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Positron-annihilation study of the aging kinetics of AlCu-based alloys. I. Al-Cu-Mg
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Positron-annihilation spectroscopy has been applied for studying the aging kinetics and the association of
vacancies to solute elements during precipitation in an Al-Cu-Mg alloy with high Cu/Mg ratio. The results
show that:~i! isolated vacancies–Mg complexes exist in the alloy following quenching from the solution
treatment temperature;~ii ! after aging at temperatures below 68 °C, the vacancies are associated with Cu and
with Cu-Mg aggregates@solute clusters, Guinier-Preston GP~Cu! and GP~Cu, Mg! zones#; ~iii ! the contribution
of Cu-Mg aggregates decreases as the aging temperature is raised from 20 to 68 °C;~iv! immediately after
aging at 180 °C for times from 15 s to 10 h, the vacancies are present only in pure Cu regions, but vacancies
in Cu-Mg aggregates become observable when the sample is cooled and aged at room temperature. The
kinetics of formation of solute aggregates can be described, after scaling, by a temperature-independent func-
tion. From the temperature dependence of the scaling factors, an effective activation energy of 0.65 eV was
obtained.
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I. INTRODUCTION

Alloy systems in which the solid solubility of one or mor
of the alloying elements decreases with decreasing temp
ture may be amenable to the phenomenon of age harden1

Such a response may be obtained if the alloy is solu
treated by holding at relatively high temperature to disso
the alloying elements and quenching, usually to room te
perature, to obtain a supersaturated solid solution~SSSS!.
The alloy is then hardened by controlled decomposition
the SSSS to form finely dispersed precipitates by holding
convenient times~aging! at one, or sometimes, two, interme
diate temperatures. Because of the technological importa
of age hardening as a means of strengthening many all
precipitation processes continue to stimulate the converg
interest of metallurgists, chemists, and solid-state physic

The phenomenon of age hardening was discovered in
Al-Cu-Mg alloy by Alfred Wilm in Berlin.2 This work led to
the development of the well-known wrought alloy duralum
which was quickly adopted in Germany for structural me
bers of Zeppelin airships and for the Junkers passenger
craft that first flew in 1919. Since then many other age ha
enable aluminum alloys have been developed. Some will
PRB 610163-1829/2000/61~21!/14454~10!/$15.00
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if held at room temperature after quenching~natural aging!
but most are aged at elevated temperatures~artificial aging!.

Al-Cu-Mg alloys have remained one of the two maj
classes of high strength aluminum alloys used for airc
worldwide. Many ternary Al-Cu-Mg alloys harden in tw
distinct stages when aged over a wide temperature ra
~e.g., 100 to 240 °C!. The first stage, which may occur ver
rapidly and accounts for as much as 70% of the to
hardening,3,4 has generally been attributed to the formati
of Guinier-Preston zones comprised of Cu and Mg ato
~often known as GPB zones!, although their structure and
chemistry remain poorly defined.5–7 More recently, studies
by atom probe field ion microscopy~APFIM! and high-
resolution electron microscopy have suggested that this
stage of hardening may in fact have its origin in solute cl
tering rather than in the presence of GPB.8 The phenomenon
has been termedcluster hardening.9,10 What remains uncer-
tain is the role of quenched-in vacancies facilitating nuc
ation of clusters, zones, and precipitates during the e
stage of aging.

The present paper is concerned with the alloy Al-4
Cu-0.3%Mg ~wt %! having a high Cu/Mg ratio~;5:1,
compositions in at. %! which lies in the a1u ~Al2Cu!
14 454 ©2000 The American Physical Society
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1S~Al2CuMg! region of the ternary phase diagram close
the border with thea1u region.11 Then, in a second pape
to be found in the same issue of this journal~referred to
below as paper II!, a study is made of the effect of microa
loying addition of Ag since this element is known to stim
late profound changes in the precipitation process in the
nary alloy.12,13 Since then, much more detailed informatio
on precipitation processes in these two alloys has come f
imaging and diffraction techniques, namely high-resolut
transmission electron microscopy, electron diffraction, at
probe field ion microscopy, and the three-dimensional at
probe.8–10,14–19 This work has provided a detailed bac
ground for the present study, which has the following aim
~i! to investigate directly the role of vacancies in these p
cipitation processes~which is not possible by any of th
above techniques!;
~ii ! to provide information regarding the aging kinetics of t
alloys at constant temperature;
~iii ! to establish a methodology that can be used for stu
of other age hardenable systems.

The technique adopted for the present work is posit
annihilation spectroscopy~PAS!, which is specific for the
detection of vacancylike defects, and also has a good se
tivity for the chemical environment of this species of latti
defects~for general information of PAS, see Ref. 20; f
applications of PAS to the study of aluminum alloy deco
position, see Refs. 21–23!. PAS has no sensitivity to crys
tallography and a very limited sensitivity to geometry. Ho
ever, in comparison to imaging and diffraction techniques
has the advantage of being nondestructive, which is an
sential quality for in situ experiments regarding kinetics
Also, a conventional PAS experiment probes a macrosco
volume of the sample, thus avoiding problems related
poor statistics.

The application of PAS to the study of the decomposit
kinetics of alloys at constant temperature has been pr
ously made in a few occasions~see references in Ref. 23!,
but we believe that this is the first work showing in full th
potential of the method. This goal is reached by increas
the counting rate to the extent permitted by commerc
equipment for time spectrometry of the annihilation rad
tion, thereby attaining a rate of data collection sufficient
follow in situ transient phenomena~see Sec. II!. Our results
are presented in Sec. III, with a preliminary discussion ba
on direct evidences. However, the potential of PAS te
nique cannot be fully exploited without a quantitative ana
sis of the results on the basis of a model. This part is d
cussed in Sec. IV, where we also report, as a result of
analysis, quantitative information on the relative concen
tion of solute-vacancy aggregates of different compositi
Our conclusions are briefly summarized in Sec. IV.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

The material used in the present work was a laborat
alloy, prepared from high-purity elements. As mention
above, the nominal composition was Al-4%Cu-0.3%M
~wt %!, equivalent to Al-1.74%Cu-0.35%Mg~at. %!. With
this composition, the equilibrium microstructure, which c
be reached only after long-term aging at relatively high te
peratures, is a dispersion of the incoherent precipitateu
r-
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~Al2Cu! and S~Al2CuMg! in the a-phase matrix~saturated
solid solution of Cu and Mg in Al!. Aging at lower tempera-
tures may lead to precipitation of the earlier metasta
GP~Cu! and GP~Cu, Mg! zones and semicoherentu81S8
phases.

The material was melted in a graphite crucible, degas
with chlorine and chill cast into an iron mold 2403110
320 mm3. After homogenizing 24 h at 500 °C and scalpin
the alloy was rolled to a thickness of 6 mm. Samples for P
measurements were two small slabs (1031030.8 mm3), ob-
tained from a block by spark cutting followed by mechanic
polishing. The same pair of samples was used for all
experiments described below. The thermal treatment at
beginning of each experiment was a solution treatmen
520 °C for 25 min in an argon atmosphere, followed
quenching in a cooling bath~normally, an ice-water mixture
at 0 °C, with exceptions in the case of experiment 1, as
scribed below!. Immediately after quenching, the sampl
were mounted for PAS measurements and aged at temp
tures in the range 20–68 °C~experiments 1–3!, or artificially
aged at 180 °C in a silicone oil bath for different times fro
15 s to 10 h~experiment 4!, quenched again and mounted f
PAS measurements. The whole process of extracting
samples from the quenching bath, rinsing, drying, mount
as a sandwich with the positron source, and setting in pl
near to the detectors of the positron lifetime spectrome
was concluded in less than 30 s. During the measureme
the temperature of the samples was kept at 20 °C~experi-
ments 1 and 4! or at a different level~experiments 2 and 3!
with the help of a miniaturized electric heater.

The PAS technique adopted in this work was the m
surement of the positron lifetime spectrum; this is a stand
method for investigations on defects~see, for instance, Ref
24!, based on the property of the positrons to be trapped
certain species of defects. The lifetime spectrum contain
number of components corresponding to the number of
ferent positron states. Analysis of the spectrum gives inf
mation on the concentration and on the structure of the tra
The equipment used in the present work was a conventio
Ortec fast time spectrometer, equipped with one 1.5
320 mm cylindrical Pilot U plastic, for the start photon
~1.28 MeV!, and one cylindrical BaF2 scintillator ~1 in. di-
ameter by 10 mm thick!, for the stop pulses~0.511 MeV!,
both coupled to XP2020 Philips photomultipliers witho
and with quartz window, respectively. For increasing the c
lection efficiency, the sample was directly sandwiched
tween the two scintillators. The energy selection was se
accept all pulses in a window extended from 0.80 to 1
MeV ~start channel! and from 0.41 to 0.55 MeV~stop chan-
nel!. The positron source (22Na) had an intensity of'1
3106 Bq; the same source, sealed in 7.5-mm Kapton foils,
was used for all the measurements. The counting rate wa
about 200 coincidences per second, and the time resolu
was 250 ps~full width at half maximum!. During a measure-
ment run, a lifetime spectrum was collected every 30 m
Some runs were extended up to 1.73106 s of natural aging at
20 °C. The long-term stability of the system was excelle
irregular oscillations of the average positron lifetime, whi
are barely visible in several of the figures reported belo
have an amplitude of less than 0.3 ps in a period of a f
hours, and average to nearly zero in periods longer tha
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few days. An example of the reproducibility of the measu
ments is given in Fig. 1, which shows the results of tw
independent runs, taken at the distance of a few weeks.
data regard the evolution that takes place at room temp
ture after artificial annealing at 180 °C for 30 s.

Some distortion of the time spectrum, including a possi
spurious contribution due to gamma rays backscattered f
a scintillator to the opposite one, is inevitable with an expe
mental setup optimized for high counting rate. This dist
tion was estimated to affect the measured average pos
lifetime by a systematic reduction of about 2 ps. The res
presented in the present paper are not corrected for this s
bias, which is irrelevant for the observation of effects rela
to the structural evolution of the alloy.

The parameter used for characterizing the interaction
the positron with the material is the average lifetimet, which
was obtained from a Positronfit analysis of the lifetime sp
trum after the subtraction of the source component.25 A
single exponential component was always adequate for
taining a satisfactory fit. Physically, this result might indica
100% positron trapping in the same type of defect; m
probably, however, it is the outcome of competitive trapp
in different families of defects, giving lifetimes too close
be isolated with a statistics of less than 0.53106 counts.
Single-component spectra have also been observed in
Cu-Mg alloys for heat treatments up to'250 °C by other
groups.26 In Sec. IV, a model is discussed that implies t
presence of two or three components. In order to check
consistency of this model with the Positronfit analysis,
with constrained lifetimes have also been performed. T
obtained intensities were in agreement with the predicti
of the model. There was practically no change in the aver
lifetime. A small improvement in the goodness-of-fit para
eter was also observed.

III. RESULTS

A series of experiments were performed to observe
effects of different thermal treatments. Here the outcome
the different experiments is presented separately, with a

FIG. 1. An example of the reproducibility of the measuremen
the two sets of data were taken at the distance of two weeks,
renewing the thermal treatment~solution treatment1quenching at
0 °C130 s heating at 180 °C1aging at 20 °C!. The estimated error
bar of each point is 0.5 ps.
-

he
a-

e
m
i-
-
on
ts
all
d

f

-

b-

t

l-

e
s
e
s
e

-

e
f
w

comments on the information that can be drawn from it.
more detailed analysis, based on a simplified model, is gi
in the next section.

A. Experiment 1: Natural aging after different quenching
procedures

The common initial step of the different heat treatme
given in all the experiments described below is a solut
treatment followed by quenching. In principle, unintention
small changes of the cooling rate in repeated experime
could modify the initial content of quenched-in vacancies.
order to ascertain how this element of irreproducibility mig
affect PAS results, a preliminary experiment was made
measuring the positron lifetime spectra during natural ag
at 20 °C after quenching at different temperatures~254,
230, 0 °C!. Results are shown in Fig. 2, where the avera
positron lifetime is plotted against the aging time. These d
indicate that changes in the quenching procedure have
effect, with no apparent correlation being found with t
temperature of the quenching bath. Thus it can be exclu
that the much bigger effects described below, that were
served by changing the aging treatments, are significa
distorted by unintentional variations of the cooling rate d
ing quenching.

This relative insensitivity of the positron lifetime evolu
tion to the details of the quenching may seem surprisi
knowing that the positron lifetime is affected by the presen
of vacancies, and that the initial concentration of vacancie
certainly a function of the quenching rate. However,
should be recalled that the measurement giving the first p
of any of the curves in Fig. 2 takes 30 min. This time interv
is long enough to permit the migration at room temperat
of isolated vacancies to surfaces and sinks,27,28 and the col-
lapse of large vacancy clusters to form dislocation defe
Thus PAS data do not reflect the initial concentration of fr
vacancies, but rather that of less mobile vacancy-solute c
plexes~both Mg and Cu are known for binding effectivel
vacancies in Al!. After an efficient heat treatment~i.e., neg-
ligible solute clustering during the quenching!, the concen-
tration of these complexes will be controlled only by th
concentration of the solute. This is sufficient to give satu

:
ter

FIG. 2. A test of the effect of changing the quenching proc
dures: the three sets of data represent the evolution of the pos
lifetime during natural aging, after solution treatment, and quen
ing by immersion in a bath at various temperatures.
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tion trapping~i.e., 100% of the positrons are annihilated in
trap!. The initial lifetime ~the highest measured value is 21
ps, but the extrapolated value att50 is 212 ps! must there-
fore be identified with positron trapping at vacancies bou
to a single solute atom, or to a small cluster of solute ato
Most probably, vacancies are attached to single Cu or
atoms that contribute to the lifetime spectrum with comp
nents giving a lifetime difference too small to be resolved
the present experimental situation. Similar results were
tained by Dlubeket al.; 26 they quote a lifetime of 208 ps fo
the binary alloy Al-2%Cu~at. %! and 212 ps for the ternar
system Al-2%Cu-0.26%Mg~at. %!.

B. Experiment 2: One-stage aging at 20, 40, 55, and 68 °C

This experiment was designed to study the evolution
the alloy at temperatures low enough to avoid formation
semicoherent or incoherent precipitates. The samples w
solution treated and quenched as described above, and
thermally aged at selected temperatures~20, 40, 55, and
68 °C!. Measurements of the positron lifetime spectra w
performedin situ at these temperatures and results are sho
in Fig. 3.

All the curves in Fig. 3 display a monotonic decrease ot,
with a rapid initial drop followed by a slower stage. Th
decrease becomes faster and more pronounced as the
temperature increases. At the two highest temperatures~55
and 68 °C! a horizontal asymptote becomes visible.

The dependence of the positron lifetime on the aging ti
is the result of the decreasing probability of positron trapp
at isolated vacancy-solute pairs, with a concomitant incre
of the probability of trapping at vacancies contained
solute-enriched regions@solute clusters, GP~Cu! and GP~Cu,
Mg! zones#. Thus the lifetime data of Fig. 3 give informatio
on the kinetics of the alloy decomposition, which is filter
through the enhanced sensitivity of PAS to the structures
contain vacancies. Remarkably, it can be shown that
kinetics obeys a very simple scaling law. To this end, it
convenient to describe the positron lifetime evolution fro
the initial valuet0 toward the asymptotet` by using the
reduced variable

FIG. 3. Positron lifetime evolution at various temperatures, a
solution treatment and quenching at 0 °C. The best-fit cur
through the experimental points are calculated on the basis o
positron-trapping model.
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t2t`

t02t`
~1!

which can be considered a measure of the ‘‘degree of fre
ness’’ of the sample. Figure 4 shows the dependency ofF on
a scaled time variablex5t/t* , where the scaling factort* is
a function of the temperatureT of the aging treatment. The
values of the parameterst0 , t` , t* used for obtaining Fig. 4
depend onT as given in Table I.

A best fit of the scaling factorst* with the Arrhenius
relationshipt* 5A exp(Ea /kBT), wherekB is the Boltzmann
constant andT the absolute temperature, gives the activat
energyEa50.6560.05 eV ~a figure showing the Arrhenius
plot can be found in Ref. 29!.

The master curve running through the data points in Fig
is the Kohlrausch functionF5exp(2xb), with b50.272
60.002. It should be noted that the Kohlrausch functi
~with b,1) describes a complex decay with a spectrum
decay rates.30,31 For this reason, the activation energyEa
reported above is to be considered as an effective value
determines the kinetics of the decay, but which cannot
related to a specific atomistic process. This subject is furt
discussed in Ref. 29.

The dependence of the asymptotic value of the posit
lifetime on the aging temperature is an important point, sin
it indicates a change of the chemical environment of
annihilation site, which most probably is a vacancy in a G
zone.21,22 Thus it gives information regarding the avera
Mg/Cu concentration ratio near to vacancies in the final c

r
s

he

FIG. 4. Degree of freshnessF5(t2t`)/(t02t`) versus
scaled aging timex5t/t* . This figure is obtained by scaling th
data in Fig. 3~not all the experimental points are shown!. The
master curve through the experimental points is the Kohlrau
function with b50.272.

TABLE I. Time scaling factort* and other parameters used fo
the calculation of the ‘‘degree of freshness’’F @Eq. ~1!# at various
aging temperaturesT.

T ~°C! t0 ~ps! t` ~ps! t* ~ks!

20 212 191 200
40 212 188 60
55 212 185 23
68 212 184.5 5.8
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dition reached after a prolonged aging. An attempt to obt
this information in quantitative terms will be presented b
low ~Sec. IV!.

C. Experiment 3: Switching between 55 and 20 °C
during aging

In principle, the different final conditions reached at t
various aging temperatures that were noted above m
have different explanations. One possibility could be that
average composition of the GP zones is reversibly contro
by the solubility of the different alloying elements. In th
case, the temperature dependence of the composition o
GP zones would just reflect the different temperature dep
dence of the solubilities of Cu and Mg. With this kind o
mechanism, switching between two temperatures should
duce reversible changes of the composition of the GP zo
and experiment 3 was devised to check this hypothesis.
data of Fig. 5 show what actually happens when the temp
ture of aging is repeatedly switched between 20 and 55

Clearly, these data do not support the hypothesis of
versible changes. An abrupt increase of temperature ena
the structures formed at low temperature to evolve tow
the high-temperature form~observe a knee in the curve
263 ks!. On the contrary, a decrease of the temperature s
the evolution~observe a knee at 10 ks, followed by a pl
teau!, but does not promote reversion of the hig
temperature structures into the low-temperature form. T
unidirectional behavior demonstrates that the energetic
bility of the structures formed at various temperatures
creases with the temperature at which they form. Con
quently, the existence of different structures is then to
ascribed to a kinetic effect, i.e., to the temperature dep
dency of the mobilities of the different solutes.

D. Experiment 4: Artificial aging at 180 °C followed
by natural aging at 20 °C

For the alloy studied in the present work, a long agi
treatment at 180 °C may lead to the eventual formation of
equilibrium phasesu andS. However, the formation of thes
and other phases is believed to begin by the formation

FIG. 5. Evolution of the positron lifetime during aging at 55 °
~up to 10 ks!1aging at 20 °C~up to 263 ks!1aging at 55 °C~from
263 ks!. The lines labeled~a! and~b! are the expected decay curve
at 20 and at 55 °C, respectively~from Fig. 3!.
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solute clusters, which keep evolving in size, structure, a
composition.17 During the growth of the clusters and the po
sible formation of GP zones, the supersaturation of the m
trix decreases gradually. If the aging treatment is interrup
at an early stage, the residual supersaturation may be s
cient to promote further precipitation at room temperatu
The aim of the experiment was to observe the conditions
the alloy just after aging at 180 °C and to monitor possi
further changes on holding at room temperature.

After solution treatment and quenching, the samples w
aged at 180 °C for different times: 15 s, 30 s, 120 s, 300
h, and 10 h. At the end of each aging cycle, the samples w
quenched to 0 °C, rapidly brought at room temperat
~20 °C! and positron lifetime measurements were initiat
immediately. Figure 6 shows the results.

A linear extrapolation tot50 of the curves in Fig. 6~in
the intervalt,10 ks! enables estimation of the average po
itron lifetime taa at the end of each aging cycle at 180 °
This information is displayed in Fig. 7, as a function of agi
time.

Comparing the data of Fig. 7 with the results of expe
ments 1 and 2 indicates that the effect of the aging treatm
on the positron lifetime is extremely strong and very rap
the lifetime drops fromt05212 ps~see Table I! to below

FIG. 6. Evolution of the positron lifetime during natural agin
after solution treatment1quenching at 0 °C1heat treatment at
180 °C for various times~as indicated in the figure!. The best-fit
curves through the experimental points are calculated on the b
of the positron-trapping model.

FIG. 7. Positron lifetime immediately after artificial aging
180 °C, plotted versus the duration of the artificial aging.
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177 ps in only 15 s at 180 °C. Lifetime changes of this ma
nitude are unusual in aging experiments and can be
plained only by the rapid formation of a new structure, th
acts as a very effective positron trap. Figure 7 also indica
that, within the experimental indetermination,taa is constant
up to 300 s. This result means that the chemical composi
probed by the positron in the new trap does not cha
~within the sensitivity limits of our technique!. A value of
about 177 ps for the initial lifetime suggests that the posit
trap is a Cu structure~cluster or precipitate! containing
vacancies.32 The small increase oftaa ~about 1.6 ps!, which
occurs with heat treatments of 1 and 10 h, could be the ef
of a change in the average composition of the solute ag
gates, but most probably is the signature of the formation
the semicoherent precipitates that appear with the artifi
aging at 180 °C.17 Positrons would be trapped in the mis
region at the interface between the matrix and the prec
tates, where their lifetime is slightly increased because o
reduced overlap with Cu atoms.26

The conditions observed at the end of the aging treatm
are consistent with the results of hardness measurements~the
first hardening stage, believed to be an effect of solute c
tering, occurs after a few seconds at temperatures ab
150 °C!, with TEM images of GP~Cu! zones~disc-shaped
arrays of Cu atoms on the lattice cube planes! and with direct
APFIM observation of Cu clusters.9,17,18 A point of differ-
ence with the results of Ringer and co-workers9,17,18 is that
they also have evidence of Cu and Mg co-clustering a
after 9 ks at 180 °C, precipitation of theS8 phase, whereas n
effect that can be ascribed to the aggregation of Mg~alone or
with Cu! was observed in the present work. According
Reich et al.,19 the possibility that the Cu-Mg co-clusterin
observed by Ringeret al. occurs after the alloy has bee
aged at 180 °C may be rejected because the manipulatio
the samples and the APFIM measurements were perfor
at a very low temperature~;25 K!. Therefore an explanation
of the difference must be sought in the accuracy limits of
technique. Including the error bars, the total excursion oftaa
for artificial aging up to 30 s at 180 °C is of the order of 2
~see Fig. 7!. This uncertainty can hide a contribution of v
cancies associated to Cu-Mg aggregates~for which the pos-
itron lifetime is expected to be above 200 ps! if the corre-
sponding positron trapping rate is less than 10% of
trapping rate of the dominant population of Cu aggregate
the average sizes of the two families of clusters are sim
the ratio of the trapping rates is a good indication of the ra
of the number densities. The above estimate~10%! is in rea-
sonable agreement with expectations based on equilibr
data. The Mg content of our samples~0.30 wt %! places the
alloy just beyond the border between thea1u and a1u
1S phase regions at 180 °C: a phase diagram at 190
~Brook 1963! sets this border at'0.25 wt % Mg. Using this
datum, one evaluates the ratio of the numbers of Cu-
aggregates~precursors ofS particles! and of Cu aggregate
~precursors ofu particles! at about 8%.

The results shown in Fig. 6 suggest that further aging
occurred at room temperature after the alloys has been
posed for as long as 10 h at 180 °C. This is a surprising re
because it may be expected that aging at 180 °C would
bilize the alloy.
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The interpretation of the experimental results of PAS
terms of structural modifications of the alloy requires furth
attention. A variety of behaviors has been observed that c
not be reduced to a common pattern described by a ma
curve, as in the case of one-stage aging~see above!. The
curves can be classified in three categories:
~i! curves with a maximum~aging treatments of 15 and 30 s!;
~ii ! curves with a monotonic increase to a plateau~aging
treatments of 120 and 300 s!;
~iii ! curves with a small initial plateau, followed by a mon
tonic increase to a second plateau~aging treatments of 1 and
10 h!.

Taking as a basic assumption for any interpretation t
precipitates formed at 180 °C are more stable than th
formed at 20 °C, then it may be assumed that the form
precipitates will not dissolve when the temperature d
creases. Thus the present observations demonstrate the
mation of some additional clusters or precipitates at ro
temperature, which act as positron traps in competition w
those already existing. The lifetime increase above the in
point ~a common feature for the three categories! indicates
that at least some of new structures contain vacancies i
Mg-rich environment. The solute needed for forming the
new clusters must come from the residual Mg supersat
tion ~at 20 °C!, surviving in the matrix after aging at 180 °C
A somewhat different situation occurs with Cu. There is im
mediate evidence of new Cu structures formed at 20 °C o
for short aging treatments~15 and 30 s!, given by the non-
monotonic behavior of the positron lifetime curves. Indee
the condition for the existence of a maximum in the lifetim
curve is that pure Cu structures, responsible for a shorten
of the lifetime, are formed at 20 °C with a slower time la
than the structures containing Mg, which give a positron li
time longer than pure Cu aggregates. On the contrary,
present results do not give an immediate indication of
supersaturation surviving after aging treatments of 120 s
longer at 180 °C. This point will be discussed further in t
next section, on the basis of a quantitative analysis.

IV. MODEL ANALYSIS

So far, care has been taken to present only empirical
dence, in order to avoid any possible contamination of fa
with theories. This approach allows a simple mathemat
description to be given of the kinetics at moderate tempe
tures, and to evaluate the corresponding characteristic pa
eters. However, it may be interesting to gain a deeper ins
of the interplay of factors that determine the impressive
riety of behaviors depicted in Figs. 4 and 6. In the pres
section, it is shown that all these results can be framed
comprehensive picture, from which quantitative informati
regarding the structure of the alloy and its transformat
kinetics can be derived. To this end, the widely accep
positron-trapping model can be used as a guideline fo
mathematical interpretation. Unfortunately, the real situat
that occurs in an alloy containing solute clusters of varia
chemical composition implies an extended spectrum of p
itron states, which cannot be accounted in full by trapp
model analysis without introducing too many arbitrary p
rameters. However, even a simplified model that assu
only three different species of positron traps is sufficient
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TABLE II. Results of the model analysis for experiment 2.

T ~°C! K1
0/K3

` K2
`/K3

` t1 ~ks! t2 ~ks! t3 ~ks! x2

20 (5162)31023 1.4960.01 100620 83610 539a 0.52
40 (4362)31023 0.7360.01 61610 87610 440620 0.64
55 (2561)31023 0.53360.005 50610 100610 310610 0.65
68 (2061)31023 0.40560.005 1362 8764 21266 0.64

aValue fixed for all room-temperature measurements.
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reproducing the monotonic decay observed in experimen
as well as the monotonic and nonmonotonic curves obse
in experiment 4. The morphology of the different species
traps cannot be uniquely defined, because each species
model actually represents a family of similar, although n
identical, traps existing in the alloy~for instance, vacancie
decorated with a different number and species of solute
oms!. A possible characterization of the three families
traps is as follows:
~i! trap 1: vacancies decorated with a single solute atom~Mg
or Cu!; associated positron lifetimet15212 ps;
~ii ! trap 2: vacancies in a mixed Cu/Mg-rich environme
~Cu/Mg co-clusters, GPB zones!; associated positron lifetime
t25203 ps;
~iii ! trap 3: vacancies in a Cu-rich environment~Cu clusters,
GP zones!; associated positron lifetimet35177 ps.

The above values of the lifetimes, which were heuris
cally assigned on the basis of the experimental curves, a
reasonable agreement with published data.26,32 The presence
of isolated vacancies was not taken in consideration not o
because a characteristic positron lifetime above 240 ps~Refs.
33 and 34! was not observed, but also because it is w
known that single vacancies in Al migrate in a few minut
at temperatures below 0 °C.27,28

In conditions of saturated trapping the average posit
lifetime, which is the experimental parameter used in
present work, ist5( i 51,3wit i , where thewi ’s are the in-
tensities of the lifetime components associated to the th
species of trap and thet i ’s are the lifetimes. The normaliza
tion condition is ( i 51,3wi51. According to the trapping
model, thewi ’s can be expressed in terms of the trappi
rateski as given by the equation

wi5
ki

tbulk
21 2t i

211 (
j 51,3

kj

'
ki

(
j 51,3

kj

, ~2!

where the final approximate result implies saturated trapp
The positron trapping rates are the parameters that mus
known in order to interpret possible cluster formation in t
alloy, since they are expected to be proportional to the nu
ber density of the traps~the coefficient of proportionality
may depend, however, on the size and the composition o
trap!. In order to reproduce the observed kinetics, it is
sumed that thek’s evolve monotonically during the aging a
described below:
~i! Trap 1 is unstable at room temperature; it is present a
the quenching from the solution treatment temperature,
progressively disappears during the aging. This behavio
described by assuming the decay law
2,
ed
f
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t
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k15K1
0 exp~2t/t1!; ~3!

~ii ! Traps 2 and 3 are structures formed after quenching; t
concentration increases during aging at room temperat
The corresponding trapping rates also increase, with a t
law assumed to have the form

k25K2
01~K2

`2K2
0!@12exp~2t/t2!#, ~4!

k35K3
01~K3

`2K3
0!@12exp~2t/t3!#. ~5!

In the above equations,Ki
0 is the value of the trapping rate a

the beginning of room temperature aging,Ki
` is the

asymptotic limit of the trapping rate att→`, and t i are
characteristic time constants. One of theK’s parameters can
be assigned arbitrarily, because in conditions of satura
trapping, the average lifetime depends on the ratios betw
the trapping rates but not on their absolute values. Consi
ing the different experimental situations, as explained bel
can further reduce the number of unknown parameters.

A. Analysis of experiment 2

In the case of one-stage aging, the lifetime value of 212
extrapolated att50 ~with the Kohlrausch function! indicates
that trap 1 is the dominant species immediately after
solution treatment, while the solute clusters containing tra
and trap 3 are not yet formed (K2

05K3
050). The ratio

K2
`/K3

` can be fixed in accordance with the asymptotic lif
times t` reported in Table I, using the relationshipK2

`/K3
`

5(t32t`)/(t22t`). However, this constraint was impose
in preliminary fittings, and then was removed for a fine a
justment. Other best-fit parameters are the ratioK1

0/K3
` and

the characteristic timest i . No constraint was imposed on th
t i ’s. To assume the validity of a scaling rule in accordan
with the t* data in Table I would imply a hypothesis on th
kinetics of the three families of traps that we are unable
justify on the basis of physical arguments. However, in
case of the curve taken at 20 °C,t3 was fixed at the same
value used for the fitting of the curves taken at 20 °C afte
heat treatment at 180 °C~see below!. The results are given in
Table II. The goodness-of-fit parameter reported in the ta
is defined by the relationship

x25
variance not explained by the model

average variance of the experimental points
.

The denominator of the above fraction iss25(0.5 ps)2.
The data reported in Table II give the following indica

tions:
~i! The initial drop of the lifetime curves of Fig. 3 is assoc
ated to the migration of small vacancy-solute complex
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~trap 1!, with a concomitant increase of trapping at vacanc
contained in Cu/Mg co-clusters or in GPB zones~trap 2!.
The characteristic timet1 is clearly a decreasing function o
the temperature, as expected for a thermally activated
cess. A weaker temperature dependency of the characte
time t2 , if it exists, is obscured by the experimental indet
mination.
~ii ! The slower decrease occurring at long times is associ
to additional trapping in vacancies contained in Cu clust
~or GP zones!. The characteristic timet3 decreases with in-
creasing temperature.
~iii ! The trapping rateK1

0 cannot depend on the temperatu
of aging, since it represents the initial condition before a
aging. Thus, the decrease withT of the ratioK1

0/K3
` indicates

that the formation of Cu-rich aggregates is favored by a te
perature increase. The present results are in fair quantita
agreement with the preliminary data of a coincidence D
pler broadening experiment~CoPAS! on alloy Al-4.38% Cu-
1.67% Mg~wt %! by Biasini,35 who has observed that, afte
1 week aging at 60 °C, the characteristic Cu peak at'16
31023 mc is more intense by a factor'2 than after 1 week
aging at 20 °C.
~iv! The ratioK2

`/K1
0 ~as obtained by dividing the data of th

third column of Table II by those of the second column! has
an average value of 22, with a standard deviation of 5. Th
data do not indicate any temperature enhancement of
final content of Cu/Mg aggregates. This result can be
plained if the aggregation of Mg is complete at all the te
peratures of our experiment.
~v! In accordance with points~iii ! and ~iv!, the decrease o
the asymptotic lifetime with the temperature finds an exp
nation in the different concentration ratio of vacancies c
tained in Cu-Mg zones relative to vacancies in pure
zones. The temperature dependency of ratioK2

`/K3
` gives a

quantitative characterization of the phenomenon. It is
markable that this ratio always remains well above to
Mg/Cu atomic concentration ratio~20%!. This effect sug-
gests either an incomplete Cu aggregation, even after
longed exposure at temperatures up to 68 °C, or the for
tion of small Cu aggregates with no vacancies.

B. Analysis of experiment 4

In the case of room temperature aging after aging
180 °C, the data shown in Fig. 6 suggest that att50 ~begin-
ning of the room-temperature aging! the positrons are pre
dominantly trapped at vacancies contained in Cu-rich ag
gates. The contributions of isolated vacancy-solute pairs
Mg/Cu aggregates seem completely negligible (K1

05K2
0

50). The choiceK1
05K2

050 does not allow for a smal
initial plateau visible in the experimental curves correspo
ing to Dt180 °C51 and 10 h. The present simplified mod
cannot account for this detail, which is probably due to p
itron trapping in the misfit region around semicoherent p
cipitates formed after sufficiently long heat treatments. Th
for these two curves, the few points on the initial plate
were not included in the fitting. The best-fit parameters w
the characteristic timest2 andt3 , as well as the ratiosK2

`/K3
`

and K3
0/K3

` . The ratioK2
`/K3

` was fixed when it could be
clearly determined from a horizontal asymptote of the
perimental curves using the relationshipK2

`/K3
`5(t3
s
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2t`)/(t22t`). A preliminary fitting run gavet3 values aver-
aging at 539 ks, with a standard error of 8.7 ks and in
final fitting a value oft35539 ks has been fixed. As shown
Table II, we obtain an excellent fit with this value oft3 even
for the data of experiment 2~one-stage natural aging!. The
other results of the fitting are reported in Table III.

These data give the following information:
~i! The successful fitting obtained with the present mo
~see Figs. 4 and 6 for a visual appraisal of the quality of
fits! is the demonstration that even the nonmonotonic beh
iors, observed after short heat treatments, can be the resu
monotonic changes in the concentration of different posit
traps.
~ii ! The ratioK3

0/K3
` ~initial trapping rate in Cu aggregate

divided by the asymptotic value of the same trapping ra!
increases withDt180 °C for Dt180 °C>30 s. This effect is
clearly the response to the increasing importance of Cu c
tering during the heat treatment. After 10 h at 180 °C, alm
no Cu is left for producing more clusters at 20 °C.
~iii ! The minimum ofK3

0/K3
` at Dt180 °C530 s is not an arti-

fact of the fitting. It corresponds to a remarkable inversion
the relative position of the curves~Fig. 6 shows that the
curve for 30 s is higher than those for 15 and for 120 s!. The
reproducibility of this surprising effect has been checked~see
Fig. 1!. A tentative explanation could be a reversion ph
nomenon regarding small Cu clusters formed during
quench.
~iv! The ratioK2

`/K3
` ~asymptotic value of the trapping rat

at defects associated to Mg/Cu aggregates divided by
asymptotic value of the trapping rate at defects in Cu-r
environments! has small variations, probably accidental, f
Dt180 °C<300 s. On the contrary, marked variations in opp
site directions occur with heat treatments of 1 and 10 h. T
effect must be related to a specific change in the morphol
of the aggregates.

V. CONCLUSIONS

The quantitative analysis of our results has been mad
two levels. A strictly empirical approach, with no assum
tions regarding any microscopic mechanism, shows tha
accurate description of one-stage aging~at temperatures no
higher than 68 °C! is possible in terms of a scaling law tha
takes the form of a Kohlrausch function. The kinetics of t
process is quantitatively characterized by means of an ap
ent activation energy of 0.65 eV.

The second level of analysis, based on a simplified v
sion of the positron-trapping model, suggests the follow
conclusions:

TABLE III. Results of the model analysis for experiment 4.

Dt180 °C K2
`/K3

` K3
0/K3

` t2 ~ks! x2

15 s 0.4160.02 (8.260.5)31022 3262 0.90
30 s 0.5060.02 (5.460.5)31022 3262 1.27
120 s 0.4160.02 (8.160.5)31022 9663 0.65
300 s 0.4060.02 (2361)31022 5064 0.80
1 h 0.7360.02 (7162)31022 9064 1.36
10 h 0.2760.03 (9662)31022 4162 0.44
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~i! Free vacancies@positron lifetime signal expected at abo
240 ps~Refs. 33 and 34!# disappear too quickly to be ob
served by the technique adopted in the present work. On
contrary, vacancies decorated by a single solute atom~posi-
tron lifetime signal at 212 ps! are observed. The concentr
tion of solute-vacancy pairs decays at room temperature
a characteristic time of the order of one day after quench
The decay is faster at higher temperature~a few hours at
68 °C!.
~ii ! The signal of vacancy-solute pairs disappears when m
effective positron traps are formed. These traps are var
types of solute aggregates, containing vacancies.21,22 Posi-
trons impinging on solute aggregates are trapped very
ciently. The data in Table II show that the positron trappi
rates at solute clusters are approximately two orders of m
nitude bigger than the trapping rates at vacancy-solute p
even if the number density of isolated vacancy-solute p
that survive after quenching is certainly bigger than that
the clusters.
~iii ! Vacancies associated to Cu/Mg aggregates@co-clusters
or GP~Cu, Mg! zones# are absent~or below sensitivity! after
the solution treatment, quenching and artificial aging
180 °C. Their concentration increases during aging at m
erate temperature with characteristic times of the order
day.
~iv! Vacancies associated to pure Cu aggregates@clusters or
GP~Cu! zones# are absent after the solution treatment a
quenching. Their concentration increases during aging w
characteristic times of the order of a week at room tempe
ture.
~v! The formation of pure Cu aggregates with vacancies
strongly accelerated by aging at higher temperature. A
only 15 s at 180 °C, pure Cu clusters are already clea
observable. A reversion phenomenon, leading to the diss
tion of the smallest Cu clusters, is suspected to occur wi
about 30 s, but after this initial period the growth of C
s
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aggregates at 180 °C is stable. After 1 h at 180 °Cthere is a
possible signal of the formation of misfit surfaces due to
nucleation of a new phase such asu8.
~vi! Although the presence of theS phase after an artificia
aging of 9 ks at 180 °C is confirmed by TEM,9 a correspond-
ing signal in the positron lifetime spectrum~expected at 240
ps, according to Dlubeket al.26! was not observed.

Special mention should be made of observation that ag
continues to occur at 20 °C following earlier exposure at
relatively high temperature of 180 °C. Additional aging h
been previously observed when more highly saturated allo
such as 2090@Al-2.7% Cu-2.2% Li~at. %!#, are exposed for
prolonged times at slightly elevated temperatures~60 to
135 °C!,36,37 following earlier aging at a higher temperatu
~e.g., 190 °C!. However, this effect has not been report
following subsequent exposure at room temperature.

Our final comment concerns methodological aspects.
experimental procedure adopted in the present work can
applied for future studies regarding other alloys. The o
instrumental requirement is a setting of the lifetime sp
trometer for maximum counting efficiency. The model us
for obtaining quantitative data on the relative trapping ra
is very simple from both the physical and mathemati
points of view. The correct application of the model depen
of course, on the correct assignment of the fixed numer
parameters: here some experience and, most important,
lations of positron lifetimes in different structures~as, for
instance, in Ref. 26! are certainly useful.
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