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Positron-annihilation Doppler-broadening and lifetime measurements are used to study the influence
of Li on the defect behavior in deformed Al-0.2 at. % Li and Al-9.9 at. % Li samples. Deformations
were performed at low temperature (77 K) and at room temperature. For the low-temperature deformed
sample the migration and subsequent clustering of vacancies is seen in a stage between 200 and 350 K.
The temperature dependence of the positron trapping rate at voids is seen. Above this annealing stage
the only remaining defects are dislocations that anneal out above room temperature. In the dilute alloys
it is seen that these dislocations are pinned by the Li atoms. In the concentrated alloy trapping of posi-
trons at the &' particles is observed. In the room-temperature deformed dilute alloys vacancy-Li com-
plexes and dislocations are formed. These defects anneal in two distinct stages.

I. INTRODUCTION

Adding impurities to pure metals can drastically alter
the behavior of the material. For example, it is known
that adding lithium to aluminum results in an alloy with
an increased strength. Such alloys have many applica-
tions, especially in the aerospace industry.

The positron-annihilation technique (PAT) has proved
to be a very sensitive measuring technique in relation to
open space defects. When studying dilute alloys with the
PAT technique, several supplementary effects influencing
the defect behavior can occur. It is known that the addi-
tion of alloying elements can strongly affect the point de-
fect behavior in the material.!

In a recent work? we studied, using the positron-
annihilation Doppler-broadening technique, the anneal-
ing behavior of low-temperature (7 =77 K) deformed
Al-Li alloys. From these measurements it was concluded
that the presence of Li in the matrix had a strong effect
on the monovacancy behavior leading to an enhanced
clustering of the vacancies in the Al-Li alloy in compar-
ison with pure aluminum. It was also seen that positrons
were very sensitively detecting the growth of the 8’ phase
and the dissolution of this phase.

In this work we will describe some positron-
annihilation lifetime studies on two types of Al-Li alloys
(dilute and concentrated). For the alloys studied, the
principal phases which occur in the phase diagram are «
(Al-Li in solid solution), 8’ (an Al;Li coherent ordered
phase), and 6 (Al-Li).

Doppler-broadening and lifetime measurements have
been performed to study the defect kinetics in the de-
formed alloys and two kinds of annealing experiments
have been carried out to go deeper into the positron de-
fect interaction: isochronal annealing and annealing
measurements at the treatment temperature itself.
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II. EXPERIMENT

The samples used in this work were supplied by Alcan
Ltd. (U.K.). The concentrated alloy was an A1-9.9 at. %
Li aged at 510 K for 4 h and finally quenched to room
temperature; this thermal treatment leads to the forma-
tion of &' particles.®> The dilute alloy was obtained by an-
nealing for 30 h at 873 K an alloy originally containing
3.7 at. % Li; it has been found that this thermal treat-
ment reduces the Li content in these samples to 0.2
at. %.4

The samples underwent several deformation processes
that are summarized in Table I. The deformation degree
is indicated as AD/D,, where D, is the initial sample
thickness and AD =Dy,—D is the absolute thickness
reduction. For the samples deformed at 77 K the source
mounting and all further manipulations were performed
under liquid nitrogen in order to prevent them from
warming up. After deformation the samples were an-
nealed from the deformation temperature up to about 600
K; the annealing behavior was followed by measuring the

TABLE 1. Experimental details for the concentrated and di-
lute alloys studied in this work. D and L indicate, respectively,
Doppler-broadening and lifetime measurements. Letters 4 and
I refer to the annealing experiment and indicate, respectively,
measuring at the annealing temperature itself and measuring at
a fixed reference temperature.

Li content  Deformation Measurement technique and
(at. %) temperature deformation degree (%)
9.9 77 K D, A 23 L,A/I 22
9.9 RT <. L,I 20
0.2 77 K D, A 23 s
0.2 RT D, A 22 L,I 12
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Doppler-broadening S parameter and/or the lifetime.
Details about the measuring technique performed for
each sample are given in Table I; further details on the
measurements can be found in Sec. III. The wing
Doppler parameter W has been also deduced from the
Doppler data but its behavior turned out to be comple-
mentary to the S parameter data, thus giving essentially
the same information. For this reason, no further men-
tion will be made.

As a positron emitter, a conventional ?NaCl source
was used. The Doppler broadening of the annihilation
line was measured with an intrinsic Ge detector having a
resolution of about 1.2 keV at an energy of 511 keV, that
was characterized by the conventional S parameter. The
lifetime measurements were carried out with a fast-fast
system having a resolution of 250 ps (full width at half
maximum) (FWHM). The lifetime spectra analysis was
performed by using one or two components after sub-
tracting the source contribution.

III. RESULTS

A. Low-temperature deformed samples

Several runs have been performed in the S-parameter
measurements in order to check the reversibility of the
curves measured at the annealing temperature itself in
different temperature ranges. With this purpose, the an-
nealing behavior has been followed by increasing the tem-
perature in steps of 10 K from 100 K to a certain temper-
ature T,; and then back to 100 K; after the cooling down,
the temperature was again raised up to a new value T,,
higher than the previous T,;, and again cooled down to
100 K.

Four temperatures T,; were chosen to study the A1-0.2
at. % Li alloy 23% deformed 200, 250, 340, and 440 K.
From 440 K on, the temperature was increased in steps
of 20 K up to 680 K and then decreased to 100 K. The
annealing up to 680 K ensures the complete recovery of
the sample. The first run was made between 100 and 200
K and it has been found that the curve is reversible in
this interval. These points have been omitted in the
figure for the sake of clarity. Warming up the samples
above 200 K changes the slope of the annealing curve but
the cooling down run, after annealing at 250 K, does not
coincide with the annealing curve. For each T,; the cool-
ing down path coincides with the one warming up again.
It is to be noted that the qualitative features of the whole
annealing curve were reproduced by a second sample de-
formed to 21%, but we have omitted the figure in the in-
terests of space. The linear behavior observed between
100 and 550 K after annealing at 680 K can be attributed
to thermal-expansion effects, since the slope is very close
to the one previously measured at thermal equilibrium in
a well-annealed dilute Al-Li alloy (1.7 at. % Li).> Above
550 K the positron signal contains the contribution of
thermally induced vacancies [see Fig. 1(a), cooling down
run after annealing at 680 K].

For the alloy A1-9.9 at. % Li we have chosen two tem-
peratures to perform the reversibility checks as formerly
described: 250 and 340 K. After the run 100-340-100
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K the temperature was further increased up to 400 K and
then decreased to 100 K. The sample was afterward
warmed up to 400 K (without doing any measurements)
and the S parameter was measured up to 550 K. A last
run was made in the temperature range 550-100-550 K.
Figure 1(b) shows the results obtained for the concentrat-
ed alloy (Al1-9.9 at. % Li). After annealing at 250 K,
four runs have been performed in the temperature range
250-100-250 K, confirming the reversibility of the curve
in this interval. However, only two runs have been plot-
ted in the figure for the sake of clarity; for the same
reason the measurements corresponding to the run
100-550 K have also been omitted in the figure. After
annealing at 550 K the S parameter is reversible and
linear in the temperature range 550—100 K and the slope
in this interval coincides with the value obtained in a
similar well-annealed alloy measured at thermal equilibri-
um;’® therefore, we attribute the temperature dependence
measured between 100 and 550 K after annealing at 550
K to thermal-expansion effects. The annealing behavior
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FIG. 1. The evolution of the S parameter as a function of the
temperature for (a) an Al-0.2 at. % Li alloy deformed at 77 K
and for (b) an A1-9.9 at. % Li alloy both deformed to 23% at 77
K. The measurements have been performed at the treatment
temperature. The arrows indicate the measuring sequence.
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for the as-deformed sample is qualitatively the same as in
the A1-0.2 at. % Li alloy and the curve appears to be re-
versible in the temperature intervals 250—-100-250 K and
340-100-340 K after annealing at 250 and 340 K, re-
spectively.

In order to remove the thermal-expansion effects and
additional temperature effects not originating from the
deformation-induced defects, we have defined a normal-
ized S parameter S, =[(S —S,)/S,]100, where S is the
S-parameter value at the measuring temperature and S,
the S parameter value at the same temperature after an-
nealing at the highest temperature achieved by the sam-
ple. The data corresponding to each temperature range
during the reversibility check can be satisfactorily fitted
to a straight line and the slope values calculated for S,
are given in Table II.

To check the general evolution of the annealing curve
and obtain some additional information concerning the
type of defects involved in the annealing kinetics, lifetime
measurements, once at the annealing temperature and
once at a reference temperature (i.e., isochronal measure-
ments), were performed in the Al-9.9 at. % Li alloy de-
formed to 22%. The measurements performed at the an-
nealing temperature were carried out in the temperature
range 100-620 K; after annealing at 620 K the sample
was cooled down to 100 K and the S parameter was mea-
sured. The evolution of the lifetime parameters as a func-
tion of the temperature is shown in Fig. 2. The two-
component decomposition is only shown in the range
450-620 K as the statistical scattering for lower tempera-
tures is too high to consider the analysis reliable. The 7,
component stays almost constant to a value of about 260
ps, whereas the associated intensity increases. However,
by looking at the general behavior of the mean lifetime 7
it can be seen that the evolution between 100 and 400 K
is similar to the one observed for the low- and high-Li
content samples deformed to 23%: the mean lifetime in-
creases to show a peak at 300 K and then a drastic de-
crease takes place.

The isochronal measurements were performed at 120
K and the recovery of the sample was followed between
100 and 620 K at temperature intervals of 20 K during
heating periods of 2 h. The lifetime spectra were ana-
lyzed with only one component; more satisfactory fits
were obtained with two components but since the scatter
was very high, we have only plotted the mean lifetime 7.
The data are also shown in Fig. 2. The most striking
feature of these measurements is the constancy of the
mean lifetime in the range 100-200 K, where the S pa-
rameter measured at the annealing temperature increases

TABLE II. Values of the slope b (in units 1073 K™!) in the
relationship S, =a +bT.

Temperature interval (K) 9.9 at. % Li 0.2 at. % Li
200-100-200 5.0+0.9 7.2+0.7
250-100-250 7.8+0.4 9.9+0.5
340-100-340 4.11+0.2 5.1+0.3
400-100-400 1.2+0.2 s
440-100-440 coee 2.4+0.2
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FIG. 2. The evolution of the lifetime parameters as a func-
tion of the temperature for an A1-9.9 at. % Li alloy deformed
to 22% at 77 K. The open circles in the interval 100-620 K
represent the measurement done at the annealing temperature,
whereas in the interval 620—100 K they correspond to the data
taken at the treatment temperature after the annealing at 620 K.
For the same measurement sequence, the full circles correspond
to the long lifetime and its intensity, respectively, for a two-
component lifetime analysis between 450 and 620 K. The
crosses correspond to the isochronal measurement at 120 K car-
ried out in the same alloy deformed at 77 K to 22%. The lines
have been drawn as a guide for the eye.

as a function of the temperature [see Figs. 1(a) and 1(b)].
The decrease in 7 for the isochronal measurements starts
at 200 K where a noticeable increase is found in the same
sample measured at the annealing temperature (see Fig.
2) and a change of slope is observed in the S parameter
for the low- and high-Li content samples [see Figs. 1(a)
and 1(b)].

B. Room-temperature deformed samples

The Al-0.2 at. % Li content alloy has been deformed
to 22% at room temperature and the S parameter has
been measured. Data were taken at the measuring tem-
perature itself in the range 100-660-100 K. The evolu-
tion of S as a function of the temperature is shown in Fig.
3. In the cooling down run for the A1-0.2 at. % Li alloy,
the data in the interval 100—-550 K can be fitted to a
straight line whose slope is close to the one calculated in
the same temperature range for a well-annealed Al1-0.2
at. % Li alloy measured at thermal equilibrium.’ Thus,
we can conclude that this effect is due to thermal expan-
sion. In the cooling down run above 550 K, the effect of
positron trapping in thermally induced vacancies is visi-
ble (see Fig. 3). We can remove these effects by calculat-
ing the normalized S, parameter. In the warming up
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Fig. 3. The evolution of the S parameter as a function of the
treatment temperature in Al-0.2 at. % Li alloy deformed at RT
to 22%. After deformation, the measurements were started at
100 K.

run, the data between 100 and 300 K can be fitted to a
straight line with slope (2.7+0.3)107% K™}, very close to
the slope for the linear fit in the range 440-100-440 K
for the low-content alloy deformed at 77 K (see Table II).

The Al-0.2 at. % Li alloy has been deformed at room
temperature to 12% and the evolution of the lifetime pa-
rameters as a function of the temperature has been stud-
ied during an isochronal annealing experiment up to 775
K (30 min annealing time intervals, reference
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FIG. 4. Positron lifetime parameters for an isochronal an-
nealing experiment on an Al-0.2 at. % Li alloy deformed at RT
to 12% (full circles). The triangles represent the lifetime for an
isochronal annealing performed in an Al1-9.9 at. % Li alloy de-
formed at RT to 20%. The lines have been drawn as a guide for
the eye.
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temperature-room temperature) and the results have
been plotted in Fig. 4. The spectra can be satisfactorily
decomposed into two components up to 650 K. Above
650 K a single component, 7=165 ps, is present in the
sample; this coincides with the second annealing stage
observed in the mean lifetime 7, and the value of the life-
time corresponds to the one currently attributed to bulk
Al°® The mean lifetime 7 displays two recovery stages:
the first one is centered around 350 K and the second one
around 600 K. The same stages are also present in the
long lifetime 7,. From room temperature up to 375 K,
the intensity I, corresponding to the long component de-
creases from 80 to 60 %. The 7, value at first stays con-
stant at 240 ps and then drops to about 220 ps. Between
400 and 550 K the long lifetime component stays con-
stant at this value while its intensity gradually decreases
to 60%.

On the contrary, only one component could be
resolved in the A1-9.9 at. % Li alloy deformed to 20% at
room temperature, when the lifetime spectra were isoch-
ronally measured as a function of the temperature (30
min annealing intervals, reference temperature room tem-
perature). The results are also shown in Fig. 4. The ini-
tial value in the as-deformed sample is 190 ps, i.e, only
slightly above the lifetime attributed to free annihilation
at the &' phase’ and there is no significant change in the
whole temperature range studied.

IV. DISCUSSION

In a deformed alloy dislocation S, vacancies and vacan-
cy clusters are expected to be formed. According to pre-
vious positron data for pure Al, vacancies are immobile
at 77 K,%° and they start migrating at around 200 K, giv-
ing rise to clusters in both quenched and heavily de-
formed Al° which are revealed by a drastic increase in
the Doppler S parameter. Isochronal lifetime measure-
ments performed at 120 K in quenched pure Al (Ref. 10)
agree with this interpretation and they even showed the
presence of small three-dimensional vacancy clusters in
the temperature range 230-300 K, as revealed by the oc-
currence of a long component. The recovery temperature
of dislocations in deformed Al, however, depends on both
the deformation temperature and deformation degree.'!
In order to compare our results with the data in the
literature for pure Al, we recall that the recovery temper-
atures for samples deformed at 77 K to 28 and 13 % are
respectively 330 and 470 K, whereas the recovery is com-
plete at 470 K for a sample deformed at room tempera-
ture to 24%.

Since we are concerned with the defect kinetics in the
deformed alloys, we have represented the S, parametér in
Fig. 5 in order to remove any effect due to thermal expan-
sion or to the formation of thermal vacancies. We will
refer to this figure in our discussion.

A. Low-temperature deformed alloys

Inspection of Fig. 5 shows that the behavior of both
the dilute and the concentrated alloys is very similar in
the temperature range 100-350 K. The evolution of S,
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FIG. 5. The variation of the S, parameter (see text for
definition) as a function of the annealing temperature. The lines
have been drawn as a guide for the eye.

as a function of the temperature is linear between 100 and
200 K and there is a clear change in the slope at about
200 K that leads to an increase in S,, which exhibits a
maximum at around 300 K. We recall that the Doppler
parameter path is reversible between 100 and 200 K for
the dilute sample and we can assume that it is also the
case for the concentrated alloy. The presence of defects
in the as-deformed samples is clearly seen in the S, pa-
rameter value at 100 K.

Several works in the literature involving different
measuring techniques and processes for the introduction
of point defects in Al (Ref. 12) agree to interpret the stage
observed at around 200 K as the migration of free vacan-
cies in the lattice, thus we can interpret the change in
slope in the S, parameter observed around 200 K (see
Fig. 5) as the migration of free vacancies formed in the al-
loy during deformation at 77 K. The increase in S, from
200 up to 300 K can be attributed to the clustering of va-
cancies, as in previous works in pure Al (Ref. 9) and Al-
Li alloys.>!* The fact that after annealing at 250 K, the
cooling down run (250-100 K) does not coincide
anymore with the measured annealing curve, clearly indi-
cates that the defect structure is not the same as in the
as-deformed sample, supporting the hypothesis that va-
cancies migrate at 200 K, beginning to form three-
dimensional clusters. The slope seen in the interval
250-100-250 K, reflects the temperature dependence of
the specific trapping rate at voids.'* The decrease in the
slope of the branch 340-100-340 K after annealing at
340 K, compared with the slope of the branch
250-100-250 K after annealing at 250 K (see Table II) is
a consequence of a decrease in the concentration of voids,
that have been almost completely removed at 340 K, in
agreement with the literature.” In the light of this
reasoning we interpret the behavior of the S, parameter
during the annealing between 200 and 350 K as the mi-
gration and subsequent formation of large vacancy clus-
ters that start dissolving at around 300 K.

The lifetime measurements carried out in the concen-
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trated alloy (see Fig. 2) are in agreement with the previ-
ous interpretation. The occurrence of the long com-
ponent 7,=260 ps above 450 K is interpreted as the con-
tribution of thermally induced vacancies. According to
Schaefer et al.,' the drastic lifetime increase observed in
pure Al at 480 K is due to the formation of thermal va-
cancies. By assuming the one-trap model in the tempera-
ture range 450-620 K with a trapping center character-
ized by a lifetime 7,=260 ps, the analysis of the data
yields a 7 bulk value of 195 ps, which is very close to the
bulk value for the 8’ phase.’

From the isochronal lifetime measurements performed
at 120 K (see Fig. 2) it can be seen that the lifetime value
measured in the as-deformed sample, 7=~230 ps, stays
roughly constant up to about 200 K, where it starts to de-
crease. It clearly indicates that the defect structure be-
tween 100 and 200 K does not change. It is to be noticed
that the lifetime value in this temperature range is slight-
ly lower than the currently attributed one to vacancies in
Al, 7=250 ps.® We recall that other defects character-
ized by a lifetime below 250 ps, i.e., dislocations, are
present in the sample, giving rise to a mean lifetime 7
lower than the one corresponding to vacancies. Segers,
Dorikens, and Dorikens-Vanpraet!® give a saturation
value for the lifetime of 238 ps for a heavily deformed Al
sample, and thus the lifetime value measured in the as-
deformed state to a deformation degree of 23% (where
saturation trapping does not necessarily occur) indicates
an average value originating from several kind of defects.
The constancy of the mean lifetime in the isochronal an-
nealing experiment (see Fig. 2) in the temperature range
100-200 K indicates that the slope observed in the S, pa-
rameter in the same temperature range (see Fig. 2) does
not originate from a change in the trapping rate « (trap-
ping rate k=uC) due to a change in the structure or den-
sity of defects but it rather suggests a temperature depen-
dence of the specific trapping rate u. It is well estab-
lished that the specific trapping rate for vacancies is tem-
perature independent!’ and this is clearly seen in the
work by Alam® for quenched and deformed samples,
where no temperature dependence is observed in the tem-
perature range where vacancies are immobile. It is to be
remarked that at such a low temperature, dislocations are
present in the sample; they could also contribute to the
observed temperature dependence, although the effect
seems to be too large to correspond only to dislocations;
in fact, the slope values in the range 200—-100-200 K and
in the range 440-100-440 K, where only dislocations
survive, are not comparable (see Table II). From our re-
sults it is inferred that Li seems to be responsible for the
temperature dependence observed in the alloy between
100 and 200 K. This effect cannot be attributed to the
scattering of positrons at isolated Li atoms because it is
only visible below 45 K for a concentration of 4 at. % Li,
which is about the solubility limit of Li in Al.

From the above discussion we can conclude that mea-
surements at the annealing temperature can be more use-
ful than isochronal measurements to detect the clustering
of vacancies when a broad variety of close lifetimes is
present in the sample. In this case, the difficulty of
decomposing the spectra in several contributions can
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mask the presence of longer components of low intensity,
whereas the formation of voids is accompanied by a tem-
perature dependence of the specific trapping rate which is
clearly revealed in the measurement at the annealing tem-
perature itself.

The evolution of the S, parameter above 350 K is
clearly different for the dilute and the concentrated alloy
(see Fig. 5). At 350 K, only dislocations, and perhaps
some residual vary large voids not affecting the trapping
signal (positron diffusion length much smaller than the
intervoid distance), should be present in both samples.
The large plateau observed for the Al-0.2 at. % Li be-
tween 400 and 550 K can then be assigned to dislocations
that anneal in the temperature interval 550-660 K.
Bearing in mind the data in the literature for pure Al!!
the dislocations would anneal below 470 K for the defor-
mation process undergone by both alloys. The shift of
the dislocation annealing stage, when compared with
pure Al, evidences the pinning of dislocations by Li
atoms in solid solution in the alloy.

The presence of &' particles in the A1-9.9 at. % Li al-
loy has a significant influence in the dislocation recovery
processes as observed in Fig. 5. The plateau assigned to
dislocations is absent and the recovery seems to be com-
pleted at 440 K, as would be expected for pure Al. The
isochronal lifetime measurements (see Fig. 2) indicate
that the positrons annihilate at the &' particles above 440
K, because the measured lifetime is very close to the bulk
lifetime (7=185 ps) for the 8'.7 Moreover, the bulk value
obtained in the same high-content alloy measured as a
function of the temperature by assuming the two-state
model, support this hypothesis.

From this reasoning we can propose two alternative ex-
planations: the dislocation pinning by Li in solid solution
in the alloy is not acting when the 8’ phase is present, or
no significant trapping is taking place at dislocations. It
is generally accepted that positrons are trapped at dislo-
cations. Still, a controversy exists as to whether the posi-
trons are trapped at the line itself or at the jogs.!® There
is experimental evidence that deforming pure Al under
very well-controlled conditions, giving rise to a low jog
density, can lower the lifetime currently assigned to dislo-
cations, 7=240 ps,'! to 215 ps.!° We could interpret the
low lifetime as positron trapping at dislocations exhibit-
ing a very low jog density but we rather propose an alter-
native mechanism responsible for the low lifetime in the
as-deformed sample. Positrons are initially trapped at
dislocations associated to the &' particles and most of
them can easily reach the precipitates where they are an-
nihilated in the free state. This would explain the pres-
ence of a lifetime close to the bulk of the 8’ phase and the
seemingly early dislocation recovery observed in the S,
parameter for the low-temperature deformed A1-9.9
at. % Li alloy.

B. Room-temperature deformed alloys

The lifetime value in the as-deformed state after de-
forming at room temperature the Al-9.9 at.% Li,
7=190 ps, is very close to the bulk lifetime in the &'
phase’ and thus we can interpret this result as in the pre-
vious paragraph. This lifetime value would be a conse-
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quence of trapping at dislocations and subsequent free
annihilation at 8’ particles that are very efficient traps for
positrons.

The plateau between 400 and 550 K (see Fig. 5) that we
have assigned to positron trapping at dislocations in the
low-temperature deformed Al-0.2 at. % Li alloy is also
present when deforming at room temperature. For the
room-temperature deformed Al-0.2 at. % Li alloy, it is
seen that the S, parameter decreases between 350 and
400 K (see Fig. 5). This indicates that the deformation at
room temperature introduces some kind of defect besides
dislocations.

The lifetime measurements performed in a 12% room-
temperature deformed dilute alloy yield more precise in-
formation on the positron-defect interaction. According
to our previous discussion, vacancies migrate well below
room temperature. The generally accepted value for the
lifetime of a positron trapped at a monovacancy in Al is
250 ps.® The lifetime value measured immediately after
the deformation of the dilute alloys at room temperature
is very close to this value. From measurements on
quenched alloys of the same type® it followed that
vacancy-Li complexes were retained in the samples at
room temperature. So the value of 7,=240 ps (see Fig. 4)
measured immediately after deformation is attributed to
the vacancy-Li complexes still present in the samples.
The first annealing stage seen in the mean lifetime in Fig.
4 is attributed to a decrease of the vacancy-Li complexes
concentration in the samples.

In the recovery curve of the room-temperature de-
formed samples, the positron lifetime drops to a value of
220 ps after annealing at 400 K (see 7, in Fig. 4). This in-
dicates that from this temperature on, positrons are only
trapped at the dislocations still present in the sample.
The increase in the intensity I, can be attributed to an in-
crease in the positron fraction annihilating at disloca-
tions. In the temperature regime below 400 K vacancy-
Li clusters coexist with the dislocations. From theoreti-
cal calculations of the positron defect binding energy we
have to conclude that the trapping of positrons by the
vacancy-Li clusters (positron binding energy is 2.7 eV for
a vacancy-Li cluster with three to four vacancies)?! is
much more efficient than the trapping of positrons by
dislocations (positron binding energy at a jog at a disloca-
tion line is 1.3 eV).?? This makes positron trapping more
likely at vacancy-Li complexes in the temperature range
between 300 and 400 K, even though their concentration
is lower.

From this it also follows that the positron lifetime 7, in
the temperature region between 300 and 400 K (which
equals 240 ps) is a mean between the positron dislocation
lifetime (=220 ps) and the lifetime in the vacancy-Li
complexes. From this it follows that the lifetime of the
positron in the vacancy-Li complexes is certainly higher
than 240 ps. This is in agreement with theoretical calcu-
lations?! where the positron lifetime in a vacancy-Li com-
plex with three or four vacancies is predicted to vary be-
tween 253 to 256 ps (with the already mentioned binding
energy of 2.7 eV).

In the temperature range between 400 and 600 K the
intensity I, of the second positron lifetime decreases
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gradually (see Fig. 4). It is known from the literature'!
that in pure Al, although the dislocation recovery de-
pends on the degree of deformation and also on the defor-
mation temperature, dislocations are completely removed
at temperatures below 400 K. The fact that in the
Al1-0.2 at. % Li samples we still have trapping of the pos-
itrons in dislocations up to 600 K means that they are
pinned by the Li atoms. At a certain temperature the
pinning centers become unstable so that dislocations, ini-
tially decorated by Li, anneal out in a very sharp temper-
ature stage, decreasing the lifetime of the trapped posi-
tron. This is seen in the evolution of the 7, at around 600
K. At that moment the second and the first lifetimes be-
come indistinguishable from one another, giving rise to
experimental one-component spectra, despite the fact
that the intensity of the second lifetime component I, at
625 K is still around 60%. So the second recovery stage
seen in the evolution of the mean lifetime in the tempera-
ture range from 575 to 700 K is due to the disappearance
of the dislocations from the sample.

V. CONCLUSIONS

From this study it is seen that Li has a profound effect
on the defect behavior in deformed Al1-0.2 at. % Li and
Al-9.9 at. % Li alloys. It also demonstrates that the
positron-annihilation method is a very powerful measur-
ing technique for the study of the defect kinetics during
the annealing of deformed samples.

Two kinds of recovery measurements were performed
(i) measurements at the treatment temperature itself and
(ii) isochronal annealing measurements at a reference
temperature well below the annealing temperature. The
behavior of the obtained recovery curves is quite

6787

different; for the measurements performed at the anneal-
ing temperature itself a maximum is seen in the annealing
interval 200-350 K, whereas in the isochronal measure-
ments a continuous decrease in the measured positron pa-
rameter (7) is observed. This different behavior is ex-
plained by the temperature dependence of the positron
trapping process at voids, demonstrating that by careful-
ly using this temperature dependence of the positron pa-
rameters, more details can be obtained from an annealing
curve when the underlying defect structure is quite com-
plicated.

The main conclusions can be summarized as follows:
(a) monovacancies become mobile at 200 K giving rise to
clusters that dissolve at 350 K in both alloys; (b) in the
Al-0.2 at.% Li alloy, dislocations are pinned by Li
atoms postponing the complete recovery of the sample in
comparison with pure Al; (c) in the A1-9.9 at. % Li alloy
no positron trapping at dislocations is apparent above
room temperature. In these alloys, &' particles are
present and from our measurements it follows that they
are very efficient trapping centers for positrons. Positron
trapping at 8’ particles can also occur by an intermediate
trapping state of the positron at dislocations localized by
the &' particles; (d) the defect structure in the Al1-0.2
at. % Li alloy deformed at room temperature is
influenced by the presence of the highly mobile vacancies
during the deformation process. In these alloys, disloca-
tions and vacancy-Li clusters are formed and positron
trapping at both defects occurs. Vacancy-Li clusters dis-
sociate at around 375 K.
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