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Stability of vacancies during solute clustering in Al-Cu-based alloys
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A direct comparison between Al-Cu and Al-Cu-Mg alloys shows that the mechanism, by which Mg affects
the microstructure and the aging kinetics of the alloys, is related to the formation of vacancy-Cu-Mg complexes
that act as embryos for the nucleation of coherent solute clusters. The presence of Mg stabilizes the vacancies
in the Guinier-PrestoiGP) zones. Experimental evidence of the association of the vacancies with the solute
atoms was obtained by Doppler-broadening spectroscopy of the positron annihilation radiation using two Ge
detectors in coincidence. The evolution of the average content of Cu in the proximity of the vacancies was
monitored at different stages of aging at temperatures below the solvus of GP zones, after the solution heat
treatment of the alloy.
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[. INTRODUCTION by coincidence Doppler-broadeningDB) spectroscop.
The chemical sensitivity of this advanced variant of the DB
The structural evolution of a metal alloy prepared in thetechnique has been discussed by Asoka-Kuetal® CDB
form of a supersaturated solid solutig8SS$ is strongly has been used for the recognition of impurity-defect com-
influenced by the composition of the system and by the seplexes in semiconductof€;the first applications to Al-based
quence of thermal treatments. Various kinds of lattice-2lloys have been published quite recently by Biasinal
coherent aggregatefsolute-rich clusters, Guinier-Preston @nd by Nagaiet al™= A preliminary account of the present
(GP) zoned and precipitates can be formed. The presence ofVOrk has been presented by Somoza. _ _
a fine intragranular dispersion of these particles is beneficial !N the present work, we address the mechanism by which
for the mechanical qualitieghardness and strengtof the ~ Md, @ minority alloying element, affects the aging kinetics
material, as it hinders the movement of dislocations under afnd the structure of the decomposition products in Al-Cu-
applied stress. The technological importance of this phenonfRased alloys. Experimental evidence from CDB and depth
enon, referred to asge hardeninghas stimulated an intense Profiling with conventional DB is presented in a direct com-
research effort since its discovery at the beginning of the lagparison between the Al-Cu and Al-Cu-Mg systems. We dem-
century: Modern investigation is especially focused on theonstrate that in the binary AI—Cu. alloy afrapnon of solute Cu
earliest decomposition stagsolute clustering and GP zone atoms reacts with quenched-in vacancies formvgCu
formation), as this is a crucial step for determining the final Pairs, which mediate the formation of solute aggregates;
microstructure. these vacancies are progressively released as aging proceeds
The full power of three-dimension&8D) imaging tech- toward the formation of GP zones. In the ternary aIon_, th(_e
niques with atomic resolution has been recently applied t@fesence of Mg not only enhgnces the.Cu concentration in
investigate the morphology of solute clusters in Al-basedhe environment of quenched-in vacancies, but also guaran-
alloys? These otherwise detailed pictures, however, contaif€€s the stable inclusion of vacancies in the lattice-coherent
no information on vacant lattice sites in the solute-richSOlute aggregates formed by aging at moderate temperatures
clusters® Studies of vacancy kinetics unveil a new dimension(Pelow 70°Q.
in this field, as vacancie®/) play a key role in the transport
_of solute and the energetic stabilization of th_e cluster._'l'_hefse Il EXPERIMENT
issues can be addressed by means of positron annihilation
spectroscopy(PAS), which is specific for the detection of The samples were cut from rods of laboratory binary and
vacancies due to the propensity of thermalized positrons in ternary alloys, obtained by melting highly pure components.
solid to become trapped in vacancylike defédcAS has The composition of the samples was Al—4 wt % @orre-
been applied to the study of Al alloy decomposition for moresponding to Al-1.74 at. % GQuand Al—4 wt % Cu-0.3 wt %
than 20 years, using lifetime spectroscdfys) or conven- Mg (corresponding to Al-1.74 at. % Cu—0.35 at. % M-
tional Doppler-broadenin¢DB) analysis of the positron an- loys. The same materials were previously used for the LS
nihilation radiatior®® Recently, Somozat al.” used LS to measurements reported in Ref. 7. Well-annealed 99.9999%
address the decomposition kinetics of Al-Cu-based alloypure A100), 99.999% pure GO0 single crystals, and a
with minority additions of Mg and Ag. The LS technique polycrystalline Mg samplépurity >99.99% were used to
gives only indirect information on the chemical environmentcharacterize the CDB response to defect-free metals; defect
of the vacancies where the positrons are trapped. More spsignatures, originating from the positron confinement, were
cific data on the local chemical composition can be obtainedbserved with plastically deformedthickness reduction
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FIG. 1. Sparameter depth profile in Al-C(solid circles and FIG. 2. CDB data for defect-free Qisolid circles, defect-free
Al-Cu-Mg (open circley after advanced aging below the solvus of Mg (open circley, deformed Al (d-Al, solid line), deformed Cu
GP zonegq25 days/69 °C (d-Cu, dashed ling deformed Mg(d-Mg, dash-dotted line The

horizontal line atA=0 corresponds to the referengefect-free
>50%) polycrystalline samples Al, Cu, and Mg of equiva- Al).
lent purity. The alloy samples were homogenized at 520 °C
for 2 h, then quenched in an ice-water mixty@C), which  were isolated and normalized to integral counts. These spec-
produced the SSSGas-quenched” state After aging at the tra (a functionF of p,, the momentum component of the
selected temperatui@5 or 69 °Q, the samples were stored annihilatede™-e~ pair along the photon propagation direc-
in liquid N, between measurements. The measurements fdion) were analyzed in terms of a ratio-difference parameter
the as-quenched sample were carried out at 17 K, while theith respect to the spectruf,, obtained for well-annealed
temperature never exceeded 120 K during sample transitiopure Al(100: A(py)=(F—F,)/F,. The A values are
from air to vacuum; all other measurements were done gpresented below without smoothing or symmetrization for
room temperaturéRT) (~25 °0). |py| <5 a.u. (1 a.u=7.3x10 3myc), where the relevant in-

A variable energy(0—70 keVj positron beam with a rate formation is contained.
of ~2x10° s~ was used for these experiments. Depth pro-
filing by conventional DB was performed in the full energy
range with a high-efficiency high-purity GelPGe detector,
with an energy resolution of 1.45 keV at 514 ke%P3r). The CDB results for the reference samp(égy. 2) pro-
Spectra with X 10° events were acquired at each positronvide the alphabet that one needs to read into the curves for
energy. The depth profiles of the Doppler paramegend  the alloys. TheA parameter for C{L00) (solid circles in Fig.

W (Ref. 19 versus the beam energy were analyzed to extrac?) shows a strong contribution from annihilation with fast
the positron diffusion lengtfusingverrIT (Ref. 15], which  electrons(3d and corg, giving rise to the broad peaks at
sheds light on the positron trapping rate at vacancy-solute-2.1 a.u. The shape of these “wings” is the “fingerprint” of
complexes. Short diffusion lengthd7-32 nm were ob- the annihilation with Cu 8 and core electrons, which we use
tained for Al-Cu-Mg samples at all stages of aging, as welifor evaluating the relative contribution of Cu to annihilation
as for Al-Cu in the as-quenched state or aged at RT; howeveity an alloy. The depressiom\(<0) at low momenta is due to
after aging for 25 days at 69 °C, the diffusion length in Al-Cu the smaller probability of annihilation with free electrons, as
was increased to 1265 nm, not far from the value expected compared to Al. In contrast, Mg showspen circles in Fig.
for defect-free Al(150—180 nm'® A comparison betweeS  2) enhanced free-electron annihilation with respect to Al de-
profiles in aged Al-Cu and Al-Cu-Mg is shown in Fig. 1.  spite the identical (42s?2p®) core structure; positrons,

A second HPGe detector with similar characteristics wasonfined to the interstitial regions of the less compact Mg
used for the coincidence CDB experiments. The combinedattice, have a smaller chance of interacting with core elec-
energy resolution was 2.15 keV for the full Doppler shift. trons. The features in th& parametef(=1-1.5 a.u. origi-

The beam energy was fixed to 60 keV, at which the positrongsate from the different Fermi momenta of M@.72 a.u) and
probe the bulk of the samplés-10 um mean implantation Al (0.93 a.u),*” which result in sharp slope changes of the
depth. Timing coincidence was enforced, and the annihila-respective momentum distribution cur&ghe 3d electrons
tion events were analyzed for conserved total energy: thebscure this effect for QuThe absence of structures in the
sum of the deposited energies in the two detectors must equhigh-momentum region of the Mg curve makes the direct
the mass of the annihilation particle€ (+ E,=2mqc?) detection of Mg in an Al matrix nearly impossible; indirect
within an acceptance window af2.5 keV. This requirement evidence is thus required to establish the Mg decoration of
was used to filter the real annihilation events from the accithe vacancy-solute atom complexes in Al-Cu-Mg.

dental coincidence$® A peak-to-background greater than  Positron localization at defects creates distinct features in
10° was achieved, which ensured sensitivity to annihilationthe A parameter, more pronounced in materials with high
events with high-momentum(core electrons. Two- Fermi energy, such as Al. These features are evident i the
dimensional spectra with 6->810" counts were collected, curve of deformed>50%) Al (solid line in Fig. 3, in which
from which the virtually background-free Doppler spectrathe majority of positrons annihilate in vacancy like defects

Ill. RESULTS AND DISCUSSION

094107-2



STABILITY OF VACANCIES DURING SOLUTE. .. PHYSICAL REVIEW B 65 094107

0.5f present alloy is probably an important factor, since CDB data
taken for Al-1.1 at. % Cu—1.7 at. % M@ref. 12 compared

to Al-Cu show suppression rather than enhancement of the
Cu signal. When aging proceedsurvesb—d), Al-Cu and

-0.5f Al-Cu-Mg display opposite behaviors. For the binary system,
the signature of positron confinement becomes progressively
weaker and finally disappears; the signature of Cu also de-
creases, although a weak signal persists even at the most
advanced stage of aging. For the ternary alloy, not only the
signal of vacancylike defects persists, but the Cu signature
becomes progressively stronger. The same trends have been
observed for Al-1.7 at. % Cu and Al-1.7 at. % Cu—1.3 at. %
Mg aged at 150 °C by Nagait al?

For a more quantitative appraisal of the results described
above, we have fitted the experimental data of Fig. 3 with
linear combinations of the momentum distributions obtained
for the alloy components, as given by the equation

A=(F-F)/F,

p, (au)

FIG. 3. CDB data for Al-Cu(top) and Al-Cu-Mg (bottom) at Fattoy=WalF a1+ Wais F s + Wingx Fgs +Wouw Fow
various stages of aging:(a) as-quenchedsupersaturated solid so- @)
lution), (b) initial aging (3.5 days/RY, (c) intermediate agind25  \\here the weights of the linear combination obey the nor-
days/RT, and(d) advanced aging25 days/69 °¢ The Al-Cu data malization condition
are scaled by a factor of 2 for better readability. The solid lines are
the result of a linear fittingsee text W+ Wags + Wigs + Wy = 1 )
(e.g., dislocation jogs The positron confinement at a miss- (Wyg« =0 in the case of Al-Clu In the above equations, the
ing ion site leads to enhanced annihilation with free electronsubscripts AT, Mg*, and Cd refer to data obtained for the
(giving A>0 at 0 a.u, at the expense of the annihilation cold-worked samples, which are included in the linear com-
with core electrongsuppressed\ values in the=2-5 a.u.  bination to mimic the effects of the positron confinement.
regions. The two peaks at-1.3 a.u. arise from the smearing Least-squares adjustment in the inter{}|<4 a.u. gives
of the momentum distribution around the Fermi momentunthe solid lines shown in Fig. 3. The corresponding weights
due to the spatially confined positron wave function. Noteare reported in Table |, together with the average positron
that the momentum values at which these features appear ditetimes taken from Ref. 7.
unique; however, their relative intensity depends on the ex- It is worth discussing the physical meaning of theco-
perimental conditiongdetector resolution, degree of defor- efficients. The ratios of the first three coefficien(is,,,
mation, sample quality, etc.; for a comparison, see Lynnw,+, andwygx) are essentially determined by structures in
et al%). Positron annihilation with low-momentum electrons the low-momentum region, where the elemental specificity
is also enhanced by trapping in deformed Cu and Mgof CDB data in the alloy is lost. Therefore the assignment of
sampleqFig. 2, dashed and dash-dotted lines, respectively a distinct meaning to these coefficients is questionable in
The Cu signature, still easily identifiablgp(|>2 a.u.),  principle. Although the weight of the deformed-Al compo-
stands at roughly 2/3 of that measured in(T29). nent (wux), determined by the confinement signal near to

Figure 3 depicts thé\ profiles for the Al-Cu(top) and  the Fermi break is a good qualitative indicator of positron
Al-Cu-Mg (bottom systems. The curves are labeled in ordertrapping in vacancylike defects, it cannot be taken as a mea-
of the alloy evolution chronologya denotes SSSS%as- sure of the fraction of positrons annihilated at vacancies,
qguenched samplgsb (shown only for Al-Cu-Mg initial ag-  since the geometry and chemistry of a decorated trap in the
ing (3.5 days at RT, c (shown only for Al-Cu-Mg inter-  alloy are not the same as in the deformed-Al reference. For
mediate aging25 days at R], andd advanced aging25 the same reasom,, is not a measure of the positron fraction
days at 69 °C. The solid lines are the result of a linear fitting annihilating in bulk Al; indeed, the lifetime measureménts
to be explained below. For the as-quenched samples of bo#ind the diffusion length measurements show strong trapping
alloys, the profiles(curvesa) contain a clear localization (trapped fraction near to 100%n all cases excepted aged
signature(central relative maximum and peaks®1.3 a.u)  Al-Cu. In the case of the Mg component, not only the ab-
as well as the Cu fingerprintwings at|p,/>2a.u). The sence of high-momentum structures, but also the difficulty of
localization signal, combined with the Cu signature, indi-the numerical separation from the similar Al componghée
cates the presence of quenched-in vacancies, possibly forraecuracy of thevyg coefficient is 20% or worgedoes not
ing V-solute complexes containing Cu. Surprisingly, the in-warrant a quantitative determination of the Mg signal from
tensity of the Cu signature is almost double for the ternaryCDB data. Thus we prefer to be more conservative than Na-
alloy than for the binary alloy. This shows that the presenceyai et al1? and limit ourselves to observe that the small val-
of Mg as a minority alloying element enhances the presencees ofwyg« reported in Table | are qualitatively consistent
of Cu at the annihilation site; the high Cu/Mg ratio of the with the small percentage of Mg contained in the alloy.
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TABLE I. Weights of the linear combination fitting of CDB data for Al-Cu and Al-Cu-Mg at different
stages of aging. Absolute statistical errors of the order of 0.0%/fpr Wy , andwyygs , of the order of 0.01
for the sum of these coefficients as well as\igy,» . Average positron lifetimes after Somoegal. (Ref. 7).

Alloy Aging W Wy Wgx We Tav (P9
Al-Cu No aging 0.71 0.20 0.09 20640.5
Al-Cu 25 days/RT 0.89 0.05 0.06 169.5
Al-Cu 25 days/69 °C 0.96 0.00 0.04 160.5
Al-Cu-Mg No aging 0.53 0.27 0.04 0.16 21D.5
Al-Cu-Mg 3.5 days/RT 0.55 0.15 0.10 0.20 190.5
Al-Cu-Mg 25 days/RT 0.43 0.15 0.05 0.37 190.5
Al-Cu-Mg 25 days/69 °C 0.15 0.12 0.04 0.69 18a.5

The situation, however, is different with Cu: the “finger- erence, which leads to an underestimation of the average Cu
print” at high momentum is easily identifiable and its nearly signal from the decorated vacancies in Al-Cu and thereby
atomic character ensures that its shape is almost the samesnggesting the existence of undecorated Al vacancies.

a pure Cu reference and in the alloy. Therefamg,+» can Passing from as-quenched Al-Cu to as-quenched Al-Cu-
safely be considered proportional to the positron overlapgMg, the value ofwg increases from 0.09 to 0.16. Follow-
probability with Cu cores. The coefficient of proportionality ing the same line of interpretation proposed above, this result
depends on the arbitrary choice of the referefficeinstance, can be taken as the signal of vacancy-solute complexes con-
taking as a reference well-annealed Cu instead of deformetining on the average about two Cu atoms per vacancy.
Cu would decrease the weight of the Cu component by abouilthough the presence of Mg together with Cu in the same
2/3). Thus to stay on the safe side, the physical meaning o$olute-vacancy cluster cannot be directly inferred from the
we+ Variations should be discussed only in relative termslinear fit coefficients for the reasons explained above, fast
The positron overlap with Cu is an information less interest-aggregation of Cu td/-Mg pairs seems the only possible
ing from the point of view of the knowledge of the micro- explanation for the different behavior of Al-Cu-Mg and of
structure of the material than the Cu concentration at thé\l-Cu displayed in Fig. 3. We are aware that this interpreta-
defects where the positron annihilates. However, relatingion is difficult to reconcile with the absence of Cu-Mg co-
these two parameters is not a trivial problem, since the pos:lusters in the same alloy reported by Ringérml?® on the
itron contact with the atomic cores depends on the locabasis of atom prob€AP) scans, unless one admits that only
atomic geometry and on the affinity of the positron to thea fraction of Mg atoms, too small to be detected by AP,
different atoms. To solve this problem, sophisticated modeforms vacancy-solute complexes. In this connection, note
calculations are required. that the lower limit of sensitivity of all positron techniques to

Below, we adopt a simpler approach with smaller but suf-vacancylike defects in Al is of the order of 1 at. ppm, about
ficient accuracy to derive quantitative information from thetwo order of magnitude below the lower concentration limits
Cu signature. We have chosen deformed Cu as a referencé typical AP experimentgabout 2< 10* atoms are collected
for the Cu high-momentum signal, in which situation nearlyin the AP scans of Ref. 20
all positrons are trapped in open volume defects. Thus the The Cu enrichment of the vacancy-solute clusters, as
reduction of the positron overlap to Cu due to localizationmonitored by the increase of the.« coefficient, proceeds
into a vacancylike defect is accounted for in an approximatedvith aging. After 25 days at 69 °C, the signal is more than 4
way since the beginning. Therefore, in all cases of saturatetimes bigger than in the as-quenched state, about 8 times
trapping (as occurs in all cases, excepted aged Al;Ge  than in as-quenched Al-Cu. It may be inferred from this da-
wcy coefficients of Table | are can be taken as an approxitum that average environment seen by the positron at the
mated measurement of the local Cu concentration at the annihilation site in these conditions is 60%—-70% Cu, as ex-
nihilation site. Of course, this approximation must be takerpected for about 8 Cu atoms over the 12 nearest-neighbor
with caution, as it neglects the changes of the positron oversites of a vacancy in a fcc lattice. This information deserves
lap with atomic cores occurring when passing from traps inra comment. Normally, CDB data, as well as PAS results in
pure Cu to Cu-decorated traps in the alloy. general, give information on the local structure of the trap,

Support for this simplified approach comes from the cal-but have no direct sensitivity to the structure of the material
culation of thewc, coefficient for as-quenched Al-Cu, far from the annihilation site. Therefore PAS experiments
We = 0.09+0.01 (Table ), which corresponds to one Cu that show positron trapping at vacancies in an alloy in most
atom per vacancy (1/50.083) within the experimental er- cases cannot tell anything about the size and shape of the
ror. Since vacancies in Al are mobile at RT, they can survivestructural or chemical inhomogeneity associated with a va-
guenching only if stabilized in a complex with foreign at- cancy. For instance, by PAS alone it is difficult to tell
oms, which in this sample is Cu. This finding is opposite towhether a trapping center is contained in a GP zone or in a
the conclusion proposed by Nagii al.'? despite reported structureless cluster. The present case, however, is a partial
similarity to our experimental data. The origin of this dis- exception to this rule, as it can be concluded that the Cu-rich
crepancy is in their use of crystalline Cu spectrum as a refstructures seen by positrons in aged Al-Cu-Mg are three-
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dimensional objects: a cluster or a stack of Cu layers interare not deeply trapped. This conclusion, which comes from
calated by a single Al plane. Indeed, vacancies contained ifully consistent measurements of positron lifetifrdiffusion

Cu monolayers or in multilayers with two or more Al inter- length and CDB spectra, supports the so-called pump model
calated planes cannot accommodate the high Cu fraction &f solute aggregatiotiwhen a mobileV-Cu pair gets to a

the annihilation site revealed by the present CDB results. Of|yster, the vacancy is released and can react again with iso-
course, this is not a proof of the nonexistence of GP zones ifjted Cu atoms to form a new-Cu paif?).

the. form of monolayers or dqubly interqalated multilayers, (b) In Al-Cu-Mg, the Cu concentration at the positron
which are often observed by hlgh—rtiszglunon electron microsynnijation site immediately after quenching is higher than
copy in Al-Cu and Al-Cu-Mg alloys!*but tells that these ' a|c,. Aging leads to a further increase of the Cu local

structures do not contain the vacancies that are necessaryé8ncentration. Starting from about 16% after quenching, the

trap the positrons. Most probably, Mg is a minority compo- . : .
nent of the three-dimensional structure, where it stabilizesC u concentration at the positron trap becomes so tagh

: . ._most 70% after 25 days at 69 f&hat implies the existence
the vacancy. This statement is supported by the comparlsor‘;f three-dimensional Cu-rich structures. The result is consis-

with Al-Cu at the same aging, where only a weak Cu signaP

(W =0.04) survives and there are no symptoms of pOSi_tent with the progressive increase of the Cu concentration at

7 . .
tron trapping (lifeime close to bulk A7 long diffusion e vacancy, proposed by Somaztzal.” for interpreting the
length, wu«=0). The residual Cu signal in aged Al-Cu positron lifetime decrease observed in this alloy upon aging.
(note, however, that in this cases is not a good approxi- Apparently, the initialV-Cu-Mg complexes act as embryos
mation to the concentratiprvould then result from the en- for further aggregation of Cu; Monte Carlo simulations also

hancement, without trapping, of the positron wavefunctionindicate asmgchanism of nucleation of Cu ontoMg
within GP zones, which is due to the larger affinity of posi- complexes? Since the vacancies are not released, the trans-

trons for Cu than for AR3 port of Cu must be mediated by formation of n&Cu pairs
with thermal equilibrium vacancies. The activation energy
IV. CONCLUSIONS controlling the progress of decomposition is then increased

to 0.65 eV, in comparison to 0.32 eV in Al-Cu.
The findings of the present work can be summarized as (c) Detection of immediate formation of solute-vacancy
follows. clusters upon quenching, followed by further aggregation of
(@ In Al-Cu, V-Cu pairs are present immediately after Cu ontoV-Mg seeds, is in accordance with the dependence
quenching. The vacancies are gradually released when agimg the as-quenched hardness values on the Mg cdfitend
progresses with the formation of Cu clusters or GP zoneswith calorimetric evidence of rapid solute aggregation in Al-
Positrons are attracted by these aggregations of solute, bGu-Mg alloys?®
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