals;» andkz1 are respectively the trapping rate and detrapping
rate for dislocation lines, andi3 the trapping rate for deep trap$; is the annihilation
probability for delocalized positrons, an® and P3 the annihilation probabilities for positrons
trapped at dislocation lines and deep traps, respectively.

parameters to fit the remaining experimental data. The fitted curves are shown in figures 2,
4,5 and 7. Tables 1-3 show the values of the temperature-independent pardipetess
k13 and p.
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Figure 12. The effect of the binding energl, (a) and of the coefficienty (b) on the function
7(T) calculated from equation (A9) using the parametgss yp and«; obtained for the 45%
cold-rolled samplesE;, = 106 meV,yp = 84 x 103 K1, o3 = 134 ps,ap = 0.77957 K3/2,
a3z = 175 ps andxs = 12.862. In (a),E, varies between 10 and 200 meV, while in (Ip,
varies between 0.001 and 0.1K

A binding energyE, = 121+ 2 meV for the samples uniaxially deformed at RT is
found from the fits of the experimental data which exhibit the stronger temperature
dependence of, i.e. for deformations>9%. The adjustments of all of the experimental
data with E;, constrained to be 121 meV yield consistent values for these samples, as well
as a good description of the observed temperature dependescesed figure 2.

To fit the results for the samples deformed at 77K js taken as an adjustable parameter
for each set of data. A good adjustment of the data cannot be obtained using a constant value
of E,, for all sets of data because of their weak temperature dependence, Madues are
given in table 2. These values result in a mean value of120 meV in agreement with
the values obtained for the other samples. In general, when the temperature dependence is
weak, we find that the fitting is very sensitive to thg-value, yielding a high dispersion for
the E,-values. TheE,-values obtained are similar to the values of 100 meV and 60 meV
calculated for a dislocation line in aluminium and copper [9].

Using the parameters obtained from the fits, the trapping and detrapping rates for
dislocations k12 and k,1, and the fractions of positrons annihilated at the different states,
P, P, and P3;, can be determined as functions of temperature by means of equations
(A4), (A6) and (A7). The results are shown in figures 9-11. It is found that the fraction
of positrons annihilating at deep traps increases with the temperature even though their
trapping coefficient is assumed to be temperature independent. This effect is produced
by the temperature dependence of the detrapping and trapping rates for dislocatins. If
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depends on temperature significantly, the fraction of positrons annihilating at deep traps is
higher than the fraction annihilating both at dislocations and in the bulkPi.e. P;+ P,, at
temperatures near RT; but at low temperatuPesc P; + P», as shown in figures 9(c)-9(f),
10(c) and 11. IfS depends on temperature weakly, eitigr> P; + P, or P3 < P1 + P>

over the whole temperature range; see figures 9(a), 9(b) and 10(a), 10(b).

4.3. Analysis of the model

Now, we present and analyse the predictions of the model, the correlation of the adjustable
parameters and the effect of these parameters on the temperature dependepamted
by equation (A9).

Figures 12(a) and 12(b) show howT) changes with the,- and yp-values when the
remaining parameters in equation (A9) are kept constant at the values obtained for the 45%
rolled samples. It is found that the temperature dependences of the annihilation parameters
are positive wherk, andyy vary over their expected range of values.

T T T T T T T T

180 |- 183 4 180} 1
R . a, (K92)

T (ps)

T (ps)

1000

(©) 124 I @
120 L L 120 L L
0 100 200 300 0 100 200 300

Temperature (K) Temperature (K)

Figure 13. The effect of the parametess on the functionz (T') calculated from equation (A9)
using the parameters,, yp ando; obtained for the 45% cold-rolled samplej, = 106 meV,
70 =84 x 103 K1, o1 =134 ps,ap = 0.77957 K'¥2, a3 = 175 ps andxs = 12.862.

According to equation (A10) the parameter ranges between thé&i-value, when
k23 — 0, and theFs-value, wherk,s becomes very highegs > 11 = 8 x 10° s71). If the
measured annihilation parameterzisthen 124< «; < 183 ps. Figure 13(a) shows that a
weak negative temperature dependence for the annihilation parameters will appear only for
az-values very close to 183 ps, i.e. for transition rates> A;.

The ap-values given by equation (All) range between 0, whegn> i1, and the
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maximum value obtained whens — 0, i.e. 0< ap < (Cpo/r1)(Ep/kg) V2. Figure 13(b)
shows the effect of the parametes on the temperature dependence of the annihilation
parameterr.

The parametets given by equation (A12) ranges between thevalue, whenc; s and
k14 — 0, and theF,-value, whenci4 >> A1 andkys. If the measured annihilation parameter
is 7, then 124< a3 < 74. Whenky4 = 0, the range is 124 a3 < 13 = 183 ps. The effect
of this parameter on the temperature dependence isfshown in figure 13(c). Only for
az-values close tdry, i.e. whenkyz andky4 — 0, can the temperature dependence aind
7 be negative.

The ay-value given by equation (A13) can be considered to be controlled by the ratio
nop/ (k13 + k14); this is the ratio between the trapping rate for dislocation@ K and the
total trapping rate for deep traps. The parametgranges between 0, when the trapping
rate at deep traps is so high thajp/(k13 + x14) — 0, and the value ofigp /11, when the
trapping rate at deep traps becomes as low;ast k14 < Ag; i.e. 0< ay < wop/A1. For
dislocation densities of 10-10'° m=2, uop /11 takes values-10°. Figure 13(d) reveals that
strong positive temperature dependencesSfar) and 7(7T) will appear for 1< a4 < 100,
i.e. for intermediate values of the ratigp/(x13 + K14)-

The above analyses suggest that the parameteesd a3 control the possibility of a
negative temperature dependence for the paramé&tar&lz. We can demonstrate this and
find the condition for a positive or negative temperature dependence by calcul&tjiod d
from equation (A9). The functio (T) given by equation (A9) can be expressed as

(a1/az) + f(T)

where
FT) = exp(yT) + a2T3/2exp(—Eb/kBT). 4
oq
Now
dFF  (1—o/ag) df )

dr ~ @+ s dr

Since d¢f/dT > 0, we have & /dT < O for ¢y > a3 and dF /dT > O for oy < ws.

It can be demonstrated that the conditon> «3 is fulfilled if k23 > k13+ (F4/ F3)Kk14.
Then, this last condition implies a negative temperature dependence for the annihilation
parameterF. When there is no evidence for vacancy clusters in the samples, i.e. for
k14 = 0, the conditionk,s > k13 is enough to ensure thatFgddT < 0. In this case, as
occurs for the 45% rolled samples, the effect of the value, ¢z on the curver (T'), given
by equation (3), is shown in figure 14.

Also the effects of the dislocation densjpyand the vacancy concentration érat RT
can be easily compared with each other. Figure 15 depicts the RT valoegivien by
equation (A9) as a function af;3 and p for the uniaxially deformed samples (the trapping
rate 13 is proportional to the vacancy concentration). The curves of etivallue drawn
on the planet = 124 ps show that the dislocation density and the vacancy concentration
can vary by more than one order of magnitude while thealue at RT remains constant.
This accounts for the saturation afat RT for deformations above 6% even although the
dislocation density and vacancy concentration, as well as the averageSa2eT, continue
increasing with deformation.

To check the validity and consistency of the model and method applied to analyse
the experimental data, we have calculated the expected mean lifetime for as-deformed and
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Figure 14. The effect of the ratiaxi/az on 7(T), calculated from equation (3) using the
parametersEy, yo, a2 and as obtained for the 45% cold-rolled sample#;, = 106 meV,
10 =84x103 K1 o =0.77957 K32 and oy = 12.862.
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Figure 15. The mean positron lifetimeé at RT as a function of the trapping rates and the
dislocation density. 7 is calculated from equation (A9) using the paramefeysyo, «1 andas
obtained for the 45% cold-rolled sampleB; = 106 meV,y = 8.4 x 103 K1, o3 = 134 ps
andap = 0.77957 K3/2,

isochronally annealed samples through the equation

T = P11+ P12 + P3t3. (6)
In this equation we use the annihilation probabiliti®s, P, and P; obtained at RT,
71 = 124 ps as the bulk lifetime ang = 183 ps as the lifetime for positrons at deep traps
[20], and assume the positron lifetime for dislocatign= t; according to the calculations
of [9, 10]. An acceptable agreement is obtained between the experimental and the calculated
mean lifetime for the samples uniaxially deformed at RT as shown in figure 1. Moreover,
the mean lifetimes calculated using the probabilitkss P, and P; at RT for the annealed
samples reproduce the experimental curve for the positron lifetime recovery; see figure 3.
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To ensure the validity of the model in the case of a negative temperature dependence for
S or 7, we have applied it t&- andt-measurements performed on 45% cold-rolled samples
of aluminium single crystals. The model provides temperature depend&¢Egsndz (T)
in agreement with the experimental results, and a binding enggghat is consistent with
the one calculated for a dislocation line in aluminium [9].

5. Conclusions

Positron lifetime measurements show that the recovery of deformed vanadium starts at
~385 K with coalescence of deformation-induced vacancies into small tridimensional
clusters. Void coarsening in the temperature range 460-600 K is produced for 45% cold-
rolled samples. For samples that are 8% deformed at 77 K, no void coarsening is observed,
the vacancy clusters being unstable in this temperature range.

The temperature dependences of the annihilation param&tensd ¢ for deformed
vanadium are the result of a temperature-dependent competing trapping at dislocations and
deep traps. The proposed model predicts positive temperature dependencegyyvken
k13 + (Fa4/ F3)k14 and negative ones whens > k13 + (F4/ F3)k14. A positive dependence
has been observed in our experiments on vanadium. This means that for vanadium deformed
under the present conditions the positron transition rate from dislocations to deepctgaps,
is lower than the direct trapping rate at deep trapgs, The positron binding energy for
dislocations turns out to be 13420 meV independently of the deformation conditions for
the samples. The dislocation density in the samples can be determined when there is no
evidence for vacancy clusters or voids.
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Appendix A

Figure 8 shows the proposed positron decay scheme for positrons in deformed vanadium.
Thermalized positrons in the bulk (state 1) can be trapped at either straight dislocation
lines, i.e. shallow traps (state 2), or deep traps. These deep traps can be isolated vacancies,
vacancy—impurity pairs and vacancy-like defects associated with dislocations (state 3), or
small vacancy clusters or voids produced by post-deformation annealing (state 4).

The rate equations for the model are

n1(t) = — (A1 + k12 + K13 + K14)11(1) + K2112(2)
n2(t) = — (A2 + k21 + k23)n2(F) + k12n1(2)

n3(t) = —Agna(t) + k1ana(t) + kaana(t)

n4(t) = —Aang(t) + k14n1(t)

(A1)

wheren; is the positron fraction in the staig A; the annihilation rate and;; the rate of
transition from state to state;.
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By imposing the initial conditions

I’ll(O) =1
n2(0) =n3(0) =n4(0) =0

the positron fraction for each staten; (r), can be obtained. Now, using
o0
P; I/ Ain;(t) dr (A3)
0

the fraction of positrons annihilated in each statean be written as

A2 + k21 + k23)
Py =

(A2)

A
Aok
2T A (A4)
k13(A2 + K21 + K23) + K12K23

3 =

A
Py=1—(PL+ P2+ P3)

whereA is
A = (A + k12 + k13 + K14) (A2 + k21 + K23) — K12K21. (A5)

Following Smedskjaeet al [3], the temperature dependences for positron trapping at
perfect dislocationg;, and for detrapping from dislocatiop; are given by

K12 = ppoeXp(—yoT) (AB)
E, ~1/2 , E,
= Cuol = T%%exp| —( T + —= A7
K21 Mo(kB) p ol + kg T (A7)
where
_ m*kB
 Ar/2R?

and wherey, is a constantp the dislocation densityyo the positron trapping coefficient
for dislocations at 0 K,E,, the binding energy of the positron at the dislocation likg,
the Boltzmann constanf’ the temperaturem™ the effective mass for the positron and
I the reduced Planck’s constant. It is expected that the transition xggemnd «o3 will
depend on temperature ag1+a7 /) or are temperature independent [16, 25, 26], while
the transition rater;4 shows the dependenee(1l + 8T) [27, 28]. These dependences are
very much weaker than those expected #gr and k2;. Thus, k12 andx,; are considered
temperature independent in the following.

A parameterF characterizing the positron annihilation in a solid can be expressed as

F=Y RE (n8)
i=1

where F; is the characteristic value of the parameferfor the statei. According to
calculations, it is anticipated that annihilation parameters for perfect dislocations will be
experimentally indistinguishable from those for the bulk [9, 10]. Therefore we can make
the approximationF, = Fj.

Inserting equations (A4), (A6) and (A7) into equation (A8), the following temperature
dependence for the parametéris obtained:

o104 + azexp(yoT) + 052013T3/2 exp(—Ep/kgT)

F(T) =
T o + exp(yoT) + axT32 exp(—Ey /kgT)

(A9)
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Here
FiA F
oy = 1A1 + F3i23 (A10)
A1+ K23
Cuo <Eb>_l/2
oy = —— All
2 A1+ K23\ kp (ALD)
Fia F: F.
s = 121 + Fariz + Fakia (A12)
A1+ K13+ K14
I adad (A13)

A1+ K13+ K14
The fitting of the experimental values of the annihilation param&teor t, versus
temperature to equation (A9) permits us to obtain valueskigryy ande;. It should be
noted that the parametexs anday4 are independent of the measured annihilation parameter
F. Therefore, the correct fits describing the temperature dependsitesandz(T) for a
sample must yield the same values for the adjustable paranfeiers, oo andog.
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