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Annealing process in quenched Al-Sn alloys: A positron annihilation study
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The precipitation of tin atoms and vacancy-tin interaction in the dil(&aD at. ppm Al-Sn alloy were
studied by means of positron-lifetime and coincidence Doppler broadening techniques. In particular, the speci-
men subjected to the solution treatment at 525 °C/2 h finished by the rapid quenching down to room tempera-
ture was examined and, furthermore, the stability of the as-quenched microstructure at room temperature was
tested. At room temperature we observed Sn atoms bound to quenched-in excess vacancies. Subsequently, the
specimen was isochronally annealed up to the temperature of the solution treatment and the processes, which
take place when increasing the temperature, were investigated. Among others, we could monitor the Sn
nanoclusters’ formation that starts at about 130 °C. Positron measurements were complemented by calculations
of several positron characteristics of Al, Sn, and related defects in order to ensure the consistent interpretation
of experimental data.
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I. INTRODUCTION is one of the most common machinable wrought Al-based

Investigations of the decomposition of supersaturate@”oys- Nevertheless, contrary to Pb the decomposition se-
solid solutions represent an important task both from physiguence of Al-Cu is substantially influenced by the presence
cal and practical points of vielvin particular, it is highly — of even a small amount of SA.Thus, the information ob-
desirable to understand the formation of solute atontained in the present work on the binary Al-Sn system should
aggregates/precipitates, their structure, and their interactiomelp in getting insight into the processes which take place
with the host in dependence on quenching and aging condduring annealing of more complex Al-Cu-Sn—based alloys.
tions. Such investigations are, in principle, difficult to per- The atomic volume of Sn is almost twice that of Al. Thus,
form because of a very small spatial scéanoscalg in- it is hard to accommodate a tin atom in the aluminum matrix,
volved which may comprise individual atoms and/or which is manifested by a very low solubility of Sn in Al.
vacancies. Positron annihilatiqi®A) spectroscopd® (PAS) Tin atoms can be coupled to vacancies and other open vol-
may substantially help in such studies due to its high sensiume defects with a relatively high binding energy. For ex-
tivity to open volume defects as well as to embedded nancample, a binding energy of 0.4 eV of Sn to a monovacancy
particles. The sensitivity to nanoparticles has been illuswas reported®!® The strong interaction between Sn atoms
trated, for example, in the Fe-GRef. 4 and MgO-Li(Ref.  and vacancies results in a shift of the post-quenched recovery
5) systems. Vacancy-solute complexes have been also examwf vacancies in diluted Al-Sn alloys towards remarkably
ined by PAS. As an example, we mention that several Fehigher temperatures than in pure Al as shown by electrical
based alloys have been investigated by Nagjaal® and  resistometry*1°
Al-Cu-Mg alloys have been studied by Biasgtial.” and by The vacancy-tin interaction was also studied by several
Nagaiet al® authord®-20 using Mossbauer spectroscopy. This technique

Al-based alloys attract wide attention because of their frebrings an interesting information about the state and sur-
quent industrial applications that stem from a low specificrounding of tin atoms. However, there are significant differ-
density of aluminum whose mechanical properties are enences among both the results and interpretations given in
hanced by fine dispersed particles due to alloying elementshese works. We note that the Sn content and quenching rate
Such alloys are referred to as age-hardenable alldyse  differ from work to work. It is a common result of all the
mechanism of aggregation/precipitation of alloying elementsvorks'6=2° that the line with the isomer shift =2.0
is still a physically fundamental issue with many unsolved-2.2 mm/s was found in the quenched specimens. There
questions. One of the most frequently studied age-hardeninglso seems to be an agreement among the adéhgfthat
systems is the Al-Cu one. It is because Al-Cu represents this line represents a contribution of Sn-vacancy pairs. In
typical system where precipitation starts from the formationaddition, another line witi;=2.8-2.9 mm/s was resolved
of Guinier-Prestor{(GP) zones'*° in all the studies. This component was attributed to Sn atoms

The purpose of the present work is to study the Al-Sncoupled to vacancy aggregatég®On the other hand, it was
system as a basis for understanding the role of Sn in morsuggested by others that this line comes from clusters of Sn
complex systems that can be employed in industrial applicaatoms'®*°In addition, a line with;=2.3 mm/s attributed to
tions. In particular, it was showhthat it is possible to re- dissolved tin atoms was found by several autHot%in
place toxic lead by nontoxic tin in Al-Cu-Bi-Pd alloy, which quenched specimens.
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PAS was successfully used many times in studies of the TABLE I. The chemical composition of the studied Al-Sn alloy
defect structure in Al-based age-hardenable aliege Ref. (at. %.
21 for a review. To our knowledge, two positron lifetime
(PL) studies of the Al-Sn system have been performed so Al Sn Fe Si Pb Bi
far1920However, the annealing behavior of Al-Sn was inves-
tigated at relatively low temperatures only. Moreover, PL balance ~ 0.080  0.063 ~ 0.060 <0.001  0.013
spectrometers with a relatively poor timing resolutiomore
than 300 pswere employed. This makes it difficult to re-
solve short and/or weak components in measured PL spectrBepublic. Extruded specimens were subjected to the solution
A lifetime of ~246 ps was found in the quenched treatment at 525 °C fo2 h at avertical furnace with the
specimert? This lifetime corresponds to positrons trapped inargon protective atmosphere and then rapidly quenched into
Al monovacancie$?230n the other hand, only a single com- water of room temperature. After quenching the specimens
ponent with a lifetime of~265 ps was resolved in the PL were quickly transferred into a bath of liquid nitrogen where
spectrum of the quenched Al-Sn alloy in Ref. 20. Hence, thehey were stored until measurement. Subsequent isochronal
abovementioned studies do not allow one to draw Unambigl,annealing was performed by heating samples in steps of
ous conclusions about defects in the Al-Sn system and it i20 °C/20 min. The annealing was carried out in a silicon oil
therefore desirable to continue with PA studies of this systenpath (below 250 °G and in the vertical furnace with the ar-
and find out other details about its defect structure usingyon protecting atmospher@bove 250 °¢ Each annealing

advanced experimental PA techniques such as highsiep was finished by rapid quenching into water of room
resolution PL spectroscopy and coincidence Doppler broad

> emperature.
ening (CDB) spectroscopy. We prefer these methods over  rq chemical composition of samples is given in Table I.
conventional techniques—such as transmission electron Mizp,

croscopy(TEM)—due to a very small size of nanoparticles ere is a significant concentration of Fe and Si which rep-
Py Y P resent most common impurities in commercial Al-based al-

involved and an important role played by vacancies whic L . . :
are hardly detectable using conventional techniques. Mor oys. A possible influence of these Impurities on the studl_eo_l
rocesses as well as on the measured positron characteristics

over, when compared to Mossbauer spectroscopy PL speB : _ . .
troscopy directly monitors the vacancies and their clusters. | ill be discussed in detail below. We state beforehand that

addition, the CDB technique can provide the direct informa-heir influence appears to be negligible.
tion on the atomidchemica) environment of studied open
volume defectg:24:25

The main aim of the present work is to study carefully the
microstructure of a diluted Al-Sn alloy quenched rapidly
from the solution treatment temperature and the vacancy 3%, Ref 26 was employed in the present work. The

sisted clustering of Sn atoms in a broad range of tempe.ras?pectrometéﬁ was recently modified-?®with the purpose to
tures. More specifically, for the quenched system we in-

tended to clari | ¥ hich ttenhance the coincidence count rate keeping simultaneously
ended to clarify Several open questions which seem not 13, o) jant timing resolution of the device. The timing resolu-
be resolved by Mdssbauer spectroscdpyls dissolved tin

distributed h | d ot lust jon of the spectrometer was 150 [gsll width at half maxi-
istributed homogeneously or does it form some clustersi, (FWHM)] for a Na source of an activity of

(ii) Are Sn atoms coupled with monovacancies or vacancy ; 5 MBq at a typical coincidence counting rate of 75,s

clusters?(iii) What is the stability of the quenched micro The??Na positron source was sealed between two mylar foils

structure at room temperature? Furthermore, we study thgf 2 um thickness. The source contribution, which arises

development of the quenched microstructure with increasingrorn positron annihilations in the positron source and the

temperature during Isochronal annealing from the room up t?’nylar foils, consisted of two components with lifetimes 368

the solution treatment temperature. Finally, we also examln%srI and 1.5 ns and relative intensities 9 and 1 %, respectively.

Z sI0\1va|c$oIed ?peuTen. Mea?tjlreme;n.tst are tafccogllpgnl e parameters of the source components were obtained us-
y caiculations of positron quantiies ot Interest for Al, n’ing a reference sample of high purity well annealddfect
and related defects, which helps us to interpret the eXpe”free) Al (99.9999%. The shorter source component was
meg\al data p_roperly._ d as foll We first ai d ._fixed in the analysis of PL spectra of Al-Sn samples. It was
€ Paper IS organized as Tollows. We TIrSt give a descripy, ,, necessary to fix the long-lived source component because

tion of the eX*’?‘m'”ed Al-Sn sam.ples and PL qnd CDB EXPEM; is well separated from the other components. PL measure-
mental technique$Sec. I). Positron calculations and their

. ments were performed at room temperature and at ledst 10
mecounts were collected in the spectrum for each annealing
{'emperature. In the case of the slowly cooled sanifkec.
IV G) PL spectrum with lower statistidg x 10° count$ was
collected. Measured spectra were decomposed by means of a

B. Positron-lifetime spectroscopy

A PL spectrometer based on the fast-slow one described

obtained experimental results and discussions of various
crostructural aspects of the studied Al-Sn syst&ac. 1\V).
The paper is concluded in Sec. V.

Il. EXPERIMENTAL DETAILS maximum-likelihood proceduf@into up to four exponential
_ components. The time-resolution function of the spectrom-
A. Specimens eter was considered as a sum of three Gaussians and was

The studied AI-Sn(800 at. ppm alloy was prepared in fitted simultaneously with other parametédfer details see
The Research Institute of Metals, PanenskéZny, Czech Refs. 27 and 20
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TABLE II. The results of calculations of positron affinit\,) and bulk lifetime(7g) for Al and B-Sn.
Experimental bulk lifetimes are collected in the seventh column. Lifetifmgs of positrons trapped at
vacancies are also specifielTSUP techniquetogether with their experimental counterpaifsavailable.
Columns with computed quantities are labelled with the abbreviations of the computational method and the
form of the positron correlation/enhancement used.

LMTO-BN LMTO-GGA  ATSUP-BN experimental ATSUP-BN  experimental

A, g Ay T8 7 8 Ty TV
Element (eV) (p9 (eV)  (p9 ((:S] Py (P9 (ps)
Al -48 163 -46 153 167 163+5Ref. 39 240 239(Ref. 23
B-Sn -6.8 185 -6.4 188 187 202+5Ref. 39 274
C. Coincidence Doppler broadening spectroscopy superposition(ATSUP) method®33* To compare the two

L ; d techniques, the ATSUP method is not self-consistent

The coincidence Doppler broadenif@DB) spectrometer use ' .

- ; and neglects charge transfer effects in contrast to the LMTO

employed in the present work consisted of two HPGe detectechnique. On the other hand, the ATSUP method retains

?ully the three-dimensional geometry of the studied system
hereas the electron density and potential are spheridized in

e vicinity of atomic sites within the LMTO framework. In

energy resolution of the spectrometer was 1.2 kEWHM)
at 511 keV energy and the coincidence count rate amount

- -1 22, H .
to ~650s™ for a 1 MBq “NaCl positron sourcdsealed  gome respect these two techniques are complementary and

between 2um-thick mylar foils. At least 16 events were o se them both in order to check the adequacy of approxi-
collected in each two-dimensional spectrum, which was subx,ations employed in them by comparing their results.

sequently reduced into the one-dimensional Doppler profile |, o calculations the correlation part of the positron

and instrumental resolution cuts. In order to inspect the Naxotential®3! was determined using the parametrization ob-
ture of positron annihilation sites, relative changes of DOp'tained by Borgski and Niemine?? (BN) within the frame-
pler profiles were followed as ratios of the profiles normal-y o1 of the local-density approximation for positratisEor
ized to the same area to a proper reference profile normalizeflg ggke of comparison, we also applied the formula intro-
to the same area as well. The reference profile was taken {g,ceq recently by Barbiellinét al3® based on the general-
be well Oannealed.(defect freg high purity aluminum j;eq gradient approximatiofGGA) for electron-positron
(99.9999%. correlations. Once the positron potential is known, a
Schrédinger-like equatidh®! is solved to find the positron
lll. POSITRON CALCULATIONS ground state and energy. _ -
The LMTO method was used to calculate positron affini-
Calculations of positron quantities of interest may sub-ties and bulk positron lifetimes. The ATSUP method was also
stantially help when interpreting positron measurementsused for the latter as well as for vacancy lifetimes. The cal-
Such calculations bring not only the quantitative charactereculation of HMPs was carried out using this method, too.
ization of the positron response from a studied system and itShe details of the positron affinity and positron lifetime cal-
defects, but the microscopic origin of this response is alsgulations can be found in Ref. 37. The HMPs were computed
accessible. In defect studies it is not often obvious whether according to the scheme described in Ref. 38 using the
given defect represents a positron trap and/or what are itSGA3® In these calculations the following core electron
positron characteristics. Thus, in order to test whether the Sgonfigurations were considered: for Al the Ne core was taken
precipitates in Al represent attractive sites for positrons, caland for Sn the Kr core+dt° configuration was adopted. We
culations of the positron affinity for Sn and Al were per- further note that calculated HMP profiles were normaltZed
formed. In addition, we calculated positron lifetimes for bulk in the way that their total areas were set to 8¢/ Motal
Al and Sn and single vacancies in these materials to be ablémes the area used to normalize experimental CDB spectra
to distinguish between vacancies in Al and Sn. We also extsee Sec. Il ¢ Here, A, and X\, are, respectively, calcu-
amined the high momentum paftdMPs) of the momentum lated core and total annihilation rates for a given case.
distribution of annihilationy-quanta for several vacancy-tin The crystal structures taken into account in calculations
complexes in Al. In general, HMPs provide the information are face centered cubic and tetragonal for Al g8én, re-
about the annihilation of positrons with core electrons. Thisspectively. A vacancy is simply created by removing one
will be helpful in the next section when identifying the atom from 256 atom supercells used both for Al and(&n
atomic environment of annihilation sites. course, atomic positions in Al differ from those in)SiNo
The so-called vanishing positron density lifflit was lattice relaxations around vacancies were considered at this
adopted in the calculations of positron properties. We emstage.
ployed two computational techniques. First, it is the linear The results of calculations are collected in Table 1l. The
muffin-tin orbital (LMTO) method? within the atomic- obtained results for Al agree well with those presented in the
sphere approximatidh (ASA). Calculations of selected literature3-:333%|n the case of tin, only preliminary results
quantities were also carried out using the so-called atomi¢or the bulk lifetime were presented in Ref. 40. To our
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knowledge, the positron affinity and vacancy lifetime for  TABLE Ill. Properties of relaxed vacancylike defects in the
[B-tin were not calculated before. Clearly, the positron affin-Al-Sn system. Relaxations are given in percents of the Al lattice
ity of Sn is positioned substantially lower than that for Al. constant; the firs{second number is the largest deviation of Al
This means that Sn precipitates are attractive for posiftbns. (Sn atoms with respect to their original positiofgiven by the

In principle, this approach should be used for large Sn parideal Al lattice).

ticles only as they can be considered as a separate phase and

the positron affinity is a well-defined quantity for them. On v V-Sn V2-Sn V-Snp

the c|>|ther ha}nd, ﬁur rﬁpgnt stdélmdiﬁates that even Ifor VerY rolaxation(%) 0.6 2850 37:91 3138
small particles the affinity approach can reasonably be useﬂfetime 09 240 236 248 36

Thus, the minimum precipitate radiug to have a bound
positron state can be roughly estimated from the equiftion WV parameter 000212 0.00263  0.00257  0.00291

rdA]=3.1NAA[eV], (1)

. o reduce the free volume and consequently the positron life-
whereAA, >0 represents the positron affinity difference be- d y P

i th i d th itate. Using th leulat (isime. Thus, the positron lifetime can hardly be used to dif-
een the matrix an € preciprtaté. Using the calculalee o igte among studied defects. A measurement of the
affinities (Table 1) we obtain the minimum radius of Sn

precipitatesr_~2 A. This is a very small radius which re- CDB/HMP profiles should be more sensitive to the vacancy

X . environment. This can be clearly seen from the calculated
sults in a volume smaller than the Sn atomic volume. Henc

Salues of thew parametefTable Ill). Namely, the presence
we conclude that even very small clusters of Sn atoms mays g, apparently results in an increaseVidf The W param-

probably act as a trapping site for positrons. Lifetime resultseter was determined by integrating the calculated HMP pro-
will be discussed below, in the context of experimental re-iles in the ranges of Doppler profiles where 4 KeJAE]

sults. . : . .
. . . >6 KeV (see Fig. L This parameter characterizes predomi-
In order to examine the nature of vacancylike defects 'rhantly PAE with c%rg-electrrc))ns P

the Al-Sn system, we also calculated positron characteristics The calculated HMP profiles for pure Sn and examined
frf atomic conﬂguratgmssof sgyeral sucg dsfegts. N""gn'elyvacancylike defects with respect to Al are shown in Fig. 1.

ese are vacancy-Sv-Sr), divacancy-Sn(Vz-Sn, an The ratio profile of Sn deviates significantly from the straight
vacancy-Sp (V-Sn,) complexes and nondecorated vacancy.

. - - . _ _ ; line at the level 1(that represents Al This again gives an
Their atomic configurations were obtained using the Vienng,jication that a vacancy decorated by a Sn atom could be
ab initio programt®=*% (vasp) developed at the Institut fiir

. - ; N . distinguished from a nondecorated vacancy. Indeed, the ratio
Materialphysik of the Universitat Wien. In all calculations

. curves for decorated vacanciésr a divacancy exhibit a
108 atom based cell8> 3x 3 fcc units of A) were em- signature of Sn that is a minimum of the ratio curve at about

ployed. The starting configurations were created so that § ke\/ The increase of thé/-parameter for decorated vacan-
vacancy corresponds to a missing Al atom; Sn atoms Wergieq compared to the nondecorated one, as mentioned above,
put into Al lattice sites. For all defects nearest-neighbor cont., a1so be understood from Fig. 1. On the other hand, the
figurations of vacancies and Sn atoms were considered. Tnﬁutual differences among ratio curves corresponding to

relaxed defect configurations were obtained by MINIMIZINGyacorateddi)vacancies are rather small and for the purpose
the total energy of the supercell with respect to atomic posi-

tions. The calculated binding energy of tiieSn complex is
0.2 eV, which is somewhat smaller value than that found

2.0

, .
. - ! ‘| Al
experimentally. The reason for this discrepancy could be yet ! J—— Sn
insufficient size of supercells used in calculations. In the fol- ! ikt v
1 | ==emiamiam V-Sn
!

lowing we shall use the experimental value 0.4'&% For 151
ATSUP positron calculations we used 500 atom based super-
cells created from the originél/AsP) ones by adding atoms

at the sides to minimize an influence of boundary
conditions?® These added atoms were arranged in the form
of the regular Al fcc lattice.

As expected, relaxations around defects—except for the
single vacancy—are quite large, which is documented in
Table Ill. For example, in the case of theSn complex the 05 [
Sn atom is moved towards the vacancy after the relaxation
process whereas surrounding Al atoms are pushed away from , ; . : ,
the Sn atom. A similar situation occurs for thg-Sn com- -15 -10 5 (] 5 10 15
plex. Calculated positron lifetimes aid parameters are also Doppler shift (keV)
specified in Table Ill. One can see that the positron lifetimes
for all studied defects are nearly the same and around 240 ps FIG. 1. Ratio HMP profiles of Sn and vacancylike defects with
(see Table ). This can be somewhat surprising for ¥4£Sn  respect to Al. The crosshatched areas mark energy regions used for
defects as the divacancy in Al gives a lifetime of about 270w-parameter calculation; the whole filled areathatched
ps (Ref. 33, but the large atomic relaxations arouxgtSn  +crosshatchednark regions used for comparison with experiment.

1.0

Ratio to Al
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FIG. 2. Ratio HMP profiles of Sn, Si, and Fe with respect to
Al FIG. 3. The positron mean lifetime as a function of the anneal-
ing temperature.

of comparison of experiment and calculations we consider
ggl%ggfis\,gr? nvc:i?hmzl)((e;( elrri]nggitfolgg\é)v;)rllgr. V‘Q\'Iﬁiftnortggtigarr&on'r a 360 °C. Supsequently, it inireases again fo_r a_nnea_lling_ tem-
=4 keV should be considered onigee Fig. 1 and such a peratures hlgher than 3§0 .C. The mean lifetime is higher
comparison for Doppler shift$AE|<3keV is definitely ~than the aluminum bulk lifetime;=163 ps(Ref. 39, Table
meaningless, especially for ratio profiles, because of thd)- This clearly shows the presence of trapping sites in the
missing valence electron contribution in HMP profiles. studied alloy. o _
Finally, we discuss a possible effect of other impurity at-  The measured lifetime spectrum of the quenched speci-
oms(Si, F8 in the studied alloy on CDB/HMP spectra. The Men can be well decomposed into two lifetime components
spectra were calculated using the ATSUP method as esthat are as followsr,=88+4 ps andr,=235+5 ps with the
plained above. In calculations the bcc and diamond struceorresponding intensitiely =20+2% andl,=80%2% (note
tures of Fe and Si were considered, respectively. The coriat relative intensities are normalized so thatl,=100%.
electron configurations were as follows: for Fe the Ar core!he lifetime 7, of the first component is remarkably lower
+3d6 was taken and for Sas for Al) the Ne core configu- than 73=163 ps mentioned above. Therefore, we attributed
ration was adopted. The ratio curves for Sn, Si, and Fe witi{his component to free positrons. The second component
respect to Al are plotted in Fig. 2. The curves for Si and Fecomes from positrons trapped at defects. A comparison with
apparently differ from that for Sn. In particular, the electron@bove presented results of positron calculations gives an in-
configuration of Sn is similar to that of Si, but Sn has 4 dication that positrons—apart from the delocalized state—
electrons that result in a maximum at about 11 ket annihilate in vacancylike defects having a size of about one
present in the Si curyeA similar maximum is also present vVacancy.
in the Fe profile, which is due tod3electrons of Fe, but the ~ All measured PL spectra of the annealed sample can be
corresponding curve is positioned much higher than that fopgain well fitted by two exponential componefcept for
Sn (and SJ. Hence, if Si and Fe would precipitate and/or the source contribution Lifetimes 7, and 7, of the spectral
interact with vacancies, their effect should be visible in mea£omponents are plotted as functions of the annealing tem-
sured CDB profiles, which will be further discussed in thePerature in Fig. 4. The dependence of the relative intemsity
context of experimental results presented below. gf the second component on the temperature is shown in Fig.
As in the quenched specimen, we attributed the first com-
IV. RESULTS AND DISCUSSION ponent to free positrons. The second component originates
from positrons annihilating at defects. Thglifetime of the
latter component increases from240 to ~270 ps in the
The positron mean lifetime represents the center of mastemperature interval 130-200 °C. We note thateduced to
of a PL spectrum and it is therefore a robust parameter indghe number of degrees of freedomamounts to 1.05 and
pendent of the number of components, constraints involved.22 for a fit of the PL spectrum corresponding to 200 °C
in the fitted model as well as correlations among parametergvith 7, as a free parameter and fixed to 240 ps, respec-
The mean positron lifetime for the quenched specimen is 206vely. The former fit resulted inr,=(275+4) ps. The ex-
ps. The dependence of the mean lifetime on the annealingected standard deviatiar=\2/v of the x? distribution re-
temperature is shown in Fig. 3. As one can see, the meatiuced to the number of degrees of freedom is 0.03. The
lifetime increases starting from a temperature of 130 °C andubstantial increase of for the fit with 7, fixed at 240 ps
reaches its maximum at 200 °C. Above 200 °C, the mearlearly indicates that the increase gf in this temperature
lifetime exhibits a pronounced decrease up to its minimum atange is indeed statistically significant.

A. Positron lifetime measurements
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W lifetimes agree well with the measured ones in the whole
temperature range. Hence, the application of the two-state
as0F STM is justified in the present case and the decomposition of
spectra to two components is physically plausible. The same
7 200 holds for the quenched specimen.
g 150 | . .
£ B. Large Sn-rich particles
N | The solubility of Sn in Al is 200 at. ppm at a solution
treatment temperature of 525 {€ee Ref. 18 As the studied
b specimens contain 800 at. ppm of Sn, particles of Sn{6dh
at. % of Sn phasé? are formed in addition to the solid so-
oL . L . . . L . lution of Sn in Al during the solution treatment. After the
S0 100 150 200 250 300 350 400 450 500 550 annealing timg¢=2 h the mean diffusion length of Sn atoms
T(C) Ls,= \Dt (3)

FIG. 4. The dependence of positron lifetimes on the annealin@ppears to be=0.1 mm, which is clearly sufficient for the
temperature: --- the lifetime, of free positrons,©- the lifetime 7, abovementioned redistribution of Sn atoms. The diffusion
of trapped positrons) - the lifetimer; ™ calculated using the STM  coefficientD of Sn in aluminum was taken from the recent
(see the text for detailsThe lifetime 7; calculated using the as- \work 8 On the basis of the TEM study of an Al-Cu-Sn-Bi
sumption that positrons are trapped at vacancy-Sn pairs formed dug;”oy, which contained the same amount of tin and was sub-

ing annealing is plotted by the dotted litgee Sec. IV F: jected to the identical solution treatméAwve conclude that

Subsequently,» remains roughly constant and above _the Sn-r_ich in_coht_arent particles are large and their Iinear_ size
350 °C it eventually decreases back@40 ps. The relative 'S certainly significantly greater than 100 nm. Hence, it is
intensity |, is approximately constant up to 160 °C, then it possmle to estimate the positron trapping rate to thesg Sn-
decreases drastically in the temperature interval 160-360 °fich particles. Clearly, positron trapping at these particles
(see Fig. 5 Finally, above 360 °C it remarkably increases Wil be limited by the diffusion of positrons to the vicinity of
again. In the following sections we will examine various their surface. Under the assumption of trapping at the surface
possibilities for positron trapping sites in the Al-Sn alloy.  of spherically shaped Sn-rich particles with the radipthe

We now check the above assumption that measured lifePositron trapping rate may be expressetf as
time spectra can be decomposed into two compon@ipisrt K- = 47rND (4)
from the source contribution For this purpose we use the D i
two-state simple trapping modét’ (STM). The lifetime The volume concentration of particles is denoted\byThe
symbol D, stands for the positron diffusion coefficient. For
Al, D,=1.7 cnts was reported? According to the equi-
72~ l278 librium Al-Sn phase diagrart¥ the number of Sn atoms

calculated from,, 1,, andr,, and7z=163 ps using the STM forming Sn-rich particles at the solution treatment tempera-

is labeled with open triangles in Fig. 4. In this figure #f&"  ture is~600 at. ppm. The volume fractioN of particles is
proportional to 1f3. Thus, considering =100 nm as a

lower limit of the Sn-rich particle diameter, from E@l) we
obtain an upper estimate of the positron trapping tate
=3.4x 10° s7%, which is more than one order of magnitude
smaller than the bulk annihilation rate for aluminuxg
=1/73~6Xx10° st (Refs. 22, 30, and 39 If we assume
7,~ 240 ps, the contribution of positron trapping at the Sn-
rich particles will be smaller than 10%when Ky is com-

£ ] pared with the total trapping rate derived from the STM
/'vacancy-Sn pairs Hence, the large Sn-rich particles do not represent significant
positron traps that could explain the observed interisignd

will be neglected in the following discussions.

ly75T
sTM_ _'17BT2
= (2

100 = T T T T T T T T T

Intensity (%)

20 F <

O e 10 150 20 %0 300 350 400 450 500 550 C. Sn-vacancy pairs and Sn nanoparticles

TC) A relatively high binding energy of 0.4 eV between va-
cancies and Sn atoms was determined experimerifaiby.
FIG. 5. The relative intensity, of the component which belongs Thermal vacancies can be, therefore, bound to dissolved Sn
to trapped positrons. The calculated relative intensity of the comatoms during the solution treatment. As a consequence a sig-
ponent coming from positrons trapped at vacancy-Sn pairs formegiificant amount of tin atoms can be coupled to vacancies
during annealing is plotted by the dotted liteee Sec. IV F after quenching(to room temperatujeas also turned out
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from the Mdssbauer stuédof the Al-Sn alloy. The migra- V-Sn, are significantly smaller than that &f-Sn pairs and
tion of vacancies in pure Al takes place already below roonthey do not contribute significantly to the positron signal.
temperatur&®®! The “free” vacanciegnot associated with The concentration of vacancies in the quenched sample
Sn) are highly mobile and quickly disappear after and/orcan be calculated from lifetimes and relative intensities ob-
during quenching. Only vacancies bound to Sn atoms magained from the decomposition of the PL spectrum using the
“survive” quenching. As PAS measurements are performe&TM

at room temperature and positrons are obviously trapped at

open volume defects, it is natural to expect that they are quench_ L1121 1
trapped at the vacancies bound to Sn atoms. The lifetime vesn T\ T ) 9

7,~ 240 ps coincides with the lifetime of positrons trapped

in the monovacancies in Al reported in the literafdreé (see  where n=2.5x 10" at. s is the specific positron trapping
Table I). One could thus argue that the second lifetime comrate for monovacancies in Ak Note that the specific trap-
ponent comes from positrons trapped in monovacancieging rate can be slightly changed for the vacancy-Sn pair due
bound to Sn atoms. However, as discussed in Se¢Télble  to the presence of the Sn atom. If we neglect this small
1), theV,-Sn andV-Sn, complexes exhibit lifetimes that are difference in the present estimation, we obtm@lfgﬂch
very close to that for th&-Sn complex. This means that on =30+4 at. ppm from Eq(9). This number is in excellent
the basis of lifetime measurements one cannot unambigiagreement with the equilibrium concentration of vacancy-Sn
ously determine the defect responsible for a lifetime compopairs Cy., at the temperature of the solution treatmgstte
nent of ~240 ps. Nevertheless, the size of the free volumegq. (6)]. Thus, we verified that the vacancy-Sn pairs formed
associated with such defects is about the same as that of thﬁring the solution treatment survived during quenching and

wli\s 7

monovacancy. are present in the quenched specimen, whereas vacancies not
Let us now continue with thermodynamic considerations associated with Sn disappeared.
The concentration of thermal-equilibrium vacancies is The Al-Sn equilibrium phase diagrdfshows that the
. p ‘ solubility limit of Sn in Al is negligible below the melting
¢y = exp(S/Kexp(— Ey/KT), (5 temperature of tin230 °Q. Notwithstanding the solubility

can be extended by quenching, there are some indications
coming from TEM!218 Méssbauer spectroscopyand atom
probe field ion microscopy->°that very small Sinangpar-
ticles could be formed during quenching. The sizes of these
Earticles of about 4 nniRef. 59 or smaller than 5 nngRef.

8 were reported. As shown in Sec. lll, positrons can be
rapped at such nanocrystalline Sn precipitates. However, the
‘calculated lifetime of positrons trapped at defect-free Sn pre-
cipitates(see Table If is remarkably lower thar,. Thus,
positrons are probably trapped at vacancies associated with
Sn atoms instead of defect-free Sn precipitates. However,
some clustering of Sn atoms during quenching cannot be

V-Sn_ oo excluded on the basis of current PL results. Nevertheless, if
whereE, ='=0.4 eV (Refs. 14 and 1pdenotes the E‘JASL@Q fine Sn clusters would be formed, they should be associated

energy of a Sn atom fo a vacancy ant, ith vacancies because the mobility of Sn-vacancy pairs in

=200 at. ppm is the concentranon of dissolved tin gtoms aﬁl is remarkably higher than that of Sn atoms themselves
the temperature of the solution treatment. Equat®ryields and because of a high binding energy of vacancies to Sn

* - 0 H - B .
Cv-sn 3.0 at. ppm. It means tha_t about 15 A). of Sn atoms dISatoms. The above two estimates of the concentratiortr8h
solved in the solid solution during the solution treatment are

bound to vacancies. The equilibrium concentration \bf pairs givga_strong indication'that PAWASN pair; dominate; .
-Sn, can be estimated from the expression over annihilation at vacancies connected with Sn precipi-

tates.
We now discuss a possible influence of Si and Fe impurity
atoms(see Table )l The maximum solubility of Si in Al is
: - I 1.5 at. % at an eutectic temperature of 577 °C. It decreases
Wh'f:h results incy.sp, ~2 at. ppm. The equ'lllbrlur'n CONCEN- 4own to 0.05 at. % at 300 °CRef. 13. Although rapid
tration of V,-Sn defects can be estimated in a similar way quenching extends Si solubility in Al, a weak precipitation of
. . VoS . VoV dissolved Si atoms may occur in the studied samples. There is a large
Cv,-sn = (CV)" eXp((Ey ™"+ By )/KT)Cs ™™, (8)  scatter in the binding energi&S' of a vacancy to a Si atom
reported in literature. A very low binding energy of only 0.07
whereE, ™ represents the binding energy of a divacancy inev, i.e., 6 times smaller than that to Sn, was found in Ref. 56.
Al. The binding energyEy™ is not known, but we suppose On the other handg)S'~0.2 eV was reported in Ref. 57.
that it should not be higher tha) ™", i.e., 0.4 eV. Thus, we  Using Eq.(6) for Si instead of Sn, one obtains that the equi-
obtain an estimate tha, s,<4 at. ppm. Hence, it is clear |ibrium concentration of vacancies bound to Si atoms at the
that concentrations of the three-site defedfgSn and solution treatment temperature lies in a range from 1 to 5 at.

WhereS{, and E{, denote the monovacancy formation entropy
and enthalpy, respectively, aridstands for the Boltzman
constant. For aluminung,=1k (Refs. 52 and 58and E/,
=0.6 eV (Ref. 30 may be found in the literature. AT
=525 °C, i.e., at the solution treatment temperature, the equ
librium concentration of vacancie$=430 at. ppm, is about
two times higher than the concentration of dissolved tin at
oms (200 at. ppm The equilibrium concentration of
vacancy-Sn pairs is then given by the expression

T V-S dissolved
Cy.sn=Cy eXp(Ey ~TkT)cgn Ve (6)

Cy.sn, = Cy EXH2EY STKT) (cZs5Me9?, )
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ppm depending on the binding energy value used. Even the 20T

highest possible estimation of theSi pair concentration is

still 6 times smaller than the concentration of excess vacan- x| j

cies measured in the quenched sample. On the other hanc

the positron affinity of Si is below that of AlRef. 31 and - I

Table Il) and positron trapping at Si precipitates cannot be g 2" || Iy

excluded in principle. As PAS is sensitive mainly to open- ~ | iI

volume defects, such as vacancies, and positron trapping ag 2ol %

precipitates does not seem to play a dominant role in the

present studyat least in the quenched specimeane can {

assume that Si impurities do not affect PAS results. 1901
Finally, the Fe solubility in Al is only 0.025 at. % at room

temperatur&€® The binding energy of a vacancy to an Fe . . . . .

atom embedded in the Al matrix estimated in Ref. 57 is 0.18 0 10 20 3 40 50

eV. From Eq.(6) for Fe instead of Sn, we obtain the equi- t (hour)

librium concentration of vacancies bound to Fe atoms lower

than 2 at. ppm at the solution treatment temperature. Thus, FIG. 6. The time dependence of the mean lifetimg,, PL

vacancies bound to Fe atoms cannot represent a significaspectra were accumulated in a number of 30 min steps. The mean

contribution to PL spectrum. The positron trapping at Fe prelifetime was calculated independently for the PL spectrum from

cipitates is not possible due to a higher positron affinity of Fesach step.

compared to Alsee Ref. 3L Thus, due to similar reasons as

for Si, one does not probably need to consider Fe impurities

in the interpretation of PAS results. A weak interaction ofvalence electron contribution is neglected in calculated pro-

vacancies with Fe and Si atoms is also indicated by the fadiles (see also Fig. )l Taking this into account one can real-

that both Fe and Si atoms have no or little effect on theze that the calculated profiles match reasonably well the

vacancy-assisted formation of GP zones in Al-Cu alfdy8.  measured ones. In Fig(8 we show the CDB ratio profile of

Sn with respect to Al calculated using the data from Fig. 7.

We note that in whole Fig. 8 we symmetrize the CDB data

and plot only the part of CDB/HMP profiles corresponding to
The mean diffusion length of Sn atoms in Al at room positive Doppler shifts. Clearly, the calculations reproduce

temperature calculated from EG) is very small. For atime ell the minimum at about 7 keV Doppler shift in pure Sn

period of 24 h, i.e., the time scale typical for PL measurethough the calculated minimum is somewhat deefisr

ments, it amounts te~2 A. This clearly indicates that Sn about 0.2 than in the experimental profile.

nanoclusters are formed only during quenching, while N0 the measured CDB ratio profile for the quenched speci-
additional movement of Sn atoms occurs at room temperas,an, is presented in Fig.(. On the basis of the simple

ture in the time scale of at least a few days. In order to chec apping modé? and using the lifetime components and in-
experimentally the stability of the quenched microstructurgggjsies given in Sec. IV A one can calculate the fraction of

at room temperature, we recorded the PL spectrum of thlﬁositrons annihilating in defects in the quenched specimen.
specimen quenched from the solution treatment temperature

in a number of independent steps. Each step took 30 min.
The PL spectra obtained in these steps were analyzed inde-
pendently in terms of the mean lifetime. The dependence of
the mean lifetime on the measuring time is shown in Fig. 6.
Indeed, the mean lifetime remains constant during the whole
time of the measurement, which manifests that no change of
the quenched microstructure occurs in the time scale of sev-
eral days and even more.

D. Stability of quenched microstructure

Arbitrary units

E. Sn-vacancy pairs probed using CDB spectroscopy CDB pure Al

In order to further elucidate the nature of defects identi- CDB pure Sn

fied so far as Sn-vacancy pairs, we examined the quenched 10° . . . . .
specimen using the CDB spectrometer. We first show results -15 -10 5 0 5 10 15

of CDB measurements for the pure #19.9999% reference Doppler shift (keV)

sample and pure S(09.999% sample. Figure 7 presents

measured CDB spectra for Al and Sn together with their FIG. 7. Measured CDB spectra of Al and Sn combined with
theoretica(HMP) counterparts. It should be stressed that thecalculated HMP profilesfull lines). The experimental spectra of Al
calculated profiles should be compared to the experimentaind Sn are normalized to the same area, but they are mutually
ones only for Doppler shifts larger than about 4 keV as theshifted in the vertical direction.

064106-8



ANNEALING PROCESS IN QUENCHED Al-Sn. PHYSICAL REVIEW B 71, 064106(2005

specimen an apparently lower fraction of positrons annihi-
lates with 4l electrons of Sridue to low Sn conteptand the
positron overlap with Sndtelectrons is also smallédue to
positron trappingin comparison with the pure Sn specimen,
the peak at-3 keV of the CDB ratio profile of the quenched
Al-Sn specimen is diminished compared to pure Sn.

Finally, in Fig. 8c) the HMP profiles ofV andV-Sn de-
fects are plotted together with the defect component shown
already in Fig. 8). The profile for the Al vacancy is rather
, , , flat without any features. In contrast, the profile for th&n
b) \‘ ' ' complex exhibits a minimum around 7 keV, similarly to pure

\ ] Sn and the defect CDB profile. This fact is even more appar-
\ ent when appropriate smoothing of experimental ratio curves
\ is done[see Fig. &)]. It is thus natural to identify the defect
component in the quenched specimen with vacancy-Sn pairs
in agreement with the above discussion based on the lifetime
results. We should yet mention that the CDB defect ratio
Gl PR R profile extracted from experiment is shifted up with respect
—— CDB Q-specimen to the calculated HM®-Sn profile by about 0.2. We suppose
—— CDB Q-spec,, defects that this effect as well as a similar observation for pure Sn
o " " " (discussed aboyere due to the fact that the theoretical ap-
151 1 proach used for electron-positron correlations does not give
smoothed absolutely precise predictions of HMP profiles. However, we
cannot exclude a minor influence of other impurity atoms,
especially Fe, as discussed below.

Though the concentration of Fe and Si vacancy pairs was

estimated to be negligible in the studied all(§ec. IV O,
AR R for completeness we also discuss a possible influence of Si
............ HMP V and Fe impurities on CDB/HMP profiles. The HMP profile
== HMPV-Sn originating from vacancy-Si pairs should be rather flat and
0 > 4 6 8 10 positioned below the profile d¥-Sn as indicated by the de-
. fect free Si HMP profile shown in Fig. 2. The vacancy-Fe
Doppler shift (keV) case requires more attention as, in principle, the correspond-

FIG. 8. The CDB/HMP ratio profiles fofa) pure Sn,(b) the ing CDB ratio profile could be rather similar to that for thg

guenched Q) specimen and the corresponding defect component\/acancy'Sn pair. Namely, the corresponding HMP profile

and(c) V andV-Sn defectsthe smoothed quenched defect profile is Should also have a minimum around 7 keV. This is also in-
marked by an arrow dicated by our first calculations which further show that this

minimum is apparently broader and is positioned higtgr
about 0.] than that forV-Sn pairs. Furthermore, the peak
~1/m)1,/1; to be 7.52 n&k. Then. the annihilation fraction around 3 keV is likely to disappear and the corresponding
st ' ' o . ) _ lifetime is about 10 ps shorter than fat-Sn pairs. These
n=K/(K+1/75) amounts to 55 %. Using this quantity one features are caused by strong lattice relaxations arduRd

can extract the defect CDB_ profile from _the measured SP€G5airs. On the other hand, though the experimental CDB pro-
trum of the quenched specimen. In particular, the followinggia goes not exhibit such a broad minimum and the peak

equation holds: around 3 keV is apparently present, a weak contribution of
vacancy-Fe pairs to the measured CDB profile plotted in Fig.
09=(1- 5o + podel (100 8(c) cannot be fully excluded. In conclusion, neither Si nor
Fe vacancy pairs’ signatures were explicitly observed experi-
whereo®, pQ%f and,o?' are, respectively, CDB profiles of Mentally and this further confirms that the effect of such
the quenched specimen, its defect component, and pure APIrs in the current PAS study can likely be neglected, and
The resulting defect profile is also shown in Figbg For ~ the CDB defect ratio profile for the quenched Al-Sn sample
Doppler shifts larger thar-4 keV both plotted CDB profiles comes predominantly from vacancy-Sn pairs.
exhibit similar features as that for pure @nlocal maximum
at ~3 keV and a minimum at-7 keV). This indicates the
presence of Sn atoms in the neighborhood of positron trap-
ping sites. Furthermore, these profiles also manifest the pres- The mean diffusion length of Sn in the Al host,, cal-
ence of vacancylike defects because for small Doppler shiftsulated from Eq.(3) for t=20 min, i.e., the time of each
profiles exceed the level 1. In this context it is also helpful toannealing step, is plotted in Fig. 9 as a function of tempera-
mention that due to the facts that in the quenched Al-Srture. The mean distance between the dissolved Sn atoms in

Ratio to Al

—o— CDB pure Sn
———- HMP Sn

0.0

15}

1.0 8%

Ratio to Al

05|

0.0

Ratio to Al

0.0

First, the trapping rate can be calculated s (1/7g

F. Thermal evolution of Al-Sn system
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concentration of vacanciesf, (solid line, right vertical scale axis
Und the _equilibrium_ concentratit__)n of vacgncy-Sn paixs g,
gdashed line, left vertical scale axim the studied Al-Sn alloy.

FIG. 9. The temperature dependence of the mean diffusio
length Lg, of Sn atoms for an annealing time 6£20 min. The
mean distance between Sn atoms diluted in the solid solution in th
quenched specimen is indicated by the dotted line. No clustering of
Sn atoms during quenching was considered. is melted and its small amount becomes dissolved in Al

above 230 °C. The tin solubility in Al increases with the

temperature and reaches its maximy260 at. ppm at
the quenched sample 44 nm (dotted line in Fig. under ~~600 °C (Ref. 13. The gradual dissolution of Sn precipi-
the assumption that no clustering of dissolved Sn atoms takddt€s with the increasing annealing temperature is likely ac-
place during quenching. As seen in Fig. 9, the mean diffusioifoMPanied by a release of the bound vacancies that diffuse to
length of Sn becomes comparable with the distance betweeH!kS at the samples’ surface and grain boundaries. The re-
the dissolved Sn atoms at a temperature slightly abov overy of vacancies is reflected by a decrease of the intensity
100 °C. Thus the clustering of Sn atoms should start arounEQ. However, the concentration of thermal equilibrium vacan-

this temperature or a little higher because some part of Sfes Increases with th‘? temperature at the same time, i.e., it
atoms could cluster during quenchirigee Sec. IV @ Si- reprtisents a competing process. At temperatures at_)ove
o . 300 °C the thermal-equilibrium concentration of vacancies

multimeously, . the lifetimer, starts to mcreascoe around_ becomes significant. The pairs of thermal equilibrium vacan-
130 C, See Fig. 4, and reaches 270 pS at 200 °C. The I"cetfies and the dissolved Sn atoms are formed again. The equi-
time of positrons trapped at a vacancy in $if=274 pswas iy concentratiorc, _g,, of the vacancy-Sn pairs at vari-
calcglat.edseelz Table Il Itis a remarkably higher value thaq ous temperatures is given by E@), where the temperature
the lifetime 7{'=240 ps of positrons trapped at a vacancy independence otd5="dis considered. The temperature de-
Al. Thus one could assume that the increasing number of Sgendencies ot, g, and ¢, are plotted in Fig. 10. As the
atoms surrounding a vacancy leads to the observed increasgmple was rapidly quenched after each annealing step and
of =, because the "Al-type” vacancy surrounded initially subsequent PAS measurements were carried out at room tem-
mostly by Al atoms(only a single nearest neighbor Sn ajom perature, the thermal vacancies not associated with Sn atoms
transforms into a “Sn-type” vacancy surrounded predomiquickly disappear after and/or during quenching and only
nantly by Sn atoms. Another explanation could be that posvacancies bound to Sn atom are present in the quenched
itrons annihilate at free volumes at the interfaces between Ss*ample. The equilibrium concentration of vacancy-tin pairs
precipitates/aggregates and the Al matrix. A CDB measures,.g, lies below the detection limit of PL spectroscopy
ment is planned to inspect this uncertainty. The clustering of~1 at. ppm at temperatures lower than 300 °C. However, it
Sn atoms is reflected also by a decrease of the intehsity becomes important above 300 °C. The increasing number of
(see Fig. 5 as the mutual distance among Sn clusters, whickvacancy-Sn pairs formed during annealing leads to an in-
contain positron traps, increases. crease of the intensitl, of trapped positrons. The positron

It should be yet noted that a positron lifetime of 273 pstrapping rate to the vacancy-Sn pairs formed during anneal-
was calculated for positrons trapped at the Al divacaddy. N9 1S
is also close tor,=~270 ps observed in experiment. How-
ever, it is well knowf° that divacancies as well as vacancies .
in Al are mobile well below room temperature. Therefore, Ky-srT) = ney-sd ). 1D
divacancies would be quickly annealed out after quenching
of the sample to room temperature. Hence, the long-term
stability of the observed defects at room temperature clearly
indicates that they are stabilized by Sn atoms. The intensity of trapped positrons corresponding to the trap-

According to the Al-Sn equilibrium phase diagratin  ping rateK,.s, is given by the expression
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K. V. CONCLUSIONS
= o ——. (12)

8 ~ 72t Kysn . : .

An extensive study of the diluted Al-Sn alloy using

The intensityl, calculated from Eq(12) is plotted in Fig. 5 p_ositron—lifetime and coincidence _Doppler broa}dening.tech—
by the dotted line. Clearly, it exhibits a reasonable agreemeritiques was performed. The detailed information, which is
with the temperature dependence of the measured intdpsity Useful for the understanding of the vacancy-tin interaction
at temperatures above 350 °C. This gives an apparent ev@nd its influence on the diffusion of tin atoms, was obtained.
dence that positrons are trapped at Sn-vacancy pairs formaffe also addressed questions concerning the clustering of Sn
during annealing. The difference between the calculated anatoms in Al. The main results of the present work may be
measured intensitl, at the temperature interval 250-350 °C summarized as follows.
is likely due to the fact that Sn clusters were not completely During the solution treatment a significant number of
dissolved yet. The lifetimer; calculated from the trapping thermal-equilibrium vacancies is coupled to dissolved Sn at-

rate Ky.s, from the relation oms and vacancy-Sn pairs are formed due to a large binding
energy of vacancies and tin atoms. Excess Sn atoms create
= 1 (13) large (~100 nm sizg precipitates.
5 1+ Ky.sn In the specimen quenched rapidly to room temperature the

vacancy-Sn pairs are present, while the bare vacancies not
is plotted in Fig. 4 by the dotted line. Similarly to the case Ofassomated with Sn atoms are not detected. This was found

I, it exhibits a reasonable agreement with the measured lifd!rough positrons trapped at vacancies bound to Sn atoms. A

time of free positrons at temperatures above 350 °C. clustering of Sn atoms may take place only during quench-
ing, while no clustering of Sn atoms occurs at room tempera-

ture. Positron annihilation af-Sn pairs prevails over anni-
G. Slowly cooled sample hilation at Sn precipitates.

Finally, we annealed a specimen at the temperature During the subsequent annealing the clustering of Sn at-
525 °C (solution treatmentfor 30 min. After annealing the ©oms and formation of fine Sn precipitates starts at about
specimen was not quenched, but it was slowly cooled dowA30 °C. The increasing number of Sn atoms surrounding a
inside the furnace. Similarly to the quenched specimen, th&acancy is reflected by an increase of the lifetimeof
PL spectrum of this slowly cooled specimen was well fittedtrapped positrons. When further increasing the annealing
by two exponential components. The first component, temperature a dissolution of Sn precipitates takes place
=149%3 ps|,=74%7 %, comes from delocalized positrons. above 230 °C(melting temperature of 3nThe decreasing
The second onep,=211+9 ps,|,=26+7 %, represents the amount of Sn atoms surrounding a vacancy leads to a
contribution of trapped positrons. Obviously, both the life-gradual decrease of the lifetime corresponding to trapped
time 7, and intensityl, lie substantially below those found in positrons. The confined vacancies become released and an-
the quenched specimedgsee Figs. 4 and)51t directly indi-  nealed out, which is reflected by a decrease of intensity of
cates a significantly smaller amount of vacancies bound {@apped positrons. When the annealing temperature yet in-
Sn atoms in the slowly cooled specimen. The decrease of thgeases, thermal vacancies are coupled with diluted Sn atoms
vacancy concentration in the slowly cooled specimen is most vacancy-Sn pairs are created. The contribution of the

probably caused by the migration of Sn-vacancy pairs 1Q,acancy-Sn pairs created during annealing becomes impor-
sinks (grain boundaries, dislocationand recombination of tant above~300 °C

vacancies. On the other hand, the lifetimefor the slowly In the slowly cooled specimen the concentration of Sn-

cooled specimen is close to that of positrons annihilated in o : . :

defect-freeB-Sn (see Table Il. The reason can be that due to vacancy pairs is small and positron trapping at Sn particles

a smaller amount of vacancies bound to Sn atoms positroRrOb"’lbl.y dominates. . . o .

annihilation inside Sn precipitates becomes important. We ]n this way the questions raised at the beginning ,Of this

suppose that tin atoms may join large Sn parti¢kee Sec. a_rtl_cle_ are answered. We have demonstrated that p(_)Sltron an-

IV B) at the beginning of the cooling process. When furtheflihilation methods can be employed for alloys with non-

cooling down the diffusivity of Sn in Al decreases as well ast_rlwal composition similar to th(_)s_e used in pract_lcal appllc_a-

the concentration of vacancies. For this reason Sn afes tons. In such cases combining PA experiments with

ther themselves or coupled to vacangieannot diffuse too comp_utatlons of _PA characteristics appears to be indispens-

long distance and may, thus, create small particles onljPle in order to interpret properly measured data. The pre-

(smaller than those discussed in Sec. IV B sented study represents a first step towards investigations of
However, the measured CDB profile of the slowly cooledAl-Cu-Sn alloys.

specimen(not shown heredoes not exhibit any signature of

Sn and any relevant impurity. After extracting the defect

component from this profiléannihilation fraction 8%, see ACKNOWLEDGMENTS
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