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Positron-annihilation study of the aging kinetics of AlCu-based alloys. 1. 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 temperaturgij) after aging at temperatures below 68 °C, the vacancies are associated with Cu and
with Cu-Mg aggregatesolute clusters, Guinier-Preston &R) and GRCu, Mg) zoneg; (iii ) the contribution
of Cu-Mg aggregates decreases as the aging temperature is raised from 20 ta(i68 i@mediately 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.

[. INTRODUCTION if held at room temperature after quenchi@rtural aging
but most are aged at elevated temperat(aesficial aging.
Alloy systems in which the solid solubility of one or more  Al-Cu-Mg alloys have remained one of the two major
of the alloying elements decreases with decreasing temperatasses of high strength aluminum alloys used for aircraft
ture may be amenable to the phenomenon of age hardéningvorldwide. Many ternary Al-Cu-Mg alloys harden in two
Such a response may be obtained if the alloy is solutioristinct stages when aged over a wide temperature range
treated by holding at relatively high temperature to dissolvee.g., 100 to 240 °C The first stage, which may occur very
the alloying elements and quenching, usually to room temfapidly and accounts for as much as 70% of the total
perature, to obtain a supersaturated solid solu{®8SS3. hardening* has generally been attributed to the formation
The alloy is then hardened by controlled decomposition ofof Guinier-Preston zones comprised of Cu and Mg atoms
the SSSS to form finely dispersed precipitates by holding fofoften known as GPB zongsalthough their structure and
convenient timegaging at one, or sometimes, two, interme- chemistry remain poorly defined’ More recently, studies
diate temperatures. Because of the technological importandgy atom probe field ion microscopyAPFIM) and high-
of age hardening as a means of strengthening many alloysesolution electron microscopy have suggested that this first
precipitation processes continue to stimulate the convergingtage of hardening may in fact have its origin in solute clus-
interest of metallurgists, chemists, and solid-state physicistgering rather than in the presence of GPBne phenomenon
The phenomenon of age hardening was discovered in anas been termeduster hardening''® What remains uncer-
Al-Cu-Mg alloy by Alfred Wilm in Berlin2 This work led to  tain is the role of quenched-in vacancies facilitating nucle-
the development of the well-known wrought alloy duralumination of clusters, zones, and precipitates during the early
which was quickly adopted in Germany for structural mem-stage of aging.
bers of Zeppelin airships and for the Junkers passenger air- The present paper is concerned with the alloy Al-4%
craft that first flew in 1919. Since then many other age hardCu-0.3%Mg (wt%) having a high Cu/Mg ratio(~5:1,
enable aluminum alloys have been developed. Some will ageompositions in at. % which lies in the a+ 6 (Al,Cu)
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+ S (Al,CuMg) region of the ternary phase diagram close to(Al,Cu) and S(Al,CuMg) in the a-phase matrixsaturated
the border with thex+ 6 region!! Then, in a second paper, solid solution of Cu and Mg in Al Aging at lower tempera-
to be found in the same issue of this joure¢ferred to tures may lead to precipitation of the earlier metastable
below as paper J| a study is made of the effect of microal- GP(Cu) and GRCu,Mg) zones and semicoherem + S’
loying addition of Ag since this element is known to stimu- phases.
late profound changes in the precipitation process in the ter- The material was melted in a graphite crucible, degassed
nary alloy'**®Since then, much more detailed information with chlorine and chill cast into an iron mold 24010
on precipitation processes in these two alloys has come fronx 20 mn?. After homogenizing 24 h at 500 °C and scalping,
imaging and diffraction techniques, namely high-resolutionthe alloy was rolled to a thickness of 6 mm. Samples for PAS
transmission electron microscopy, electron diffraction, atommeasurements were two small slabs XM 0.8 mn?), ob-
probe field ion microscopy, and the three-dimensional atonained from a block by spark cutting followed by mechanical
probe® 1%~ This work has provided a detailed back- polishing. The same pair of samples was used for all the
ground for the present study, which has the following aims:iexperiments described below. The thermal treatment at the
(i) to investigate directly the role of vacancies in these prepeginning of each experiment was a solution treatment at
cipitation processes¢which is not possible by any of the 520°C for 25 min in an argon atmosphere, followed by
above techniques quenching in a cooling battnormally, an ice-water mixture
(if) to provide information regarding the aging kinetics of the gt 0 °C, with exceptions in the case of experiment 1, as de-
alloys at constant temperature; scribed below. Immediately after quenching, the samples
(iii) to establish a methodology that can be used for studiefere mounted for PAS measurements and aged at tempera-
of other age hardenable systems. tures in the range 20—68 °@xperiments 1-3 or artificially

The technique adopted for the present work is positrorhged at 180 °C in a silicone oil bath for different times from
annihilation spectroscopyPAS), which is specific for the 15 s to 10 hexperiment % quenched again and mounted for
detection of vacancylike defects, and also has a good sens»PAS measurements. The whole process of extracting the
tivity for the chemical environment of this species of lattice samples from the quenching bath, rinsing, drying, mounting
defects(for general information of PAS, see Ref. 20; for as a sandwich with the positron source, and setting in place
applications of PAS to the study of aluminum alloy decom-near to the detectors of the positron lifetime spectrometer
position, see Refs. 21-P3PAS has no sensitivity to crys- was concluded in less than 30 s. During the measurements,
tallography and a very limited sensitivity to geometry. How- the temperature of the samples was kept at 2@étperi-
ever, in comparison to imaging and diffraction techniques, itments 1 and ¥or at a different |eve[experiments 2 and)g
has the advantage of being nondestructive, which is an egyith the help of a miniaturized electric heater.
sential quality forin situ experiments regarding kinetics. The PAS technique adopted in this work was the mea-
Also, a conventional PAS experiment probes a macroscopisurement of the positron lifetime spectrum; this is a standard
volume of the sample, thus avoiding problems related tanethod for investigations on defedtsee, for instance, Ref.
poor statistics. 24), based on the property of the positrons to be trapped in

The application of PAS to the study of the decompositioncertain species of defects. The lifetime spectrum contains a
kinetics of alloys at constant temperature has been previhumber of components corresponding to the number of dif-
ously made in a few occasiorisee references in Ref. B3 ferent positron states. Analysis of the spectrum gives infor-
but we believe that this is the first work showing in full the mation on the concentration and on the structure of the traps.
potential of the method. This goal is reached by increasingrhe equipment used in the present work was a conventional
the counting rate to the extent permitted by commercialortec fast time spectrometer, equipped with one 1.5in.
equipment for time spectrometry of the annihilation radia-x 20 mm cylindrical Pilot U plastic, for the start photons
tion, thereby attaining a rate of data collection sufficient t0(1.28 MeV), and one cylindrical Bafscintillator (1 in. di-
follow in situ transient phenomen@ee Sec. )l Our results  ameter by 10 mm thidk for the stop pulse$0.511 MeV),
are presented in Sec. lll, with a preliminary discussion base@oth coupled to XP2020 Philips photomultipliers without
on direct evidences. However, the potential of PAS techand with quartz window, respectively. For increasing the col-
nique cannot be fully exploited without a quantitative analy-|ection efficiency, the sample was directly sandwiched be-
sis of the results on the basis of a model. This part is disyween the two scintillators. The energy selection was set to
cussed in Sec. IV, where we also report, as a result of thgccept all pulses in a window extended from 0.80 to 1.36
analysis, quantitative information on the relative concentrapjeyv (start channgland from 0.41 to 0.55 MeVstop chan-
tion of solute-vacancy aggregates of different compositionpg|). The positron source?fNa) had an intensity of1
Our conclusions are briefly summarized in Sec. IV. X 10P Bq; the same source, sealed in 7B Kapton foils,
was used for all the measurements. The counting rate was of
about 200 coincidences per second, and the time resolution
was 250 pgfull width at half maximun). During a measure-

The material used in the present work was a laboratorynent run, a lifetime spectrum was collected every 30 min.
alloy, prepared from high-purity elements. As mentionedSome runs were extended up to £.70° s of natural aging at
above, the nominal composition was Al-4%Cu-0.3%Mg?20 °C. The long-term stability of the system was excellent:
(Wt %), equivalent to Al-1.74%Cu-0.35%M¢at. %9. With irregular oscillations of the average positron lifetime, which
this composition, the equilibrium microstructure, which canare barely visible in several of the figures reported below,
be reached only after long-term aging at relatively high tem-have an amplitude of less than 0.3 ps in a period of a few
peratures, is a dispersion of the incoherent precipit@étes hours, and average to nearly zero in periods longer than a

Il. SAMPLES AND EXPERIMENTAL TECHNIQUES
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FIG. 2. A test of the effect of changing the quenching proce-
dures: the three sets of data represent the evolution of the positron
fitetime during natural aging, after solution treatment, and quench-
ing by immersion in a bath at various temperatures.

FIG. 1. An example of the reproducibility of the measurements:
the two sets of data were taken at the distance of two weeks, aft
renewing the thermal treatmefgolution treatmentquenching at
0 °C+30 s heating at 180 °€aging at 20 °¢. The estimated error

bar of each point is 0.5 ps. . . .
pointt P comments on the information that can be drawn from it. A

more detailed analysis, based on a simplified model, is given

few days. An example of the reproducibility of the measure~ o Lot section.

ments is given in Fig. 1, which shows the results of two
independent runs, taken at the distance of a few weeks. The

data regard the evolution that takes place at room tempera- A- Experiment 1. Natural aging after different quenching

ture after artificial annealing at 180 °C for 30 s. procedures

Some distortion of the time spectrum, including a possible  The common initial step of the different heat treatments
spurious contribution due to gamma rays backscattered froigiven in all the experiments described below is a solution
a scintillator to the opposite one, is inevitable with an experitreatment followed by quenching. In principle, unintentional
mental setup optimized for high counting rate. This distor-small changes of the cooling rate in repeated experiments
tion was estimated to affect the measured average positragbuld modify the initial content of quenched-in vacancies. In
lifetime by a systematic reduction of about 2 ps. The result$rder to ascertain how this element of irreproducibility might
presented in the present paper are not corrected for this smalffect PAS results, a preliminary experiment was made by
bias, which is irrelevant for the observation of effects relatedneasuring the positron lifetime spectra during natural aging
to the structural evolution of the alloy. at 20°C after quenching at different temperatufess4,

The parameter used for characterizing the interaction of-30, 0°Q. Results are shown in Fig. 2, where the average
the positron with the material is the average lifetimevhich  positron lifetime is plotted against the aging time. These data
was obtained from a Positronfit analysis of the lifetime specindicate that changes in the quenching procedure have little
trum after the subtraction of the source comporf@mh  effect, with no apparent correlation being found with the
single exponential component was always adequate for oRemperature of the quenching bath. Thus it can be excluded
taining a satisfactory fit. Physically, this result might indicatethat the much bigger effects described below, that were ob-
100% positron trapping in the same type of defect; moskerved by changing the aging treatments, are significantly

probably, however, it is the outcome of competitive trappingdistorted by unintentional variations of the cooling rate dur-
in different families of defects, giving lifetimes too close to ing quenching.

be isolated with a statistics of less than @B’ counts. This relative insensitivity of the positron lifetime evolu-
Single-component spectra have also been observed in Afion to the details of the quenching may seem surprising,
Cu-Mg alloys for heat treatments up t©250 °C by other  knowing that the positron lifetime is affected by the presence
groups?® In Sec. IV, a model is discussed that implies theof vacancies, and that the initial concentration of vacancies is
presence of two or three components. In order to check theertainly a function of the quenching rate. However, it
consistency of this model with the Positronfit analysis, fitsshould be recalled that the measurement giving the first point
with constrained lifetimes have also been performed. Thef any of the curves in Fig. 2 takes 30 min. This time interval
obtained intensities were in agreement with the predictiongs long enough to permit the migration at room temperature
of the model. There was practically no change in the averagef isolated vacancies to surfaces and siffi§,and the col-
lifetime. A small improvement in the goodness-of-fit param-japse of large vacancy clusters to form dislocation defects
eter was also observed. Thus PAS data do not reflect the initial concentration of free
vacancies, but rather that of less mobile vacancy-solute com-
Il RESULTS plexes(both Mg and Cu are known for binding effectively
vacancies in Al After an efficient heat treatmefite., neg-
A series of experiments were performed to observe thdigible solute clustering during the quenchjnghe concen-
effects of different thermal treatments. Here the outcome ofration of these complexes will be controlled only by the
the different experiments is presented separately, with a fewoncentration of the solute. This is sufficient to give satura-
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. o ) ] FIG. 4. Degree of freshnes®=(r—r7.)/(7o— 7.) versus
FIG. 3. Positron lifetime evolution at various temperatures, afterscaled aging timex=t/t*. This figure is obtained by scaling the

solution treatment and quenching at 0°C. The best-fit curvegjata in Fig. 3(not all the experimental points are showThe

through the experimental points are calculated on the basis of th@aster curve through the experimental points is the Kohlrausch
positron-trapping model. function with 8=0.272.

tion trapping(i.e., 100% of the positrons are annihilated in a —T,
trap). The initial lifetime (the highest measured value is 210 b= P 1
ps, but the extrapolated valuetat 0 is 212 p$ must there- o '

fore be identified with positron trapping at vacancies boundWhich can be considered a measure of the “degree of fresh-

to a single solute atom, or to a small cluster of solute atoms.” "™ fth e Fi 4 <h he d p 0
Most probably, vacancies are attached to single Cu or M{€SS” of the sample. Figure 4 shows the dependendy o
scaled time variable=t/t*, where the scaling factdt is

atoms that contribute to the lifetime spectrum with compo- ; : £ th £ th ] h
nents giving a lifetime difference too small to be resolved in function of the temperature of the aging treatment. The

the present experimental situation. Similar results were obv@!ues of the parameters, .., t* used for obtaining Fig. 4
tained by Dlubelet al; 28 they quote a lifetime of 208 ps for depend orT as given in Table |,

the binary alloy Al-2%Cuat. %) and 212 ps for the ternary A best fit of the scaling factors* with the Arrhenius
system Al-296Cu-0.26%Mgat. %. relationshipt* = A expE,/kgT), wherekg is the Boltzmann
constant and the absolute temperature, gives the activation

energyE,=0.65+0.05eV (a figure showing the Arrhenius
B. Experiment 2: One-stage aging at 20, 40, 55, and 68°C  Plot can be found in Ref. 29

. . . ) The master curve running through the data points in Fig. 4
This experiment was designed to study the evolution ofg the Kohirausch functiond = exp(—x?), with 8=0.272

the alloy at temperatures low enough to avoid formation of 5 502 |t should be noted that the Kohlrausch function

semicoherent or incoherent precipitates. The samples werg : ;
) . lfith B<1) describes a complex decay with a spectrum of
solution treated and quenched as described above, and ISQa A=1) P Y P

écay rated’3! For this reason, the activation energy
theImaIIy aged at selected temperatu_(é@_, 40, 55, and reported above is to be considered as an effective value that
68 °C). Measurements of the positron lifetime spectra wer

. Cetermines the kinetics of the decay, but which cannot be
performedn situ at these temperatures and results are ShoWfg 404 10 a specific atomistic process. This subject is further
in Fig. 3. - . . discussed in Ref. 29.

.A" the curves in Fig. 3 display a monotonic decrease, of The dependence of the asymptotic value of the positron
with a rapid initial drop followed by a slower stage. The lifetime on the aging temperature is an important point, since

decrease becomes fasteAr aﬂd moreh_prﬁnounced as lt;; a9lM9ndicates a change of the chemical environment of the
temperature increases. At the two highest temperat®®s 5, hipijation site, which most probably is a vacancy in a GP

and 68°G a horizontal asymptote becomes visible. zone?>? Thus it gives information regarding the average

. The dependence of the _positron Iif.e.time on t_he aging ti.mq\/lg/Cu concentration ratio near to vacancies in the final con-
is the result of the decreasing probability of positron trapping

at isolated vacancy-solute pairs, with a concomitant increase
of the probability of trapping at vacancies contained in
solute-enriched regiorisolute clusters, Gu) and GRCu,
Mg) zoneg. Thus the lifetime data of Fig. 3 give information
on the kinetics of the alloy decomposition, which is filtered

TABLE |. Time scaling factort* and other parameters used for
the calculation of the “degree of freshnes€’[Eq. (1)] at various
aging temperatures.

o *
through the enhanced sensitivity of PAS to the structures that TCO 7o (P9 7= (P9 t* k9
contain vacancies. Remarkably, it can be shown that this 20 212 191 200
kinetics obeys a very simple scaling law. To this end, it is 40 212 188 60
convenient to describe the positron lifetime evolution from 55 212 185 23
the initial value 7y toward the asymptote,, by using the 68 212 184.5 58

reduced variable
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FIG. 5. Evolution of the positron lifetime during aging at 55 °C FIG. 6. Evolution of the positron lifetime during natural aging

(up to 10 k3-+aging at 20 °C(up to 263 ki+aging at 55 °C(from after solution treatmertquenching at 0 °@heat treatment at

263 k9. The lines labeleda) and(b) are the expected decay curves 180 °C for various times{a_ls indicateq in the figuye The best-fit _
at 20 and at 55 °C, respectivelfrom Fig. 3. curves through the experimental points are calculated on the basis

of the positron-trapping model.

?Aggo?nggfrﬁgigna?r?r 3;’;8:22\?;?e?gq'ggv'viﬁnbguer':gért]?egbéi'_%olute clusters, which keep evolving in size, structure, and
q P compositiont’ During the growth of the clusters and the pos-

low (Sec. V). sible formation of GP zones, the supersaturation of the ma-
trix decreases gradually. If the aging treatment is interrupted
C. Experiment 3: Switching between 55 and 20 °C at an early stage, the residual supersaturation may be suffi-

during aging cient to promote further precipitation at room temperature.
In principle, the different final conditions reached at the | Ne &im of the experiment was to observe the conditions of

various aging temperatures that were noted above migtff'® alloy just after aging at 180°C and to monitor possible
have different explanations. One possibility could be that thdUrther changes on holding at room temperature.
average composition of the GP zones is reversibly controlled After SOIUE“’” treatment and quenching, the samples were
by the solubility of the different alloying elements. In this @9ed at 180°C for different times: 155, 30's, 120 s, 300 s, 1
case, the temperature dependence of the composition of til @nd 10 h. At tkle end of each aging cycle, the samples were
GP zones would just reflect the different temperature depenq“eg1Ched to 0°C, rapidly brought at room temperature
dence of the solubilities of Cu and Mg. With this kind of _(20 C)_and po.snron lifetime measurements were initiated
mechanism, switching between two temperatures should prdmediately. Figure 6 shows the results.
duce reversible changes of the composition of the GP zones A linear extrapolation td=0 of the curves in Fig. &in
and experiment 3 was devised to check this hypothesis. THE€ intervalt<10 ks enables estimation of the average pos-
data of Fig. 5 show what actually happens when the temperdlon lifetime 7., at the end of each aging cycle at 180 °C.
ture of aging is repeatedly switched between 20 and 55 OC_Th|s information is displayed in Fig. 7, as a function of aging
Clearly, these data do not support the hypothesis of rellme. , . . .
versible changes. An abrupt increase of temperature enables COmparing the data of Fig. 7 with the results of experi-
the structures formed at low temperature to evolve toward"€nts 1 and 2 indicates that the effect of the aging treatment
the high-temperature forrtobserve a knee in the curve at " the posnron lifetime is extremely strong and very rapid:
263 k9. On the contrary, a decrease of the temperature stog§€ lifetime drops fromry=212 ps(see Table)l to below
the evolution(observe a knee at 10 ks, followed by a pla-

teay, but does not promote reversion of the high- 182 ' o

temperature structures into the low-temperature form. This 181+ _
unidirectional behavior demonstrates that the energetic sta-
bility of the structures formed at various temperatures in- 180 - T

P

creases with the temperature at which they form. Conse-
quently, the existence of different structures is then to be
ascribed to a kinetic effect, i.e., to the temperature depen-
dency of the mobilities of the different solutes.

179 b
178 | ¥ ¥ |

A 1 1l T
177} I 1 ]
D. Experiment 4: Artificial aging at 180 °C followed 176 - T
by natural aging at 20 °C

o

T .0 (PS)

1 1 1 1
0,01 0.1 1 10
aging time (ks)

175

For the alloy studied in the present work, a long aging
treatment at 180 °C may lead to the eventual formation of the
equilibrium phase® andS. However, the formation of these FIG. 7. Positron lifetime immediately after artificial aging at
and other phases is believed to begin by the formation 0180 °C, plotted versus the duration of the artificial aging.
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177 psin only 15 s at 180 °C. Lifetime changes of this mag- The interpretation of the experimental results of PAS in
nitude are unusual in aging experiments and can be exerms of structural modifications of the alloy requires further
plained only by the rapid formation of a new structure, thatattention. A variety of behaviors has been observed that can-
acts as a very effective positron trap. Figure 7 also indicategot be reduced to a common pattern described by a master
that, within the experimental indeterminatian,, is constant ~ curve, as in the case of one-stage agisge above The

up to 300 s. This result means that the chemical compositiofUrves can be classified in three categories:

probed by the positron in the new trap does not changd) curves with a maximuntaging treatments of 15 and 30 s
(within the sensitivity limits of our techniqueA value of (i) curves with a monotonic increase to a platgaging

about 177 ps for the initial lifetime suggests that the positrorfréatments of 120 and 300;s
trap is a Cu structurdcluster or precipitate containing (i ) curves with a small initial plateau, followed by a mono-

vacancies? The small increase of,, (about 1.6 p which tonic increase to a second platgaging treatments of 1 and

occurs with heat treatments of 1 and 10 h, could be the effec oh. . . . . .

fach in th ii £ th lut Taking as a basic assumption for any interpretation that
of a change In the average composition of the solute aggr recipitates formed at 180°C are more stable than those
gates, but most probably is the signature of the formation o

. 7 . . .tormed at 20°C, then it may be assumed that the formed
the semicoherent precipitates that appear with the art'f'c'af)recipitates will not dissolve when the temperature de-

aging at 180 o_d-7 Positrons would be trapped in the misfit oreases. Thus the present observations demonstrate the for-
region at the interface between the matrix and the precipimation of some additional clusters or precipitates at room
tates, where their lifetime is S“ghtly increased because of Qemperature, which act as positron traps in Competition with
reduced overlap with Cu ators8. those already existing. The lifetime increase above the initial
The conditions observed at the end of the aging treatmergoint (a common feature for the three categorieslicates
are consistent with the results of hardness measurertteets that at least some of new structures contain vacancies in an
first hardening stage, believed to be an effect of solute clusMg-rich environment. The solute needed for forming these
tering, occurs after a few seconds at temperatures aboveew clusters must come from the residual Mg supersatura-
150°0, with TEM images of GRCu) zones(disc-shaped tion (at 20 °Q, surviving in the matrix after aging at 180 °C.
arrays of Cu atoms on the lattice cube plaraesd with direct A somewhat different situation occurs with Cu. There is im-
APFIM observation of Cu clusters’:18 A point of differ- mediate evidence of new Cu structures formed at 20 °C only
ence with the results of Ringer and co-worRérs'®is that ~ for short aging treatmentd5 and 30 5 given by the non-
they also have evidence of Cu and Mg co-clustering andmonoton?q behavior of _the positron Iifetime curves. I.ndged,
after 9 ks at 180 °C, precipitation of t18 phase, whereas no the condition for the existence of a maximum in the lifetime
effect that can be ascribed to the aggregation of(hlgne or ~ CUrve is that pure Cu structures, responsible for a shortening

with Cu) was observed in the present work. According 1o Of the lifetime, are formed at 20 °C with a slower time law
Reich et al,’° the possibility that the Cu-Mg co-clustering than the structures containing Mg, which give a positron life-

observed by Ringeet al. occurs after the alloy has been fime longer than pure Cu aggregates. On the contrary, the

aged at 180 °C may be rejected because the manipulation present resu_lts do not give an 'mmEd'ate indication of Cu
the samples and the APFIM measurements were perform persaturatloon surv_lvmg_after aging treatments of 120 s or
at a very low temperature-25 K). Therefore an explanation '°"9€r at 180°C. This point will be discussed further in the
of the difference must be sought in the accuracy limits of ouf"€Xt S€ction, on the basis of a quantitative analysis.
technique. Including the error bars, the total excursion,gf
for artificial aging up to 30 s at 180 °C is of the order of 2 ps
(see Fig. 7. This uncertainty can hide a contribution of va-
cancies associated to Cu-Mg aggregdfes which the pos- So far, care has been taken to present only empirical evi-
itron lifetime is expected to be above 200) fithe corre-  dence, in order to avoid any possible contamination of facts
sponding positron trapping rate is less than 10% of thewith theories. This approach allows a simple mathematical
trapping rate of the dominant population of Cu aggregates. Iflescription to be given of the kinetics at moderate tempera-
the average sizes of the two families of clusters are similartures, and to evaluate the corresponding characteristic param-
the ratio of the trapping rates is a good indication of the raticeters. However, it may be interesting to gain a deeper insight
of the number densities. The above estimd@ is in rea-  of the interplay of factors that determine the impressive va-
sonable agreement with expectations based on equilibriumety of behaviors depicted in Figs. 4 and 6. In the present
data. The Mg content of our samplé&30 wt %) places the section, it is shown that all these results can be framed in a
alloy just beyond the border between the- 6 and a+6  comprehensive picture, from which quantitative information
+S phase regions at 180°C: a phase diagram at 190 °@garding the structure of the alloy and its transformation
(Brook 1963 sets this border at0.25 wt % Mg. Using this  kinetics can be derived. To this end, the widely accepted
datum, one evaluates the ratio of the numbers of Cu-Mgositron-trapping model can be used as a guideline for a
aggregategprecursors ofS particles and of Cu aggregates mathematical interpretation. Unfortunately, the real situation
(precursors off particles at about 8%. that occurs in an alloy containing solute clusters of variable
The results shown in Fig. 6 suggest that further aging hashemical composition implies an extended spectrum of pos-
occurred at room temperature after the alloys has been eitron states, which cannot be accounted in full by trapping
posed for as long as 10 h at 180 °C. This is a surprising resuthodel analysis without introducing too many arbitrary pa-
because it may be expected that aging at 180 °C would staameters. However, even a simplified model that assumes
bilize the alloy. only three different species of positron traps is sufficient for

IV. MODEL ANALYSIS
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TABLE Il. Results of the model analysis for experiment 2.

T (°C) KYKS K5/KS t; (ks) t, (ks) ty (ks) X2
20 (51x2)x 1073 1.49+0.01 100t 20 83+ 10 53¢ 0.52
40 (43£2)x 1073 0.73+0.01 6110 87+ 10 440+ 20 0.64
55 (25-1)x 1073 0.533+0.005 50+ 10 100+ 10 310+10 0.65
68 (20=1)x 1073 0.405* 0.005 13:2 87+4 212+6 0.64

avalue fixed for all room-temperature measurements.

reproducing the monotqnic decay observeq in experiment 2, kl:Kg exp( —t/ty); 3

as well as the monotonic and nonmonotonic curves observed ] ]
in experiment 4. The morphology of the different species oflil) Traps 2 and 3 are structures formed after quenching; their
traps cannot be uniquely defined, because each species of h@centration increases during aging at room temperature.
model actually represents a family of similar, although notThe corresponding trapping rates also increase, with a time
identical, traps existing in the allofor instance, vacancies law assumed to have the form

decorated with a different number and species of solute at- _ 0 N .

oms. A possible characterization of the three families of ka=Ka+ (K —Ko)[1=exp(~t/tp)], @)
traps is as follows: 10 N _
(i) trap 1: vacancies decorated with a single solute gidin Ke=K3+ (K —Kg)[1=exp(~t/ts)]. ®)

or Cu); associated positron lifetime; =212 ps; _ In the above equationk, is the value of the trapping rate at
(i) trap 2: vacancies in a mixed Cu/Mg-rich environmentthe beginning of room temperature aging,; is the
(Cu/Mg co-clusters, GPB zongsssociated positron lifetime  asymptotic limit of the trapping rate dt-c, andt; are

7,=203ps; o . _ characteristic time constants. One of tis parameters can
(iii) trap 3: vacancies in a Cu-rich environmeBu clusters, pe assigned arbitrarily, because in conditions of saturation
GP zonej associated positron lifetime;= 177 ps. trapping, the average lifetime depends on the ratios between

The above values of the lifetimes, which were heuristi-the trapping rates but not on their absolute values. Consider-
cally assigned on the basis of the experimental curves, are iq the different experimental situations, as explained below,
reasonable agreement with published ¢&t& The presence can further reduce the number of unknown parameters.
of isolated vacancies was not taken in consideration not only

because a characteristic positron lifetime above 24®Rpss.
33 and 34 was not observed, but also because it is well
known that single vacancies in Al migrate in a few minutes In the case of one-stage aging, the lifetime value of 212 ps
at temperatures below 0 28 extrapolated at=0 (with the Kohlrausch functionindicates

In conditions of saturated trapping the average positrofthat trap 1 is the dominant species immediately after the
lifetime, which is the experimental parameter used in thesolution treatment, while the solute clusters containing trap 2
present work, ist==;_; sw;7;, where thew;’s are the in- and trap 3 are not yet formedkf=K3=0). The ratio
tensities of the lifetime components associated to the thre3/K3 can be fixed in accordance with the asymptotic life-
species of trap and thg's are the lifetimes. The normaliza- times 7., reported in Table I, using the relationshig /K3
tion condition is =;_; 3w;=1. According to the trapping =(73— 7..)/(7— 7..). However, this constraint was imposed
model, thew;’s can be expressed in terms of the trappingin preliminary fittings, and then was removed for a fine ad-

A. Analysis of experiment 2

ratesk; as given by the equation justment. Other best-fit parameters are the refjéK; and
the characteristic times. No constraint was imposed on the
K; k; t;’s. To assume the validity of a scaling rule in accordance
W= ~ ' (2)  with thet* data in Table | would imply a hypothesis on the
Toui— T+ ki > K kinetics of the three families of traps that we are unable to
=13 =13 justify on the basis of physical arguments. However, in the

] ) o . case of the curve taken at 20 °G, was fixed at the same
where the final approximate result implies saturated trapping;a|ue used for the fitting of the curves taken at 20 °C after a
The positron trapping rates are the parameters that must B 5t treatment at 180 °Gee below The results are given in

known _in order to interpret possible cluster _formation in theTaple II. The goodness-of-fit parameter reported in the table
alloy, since they are expected to be proportional to the num;s gefined by the relationship

ber density of the trapsthe coefficient of proportionality

may depend, however, on the size and the composition of the variance not explained by the model
trap). In order to reproduce the observed kinetics, it is as- X
sumed that th&’'s evolve monotonically during the aging as
described below: The denominator of the above fractiond$= (0.5 psy.

(i) Trap 1 is unstable at room temperature; it is present after The data reported in Table Il give the following indica-
the quenching from the solution treatment temperature, buions:

progressively disappears during the aging. This behavior i§) The initial drop of the lifetime curves of Fig. 3 is associ-
described by assuming the decay law ated to the migration of small vacancy-solute complexes

~average variance of the experimental points
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(trap D, with a concomitant increase of trapping at vacancies TABLE lll. Results of the model analysis for experiment 4.
contained in Cu/Mg co-clusters or in GPB zong=ap 2.
The characteristic timg, is clearly a decreasing function of Atigoec K3/K3 KY/K3 to ko) x?
the te?pera:(ure, as expecteg for a(tjtherme;ll;;] actri]vated pro- 041-002 (8.2:05x10°2 32+2  0.90
cess. A weaker temperature dependency of the characteristic ~

timet,, if it exists, ispobscured tF))y the ex);)erimental indeter- 30s 0.5€:0.02 (5.4-0.5)x 10,2 32x2 1.27
mination. 120 s 0.410.02 (8.1:0.5)x 102 96+ 3 0.65
(i) The slower decrease occurring at long times is associated 399 S 0.46-0.02 (23=1)x 10_2 50=4 - 0.80
to additional trapping in vacancies contained in Cu clusters 0.7320.02 (71t2)><10_2 90=4 1.36
(or GP zonep The characteristic timg; decreases with in- 0.22-0.03 (96£2)x 10 41x2 0.44
creasing temperature.
(iii) The trapping rateK? cannot depend on the temperature o "

of aging, since it represents the initial condition before any~ 7=)/(72~ 7). A preliminary fitting run gaves values aver-
aging. Thus, the decrease wiftof the ratioK?/Kf;f indicates ading at 539 ks, with a standard error of 8.7 ks and in the

that the formation of Cu-rich aggregates is favored by a temf'n"glI f|t|t||ng a VE!(”? ot = 539”ks th?ts b.?ﬁ ?hﬂxed.l As s%hown n
perature increase. The present results are in fair quantitativ-rE:a € 1l, we obtain an exceient fit wi IS va uek_@, even
or the data of experiment ne-stage natural agipgrhe

agreement with the preliminary data of a coincidence Dop- o .
pler broadening experimef€oPAS on alloy Al-4.38% Cu- other results of the fitting are reported in Table 11l

1.67% Mg (wt%) by Biasini®® who has observed that, after __1eS€ data give the following information:
1 week aging at 60°C, the characteristic Cu peak-d (i) The successful fitting obtained with the present model

%103 mc is more intense by a facter2 than after 1 week (see Figs. 4 and 6 for a visual appraisal of the quality of the
aging at 20 °C fits) is the demonstration that even the nonmonotonic behav-

. w0 . - iors, observed after short heat treatments, can be the result of
t(lr:/|2 dngll:?ntfl;f{é%lfﬂ %k;/t?;:;esi kg}f S:Zliggowj gs&‘”ﬁ;éhe monotonic changes in the concentration of different positron

traps.

an average value of 22, with a standard deviation of 5. Thes?) The rating/K‘;’ (initial trapping rate in Cu aggregates

data do not indicate any temperature enhancement of th ided by th ot | f th i ing)rat
final content of Cu/Mg aggregates. This result can be ex: vided by the asymplolic value of the same trapping)rate

plained if the aggregation of Mg is complete at all the tem-ncreases WithAt;gy.c for Atygo.c>30s. This effect is
peratures of our experiment. clearly the response to the increasing importance of Cu clus-

(v) In accordance with pointéii) and (iv), the decrease of tering during the heat treatment. After 10 h at 180 °C, almost

the asymptotic lifetime with the temperature finds an expla-n__(_) Cuhls Igft_for pro?”gl'”% moAre clust_ers at_20 C. .
nation in the different concentration ratio of vacancies con.lil) The minimum ofKg/Kj at Atygy.c=30s is not an arti-
tained in Cu-Mg zones relative to vacancies in pure cJact of the fitting. It corresponds to a remarkable inversion of

zones. The temperature dependency of re§aK gives a the relative position of the curve@ig. 6 shows that the

guantitative characterization of the phenomenon. It is reCurve for 30 s is higher than those for 15 and for 1p0T$ie

markable that this ratio always remains well above to thé'ngrolducz\b{htyto:‘_th|s surlpr|S|tr_1g effec: dh%s been cheg{&ﬂbh
Mg/Cu atomic concentration rati(®?0%). This effect sug- ig. D). en aél\(e EXp ar|1|a(|:on ciout efa re\éerdsmp p tﬁ-
gests either an incomplete Cu aggregation, even after pr(p_omenon regarding smafl LU clusters formed during the

longed exposure at temperatures up to 68 °C, or the form _uench. o . .
tion of small Cu aggregates with no vacancies. iv) The ratioK5/K3 (asymptotic value of the trapping rate
at defects associated to Mg/Cu aggregates divided by the

asymptotic value of the trapping rate at defects in Cu-rich

environments has small variations, probably accidental, for
In the case of room temperature aging after aging af\t,g,.c<300s. On the contrary, marked variations in oppo-

180 °C, the data shown in Fig. 6 suggest that-a0 (begin-  site directions occur with heat treatments of 1 and 10 h. The

ning of the room-temperature aginthe positrons are pre- effect must be related to a specific change in the morphology

dominantly trapped at vacancies contained in Cu-rich aggresf the aggregates.

gates. The contributions of isolated vacancy-solute pairs and

Mg/Cu aggregates seem completely negligibked€ K9

=0). The choiceK{=K3=0 does not allow for a small V. CONCLUSIONS

initial plateau visible in the experimental curves correspond- The quantitative analysis of our results has been made at
ing to Atygo-c=1 and 10 h. The present simplified model yyo levels. A strictly empirical approach, with no assump-
cannot account for this detail, which is probably due to postions regarding any microscopic mechanism, shows that an
|t_ro.n trapping in the mISfIF region around semicoherent pre4ccyrate description of one-stage agiattemperatures not
cipitates formed after sufficiently long heat treatments. ThUShigher than 68 °Cis possible in terms of a scaling law that
for these two curves, the few points on the initial plateauakes the form of a Kohlrausch function. The kinetics of the
were not included in the fitting. The best-fit parameters wergyrocess is quantitatively characterized by means of an appar-
the characteristic times andts, as well as the ratiok, /K3 ent activation energy of 0.65 eV.

and KY/Kj5 . The ratioK3/K3 was fixed when it could be  The second level of analysis, based on a simplified ver-
clearly determined from a horizontal asymptote of the ex-sion of the positron-trapping model, suggests the following
perimental curves using the relationshi5/K3=(73  conclusions:

B. Analysis of experiment 4
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(i) Free vacanciefpositron lifetime signal expected at about aggregates at 180 °C is stable. Afieh at 180 °Cthere is a
240 ps(Refs. 33 and 3§ disappear too quickly to be ob- possible signal of the formation of misfit surfaces due to the
served by the technique adopted in the present work. On thaucleation of a new phase such és

contrary, vacancies decorated by a single solute dfmmsi- (Vi) Although the presence of the phase after an artificial
tron lifetime signal at 212 psare observed. The concentra- 8ging of 9 ks at 180 °C is confirmed by TEV4 correspond-
tion of solute-vacancy pairs decays at room temperature witf'g signal in the positron Ilfez%lme spectrufexpected at 240

a characteristic time of the order of one day after quenching?S, according to Dlubekt al.™) was not observed. _
The decay is faster at higher temperatéaefew hours at Special mention should be made of observation that aging
68 °C). continues to occur at 20°C foIIowwlg earlier exposure at the
(i) The signal of vacancy-solute pairs disappears when moLrEelat'Ver high temperature of 180 °C. Additional aging has
effective positron traps are formed. These traps are vario een previously observed when more highly saturated alloys,
types of solute aggregates, containing vacardiésPosi- such as 2090AI-2.7% Cu-2.2% Li(at. %9], are exposed for

P prolonged times at slightly elevated temperatu(é® to
trons impinging on solute aggregates are trapped very effiero 36.37 . . . .
: ; - -~ 135°0,>>°" following earlier aging at a higher temperature
ciently. The data in Table Il show that the positron trapping e.g. 190°G. However, this effect has not been reported

rates at solute clusters are approximately two orders of magi— I.I . 5 " : ‘ ‘
nitude bigger than the trapping rates at vacancy-solute pair 0 gwmfg Sllj sequent exposure a rt(r)]or(l; Iempelra ure.t Th
even if the number density of isolated vacancy-solute pairs ur final comment concerns methodological aspects. 1he

that survive after quenching is certainly bigger than that ofXP€ . .
the clusters a 9 y bigg applied for future studies regarding other alloys. The only
(iii) Vacancies associated to Cu/Mg aggregdtesclusters instrumental requirement is a setting of the lifetime spec-

e trometer for maximum counting efficiency. The model used
or GRCu, Mg) zoneg are absentor below sensitivity after - o . ;
R 9 3 ¢ vy {or obtaining quantitative data on the relative trapping rates

the solution treatment, quenching and artificial aging a imple f both the phvsical and th tical
180 °C. Their concentration increases during aging at mod> VEY Simpie from both he physical and mathematica

erate temperature with characteristic times of the order of Roints of view. The correct appllcatlon of the m'odel depends,
day of course, on the correct assignment of the fixed humerical
(iv) Vacancies associated to pure Cu aggreg@atiessters or parameters: h_ere SOme experience and, most important, tabu-
GR(CU) zoned are absent after the solution treatment andIatlons of positron lifetimes in different structuréas, for
guenching. Their concentration increases during aging witstance, in Ref. 2Bare certainly useful.
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