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We investigate the artificial aging process of the weldable Al-alloys AA-6013 (AlMgSiCu) and
AA-6061 (AlMgSi) by positron annihilation spectroscopy and Vickers micro-hardness
measurements. We find a correlation between a minimum of the measured positron lifetime
and the maximum hardness. To explain these findings AlZn will be discussed as a well known
example of positron interaction with different types of precipitations in aluminum. Additionally,
we calculate positron annihilation parameters for pure Al, Si, Mg, and Mg2Si finding support for
our interpretation. For AA-6013 and AA-6061 the increase of the average positron lifetime after
reaching the maximum hardness is attributed to the formation of semi-coherent precipitates.
Hence, using positron annihilation it is possible to follow very sensitively the precipitation
sequence even in technical aluminum alloys. Finally, we discuss which implications the aging
may have on microstructural changes. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Precipitation hardening of aluminum alloys was detected
by chance. 1906 Wilm was investigating AlCuMg al-
loys of different chemical composition and found that the
hardness increased significantly by storing the samples a
couple of days at room temperature after solution heat
treatment [1]. This effect was explained in the 1930th
independently by Guinier and Preston [2, 3]. Aging at
room or higher temperature leads to ordered meta-stable
microstructural phases in the nanometer range. Directly
after formation they are called Guinier-Preston zones
(GPZ). They do not possess a crystalline structure and
transform for longer aging times to ordered meta-stable
phases, which are coherent (no mismatch dislocations) in
the host matrix and effectively hinder dislocation move-
ment. Hence, they significantly improve tensile strength
or hardness. This means it is possible to tailor desired ma-
terial properties by a certain sample treatment [4]. As for
long aging times or high temperatures these meta-stable
phases usually become first semi-coherent (mismatch dis-
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location in one crystallographic direction) and later inco-
herent (no fit to any crystallographic direction of the host
matrix), they do not hinder the dislocation movement as
effectively as before. Hence, the material will become
softer again on overaging.

Technical properties of many alloys are well known
and have been improved empirically in the past. But
knowledge about the nano-structure and its effect on ma-
terial properties is decisive to understand the underlying
mechanisms [5]. Hence, nowadays the characterization
of microstructure in the nano-size region should employ
investigations by different methods.

It may be just a matter of taste what is called the mi-
crostructure of a solid. In classical terms this would mean
a metallographic picture taken by an optical microscope—
revealing structures down to a size of some microns—or a
Transmission Electron Microscopy (TEM)-picture on the
dislocation network or the distribution of precipitations
characterized by their strain-field—in high resolution
TEM (HRTEM) also by their size and shape. However,
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there are also other—may be more indirect—methods to
access the microstructure. We do mean here especially in-
tegral methods like classical X-ray diffraction (including
small-angle scattering) but also modern EXAFS measure-
ment employing synchrotron light sources and—last not
least—positron annihilaiton spectroscopy (PAS), which
has become a powerful tool in investigations of lattice de-
fects in solid state physics. PAS is known since the 1980th
to be a suitable method for characterizing changes in the
precipitation structure of age-hardenable aluminum alloys
(AlZn: [6, 7], AlZnMg: [7, 8], AlCu: [9], AlZnCuMg:
[10], and for a recent review see [11, 12]). Positron an-
nihilation also probes vacancies and vacancy-like defects
and may thus detect vacancy binding to solute atoms.

Here, the important point is that, while being only minor
sensitive to the shape of precipitations, positron annihi-
lation is very sensitive to changes from fully coherent to
semi-coherent precipitates as shown in Fig. 1, which in
turn is a characteristic feature of the microstructure of
Al-alloys, since it results in macroscopic changes like a
hardness decrease.

Let us make one point clear: in common Al-alloys all
alloying elements have a higher positron affinity than the
Al-matrix. Since positron trapping is not primarily related
to the shape of precipitates, the positrons will become lo-
calized inside the precipitations, since their mean distance
in the alloys under inverstigation is roughly one order of
magnitude smaller than the mean positron diffusion length
(300 nm). Only in the overaged stage the precipitations
might have coarsened so much that some of the positrons
are not any more able to reach a precipitate. This would be
reflected cleary in a change of the annihilation parameters
recorded by positron lifetime spectroscopy, but which
has not been observed here. Since we can assume that
all positrons are finally localized inside the precipitates,
the annihilation signal stemms exclusively from the
influence of the internal microstructure of the precipitates
(crystal structure and build in defects as well as chemical
composition), or from the interface (see Fig. 1). Hence,
positron annihilation spectroscopy is a very sensitive
methods for recording changes in the microstructure of

the precipitates and their interface, especially the change
from totally coherent to semi-coherent like in Al-Zn.

While TEM provides a qualitative analysis of the size
and shape of precipitates as well as an analysis of their
chemical composition in the nanometer range [5], a com-
bination with integral methods like small-angle X-ray
scattering, or positron annihilation spectroscopy can pro-
vide additional information. Compared to other methods,
the main drawback of TEM is the difficult sample prepara-
tion and the small volume fraction that can be investigated.

6XXX AlMgSi alloys have been developed for appli-
cations in the automotive industry, however they are used
in railway waggons and aircraft fuselages, too. In con-
trast to AA-2024 (AlCuMg alloy), these alloys have less
specific weight, and they are weldable. For the Airbus
aircrafts A318 and A380, laser-beam welding has been
introduced into serial production for skin-stringer join-
ing in some fuselage sections. The precipitation sequence
of 6XXX AlMgSi-alloys without major additions of cop-
per is as follows [13, 14]: homogenization → GPZ →
needle-like β ′′ → rodlike β ′ → β−Mg2Si+Si . The meta-
stable phases β ′′ and β ′ transform after sufficient long
heat treatment into the stable β − Mg2Si phase [14–16].
Copper influences the precipitation sequence and leads to
the formation of additional phases: homogenization →
GPZ → needle-like β ′′ → rodlike β ′ + lathlike Q′ →
Q + β−Mg2Si + �−Al2Cu + Si [15, 16]. The distri-
bution of the precursor metastable state (β ′′) of Mg2Si
precipitates in the age-hardenable 6XXX-alloys is one of
the main factors that controls their mechanical proper-
ties [13, 17]. Copper additions results in a substantial in-
crease in strength, since this is leading to smaller and finer
distributed precipitates [18]. Increased copper concentra-
tions lead to the formation of the so-called Q phase and
its precursor Q′. It has been assumed to be an intermetal-
lic Al4CuMg5Si4-phase which has a rod-like shape [13],
while more recent investigation propose Al5Cu2Mg8Si4
for its hexagonal structure [15].

The β ′′-phase is homogeneously distributed in the vol-
ume and totally coherent in the Al matrix. It has the shape
of needles with spherical cross section, while the shape of

Figure 1 Localization of positron in different types of precipitations: (a) fully coherent, (b) semi-coherent and (c) incoherent. Shown are atomic positions
of Al-atoms (smaller) and precipitated atoms (larger) as well as the created attractive potential for positrons ( V+ ) and the localization of the positron wave
function ( ψ+ ).
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the meta-stable β ′ phase is rod-like with ellipsoidal cross
section. This phase is mostly coherent while at the ends
of the rods it is incoherent to the Al-matrix—a so called
semi-coherent precipitate. The shape of the β−Mg2Si
phase is plate-like. While they have a size of some 100 nm,
the depth of the plates is at least 10 nm. Its crystal struc-
ture has been determined to be the cubic CaF2-structure
with a0 = 0.639 nm (see [15] and references therein).
This equilibrium phase is incoherent to the Al-matrix.

The change from totally coherent to semi-coherent
precipitations is important, since it influences material
properties like tensile strength or hardness. However, this
change is difficult to observe. Positron annihilation spec-
troscopy is one of the few methods which react very sen-
sitive to these changes (see [11, 12] for a review and
[19] where positron trapping to precipitates is discussed).
The advantage is that PAS is non-destructive and allows
statistical data on many precipitations. By lifetime spec-
troscopy it is in principle possible to determine the relative
fraction of coherent and semi-coherent precipitations.

Even though TEM investigations are a suitable tool to
monitor changes in the density and distribution of pre-
cipitations in Al-alloys, in this study accompanying TEM
investigations were not necessary, since there exist a vari-
ety of studies on these and similar alloys [15–17, 20–22].
Additionally, they would not give much new information
which could be correlated directly to the positron annihi-
lation results. The reasons are as follows: Firstly, for the
ageing conditions considered here the density of precipi-
tations is so high (or their mean distance is so small) that
anyway all positrons are trapped to precipitations. Sec-
ondly, the precipitations in AlMgSi alloy change during
the ageing treatment applied from GPZ or clusters to fully
coherent β ′′ at peak-age and to semi-coherent β ′ on over-
aging, which is visible in TEM, but anyway well known
from the literature. Thirdly, structural vacancies inside and
local changes around precipitations are visible by PAS but
not in the TEM. Hence, even here a correllation is diffi-
cult. Lastly, TEM is a local method probing only a very
limited volume of about some µm3 while positron anni-
hilation as an integral method probes a volume of about a
cm3.

The aim of this article is to show that it is possible to
follow the changes in hardness during aging AlMgSiCu-
alloys at ambient temperatures (190◦C) by combined
positron lifetime and Doppler broadening measurements.
Our interpretation of the data will be supported by a com-
parison to the well known system AlZn and by calcula-
tions of positron annihilation parameters.

2. Experimentals
The investigated samples where prepared form the techni-
cal aluminum alloys AA-6013 and AA-6061 provided by
ALCOA. The chemical composition of the investigated
AA-6013 and AA-6061 alloys are given in Table I in wt%
and in at%. This means that the AA-6061 alloy is mainly
quarterny (Al, Mg, Si, Cu) with a slight excess of Si and
low Cu content, while the AA-6013 alloy is also mainly
quarterny possessing more excess Si and a high Cu con-
tent. Stoichiometric AlMgSi alloys would have an at%
relation between Mg and Si of 2:1, due to the equilibrium
phase Mg2Si.

The samples were solution heat treated at 570◦C and
subsequently quenched in water. After solution heat treat-
ment and quenching for the positron measurement the
source-sample sandwich with two identical samples was
prepared and artificially aged at 190◦C for the given time
and then measured at room temperature. Without any
changes of the source-sample sandwich the following
heat treatment and PAS measurements have been per-
formed. That ensures that even small changes in the aver-
age positron lifetime are recorded correctly.

As radioactive source we used 22Na as positron emit-
ter. The obtained spectra have been analyzed after source
and background subtraction assuming both one and two
component spectra. The decision how many components
could be resolved has been made according to a compari-
son of the variance of the fit. We recorded 5.4×106 counts
per spectrum after background subtraction—enough for
a secure decomposition. For details on the experimental
measurement and the data analysis see [19, 23–25].

To reduce the scattering due to inhomogeneities in the
samples the Vickers hardness measurement has been per-
formed as an average value of 10 points taken.

3. Positron interaction with precipitations
The quantitative description of positron trapping in pre-
cipitations has been discussed thoroughly in recent ar-
ticles [11, 19]. Here, we will just briefly explain how
positrons interact with precipitations.

3.1. Positron trapping into precipitations
The interaction of positrons is possible as well with co-
herent as with semi- or in-coherent precipitations (for the
first comprehensive review on this subject see [10] or for
more recent ones [11, 12]). For fully coherent precipita-
tions the following conditions for positron trapping have
to be fulfilled: (i) the positron affinity of the precipitate

T AB L E I Specification for the Al-alloys AA-6013 and AA-6061

Alloy content Mg Si Cu Fe Mn Al

AA-6061 [wt%] 1.06 0.65 0.28 0.37 0.04 Balance
AA-6013 [wt%] 1.0 0.7 0.9 0.3 0.3 Balance
AA-6061 [at%] 1.2 0.62 0.12 0.18 0.02 Balance
AA-6013 [at%] 1.1 0.67 0.38 0.14 0.15 Balance
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has to be larger than that of the surrounding matrix [26],
and (ii) the totally coherent precipitates have to be larger
than a critical size of some nm to allow positron cap-
ture [27]. Alloying elements like Mg, Si, Cu, Li, Zn, . . .
typically used in the case of Aluminum alloys fulfill the
first condition [26]. The second condition is usually ful-
filled shortly after quenching the sample and storage at
room temperature. For semi- or in-coherent precipitates
positrons may be trapped by the misfit dislocations at the
interface between matrix and precipitate either directly
or after having been trapped to the coherent part of a
semi-coherent precipitation (see Fig. 1).

3.2. Positron annihilation at precipitations
The positron lifetime and the Doppler broadening of the
annihilation radiation (DBAR) will differ significantly,
whether positrons will be trapped to fully coherent precip-
itation on the one hand and to semi- or in-coherent precip-
itation on the other hand. Hence, PAS provides valuable
information on the kind of a precipitate: coherent, semi-
coherent, in-coherent, or coherent but containing vacan-
cies (cf. [10, 19]). Employing the DBAR technique one
can obtain additional information on the chemical envi-
ronment of the positron trapping site [28, 29], i.e. the
nearest neighbor atoms around a vacancy or inside the
precipitation.

3.3. AlZn as an example
The results on Al-Zn containing 15 at% Zn, prepared from
4N starting material, presented in the following serve as
an example for a suitable interpretation of the positron
annihilation data obtained here in the case of AA-6XXX
alloys.

The results for Al-Zn are just been given to show how
the change from coherent to semi-coherent precipitates
may be monitored by positron annihilation. This is inde-
pendent of the actual shape of the precipitates (spherical,
plate- or needle-like).

After solution heat treatment (450◦C for 3 hours) of
the AlZn-alloy, subsequent quenching in water at room
temperature, and pre-aging for one hour all precipitations
in the matrix are totally coherent. This is reflected in a
high hardness and in the fact that the positron lifetime
spectra, taken at room temperature, are single-component
(τ1 = 155ps) while both lifetime and S-parameter, as
given in Table II [10, 30] are in between the correspond-
ing bulk values for Zn and Al, respectively (see [6] for the

experimental details). This can only be explained by trap-
ping sites which do not contain open volume defects like
vacancies. Totally coherent precipitations with a larger
positron affinity than the Al-matrix fulfill this condition.
Since the precipitations are small in size and fine dis-
tributed, all positrons will reach them during their diffu-
sive motion [8, 30].

During isothermal aging at 100◦C, and hence growth of
the precipitates, an increasing number of the initially fully
coherent particles grow in size and become semi-coherent.
This is reflected in the detection of a second lifetime com-
ponent (τ2 = (240±10)ps) starting from an aging time of
about 1 × 104 s, while the shorter one (τ1 = (155 ± 3)ps)
does not change. While the second lifetime is signifi-
cantly longer than that detected in Al-bulk, its value of
about 240ps is close to that detected for monovacancies
in pure aluminum (cf. Table II [10, 30]). For even longer
aging times the relative number of positrons η2 annihilat-
ing with this new kind of trap increases, reflected also in
an increasing intensity I2 of the second lifetime compo-
nent (cf. Fig. 3). The measured defect specific positron
lifetime of about 240 ps can be attributed to trapping into
misfit dislocations at the matrix-precipitate interface. If
the positron is first trapped in the shallow potential of the
precipitation itself and if there are existing misfit dislo-
cations, then the positron certainly leaves this precursor
trap and becomes localized in the deep vacancy-like trap
(misfit dislocations) leading to 240 ps. Hence, positrons
react very sensitive to the transition coherent → semi-
coherent precipitation [6]. In principle, the trapped frac-
tion of positrons η2 corresponding to the longer lifetime
component τ2 should reflect the relative fraction of semi-
coherent to totally coherent precipitations.

This interpretation goes conform with results on the
Guinier-radius determined by small-angle X-ray scatter-
ing showing a splitting (see Fig. 2) and, hence, indicat-
ing the growth of precipitations ellipsoidal in shape. The
formation of these semi-coherent precipitates is accom-
panied by a decrease of the hardness (see Fig. 2).

4. Results on 6013 and 6061 Al-alloys
In this section we present experimental result on the tech-
nical AA-6013 and AA-6061 alloys and theoretical cal-
culations of positron annihilation parameters in pure Al,
Si, and Mg as well as in Mg2Si precipitations with and
without vacancies. For the investigated alloys the state
after solution heat treatment, quenching and two weeks

T AB L E I I Positron lifetimes τ and relative S-parameters S/SAl for pure Al, pure Zn, the AlZn-alloy, and defect specific value for monovacancies
(VAl, VZn) according to Dlubek et al. [10, 30]. The positron is supposed to be de-localized over the entire coherent precipitation, while for semi-coherent
ones it should be localized at the misfit dislocations.

Trap Bulk Al VAl Bulk Zn VZn

Coherent GP-zone
Al-Zn

Semi-coherent
GP-zone Al-Zn

τ [ps] 160 ± 3 240 ± 5 152 ± 3 220 ± 10 155 ± 3 240 ± 10
S/SAl 1.000(5) 1.040(5) 0.890(5) 0.966(5) 0.911(2) 0.997(5)
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Figure 2 Relative S-parameter S/SAl, average lifetime τ̄ , and Vickers
micro-hardness HV, as well as radii of Guinier-Preston zones rG determined
by small-angle X-ray scattering for isothermal aging of Al-Zn(15) alloy at
100◦C after quenching from 450◦C to room temperature according to [6].

aging at room temperature is called T4, while the state
after aging at 190◦C for four hours is called T6. Both
sample treatments are leading to precipitates which are
responsible for positron trapping. But for the final mate-
rial properties in these Al-Mg-Si-Cu alloys the thermal
history is decisive [15].

4.1. Calculation of positron lifetimes
in Mg2Si precipitations

The lattice structure of the β-phase (Mg2Si) has been
determined to be cubic (CaF2 structure) with a lattice
constant of a0 = 0.639 nm [14, 16]. This has been used
as an input for the calculations.

The calculations employ the superimposed atom
method for the calculation of the positron lifetime [31,
32]. The results are given in Table III. While these cal-

Figure 3 Decomposition of the lifetime spectra for isothermal aging of
Al-Zn(15) alloy at 100◦C starting from aging times ≥ 1 × 104 s according
to [6]. η2 is the relative fraction of trapped positrons corresponding to the
longer lifetime τ2.

culation re-produce the positron bulk lifetime for most
transition metals very well within a few, the calculations
for Al are known to overestimate the bulk lifetime by at
least 8 ps. The same may be the case for Mg bulk which
has the same inner shell electron structure as Al.

From Table III one can see some difference for the
positron lifetime corresponding to vacancies on different
sublattices in Mg2Si. The defect specific positron lifetime
for vacancies on the Magnesium sublattice is longer than
for vacancies on the silicon sublattice in Mg2Si.

The positron lifetime (the inverse of the annihilation
rate) is known to scale with the electron density. Since

T AB L E I I I Positron lifetimes in bulk and defects (vacancies and diva-
cancies) by experiment and calculations. The upper rows show the results
of the calculations, while the lower rows give some experimental data (for
Al see [10, 19], for Si see [33], and for Mg see [34])

τb [ps] τv [ps] τv [ps] τdivac [ps]

Theory
Al 166 240 – –
Mg 235 299 – –
Si 221 270 – 310
Mg2Si 238 Si: 262 Mg: 280 307

Experiment
Al 158 ± 3 240 ± 5 – –
Mg 225 ± 5 – – –
Si 218 ± 2 275 ± 5 – 310 ± 6
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the volume density of the meta-stable precipitates can be
assumed to be nearly the same as that of the stable Mg2Si
crystal, this can be expected also for the electron density
and, hence, the calculated positron lifetimes are expected
to deviate not significantly.

4.2. Positron lifetime and Doppler broadening
experiments

In both alloys the average positron lifetime measured di-
rectly after solution heat treatment and quenching is sig-
nificantly above the Al-bulk lifetime: (215 ± 1) ps and
(212±1) ps for AA-6013 and AA-6061, respectively. For
both alloys the lifetime analysis shows single component
spectra—indicating only one kind of positron trap within
the sensitivity limits of the method [24]. In both cases the
measured positron lifetime is in between the bulk lifetime
for Al and that for bulk Mg2Si (see Table III and Fig. 5).
This is indicating, as in the case of Al-Zn (cf. Section 3.3),
that trapping occurs to totally coherent precipitations. The
slight difference in the average lifetime between the two
alloys may reflect the different copper content.

For AA-6013 the average lifetime is slightly decreasing
during the hardness increase up to 120 min at 190◦C (see
Fig. 4). The positron lifetime spectrum remains single-
component and the average lifetime is dropping from 206
down to 203 ps. At this point the hardness has reached

Figure 4 Average positron lifetime and hardness measurement for the al-
loys AA-6013 during heat treatment at 190◦C. The precipitation sequence as
known from the literature is indicated. The average lifetime decreases until
120 min aging time for AA-6013 while the hardness increases. Thereafter
the average lifetime increases again and the spectra become two-component
(indicated in the figure).

Figure 5 PAS measurement for the alloys AA-6061 and AA-6013 during
heat treatment at 190◦C. The average lifetime decreases until 120 min and
300 min aging time for AA-6013 and AA-6061, respectively. Thereafter the
average lifetime increases again and the spectra become two-component. In
the case of AA-6061 the average lifetime has its minimum toward longer
aging times.

its maximum value of 145 HV, while the average positron
lifetime reached its minimum value of 203 ps (see Fig. 4).
For even longer aging times the average positron lifetime
is increasing again, while the hardness tends to decrease
(see Fig. 4). A two component analysis of the lifetime
spectra reveals that for longer aging times than 660 min a
second defect-related positron lifetime in the range 260−
330ps appears with increasing intensity, while the shorter
lifetime τ1 remains constant ((203±8)ps) within the error
margins of the decomposition.

For the second investigated alloy AA-6061 a similar
decrease of the average positron lifetime is observed —
just a bit shifted towards longer aging times. The aver-
age positron lifetime falls from 213 ps down to 208 ps
at 300 min, i.e. the minimum is reached later compared
to AA-6013 (see Fig. 5). As for the more copper rich
alloy AA-6013 but for shorter aging times two com-
ponent spectra with a second lifetime in the range of
280 . . . 350 ps are detected with increasing intensity, while
the shorter lifetime component stays approximately con-
stant at (208 ± 5)ps. Unfortunately, the intensity is so
small so that the longer lifetime component cannot be
reliably resolved (for problems of the lifetime analysis
see [24]), while for both alloys the value of the aver-
age lifetime is found inbetween the value for Al-bulk and
Mg2Si-bulk. This can be interpreted just as in the example
discussed for Al-Zn in section 3.3. During the first hours
of aging only coherent precipitates trap positrons (the av-
erage lifetime is found inbetween the value for Al-bulk
and Mg2Si-bulk). As soon as enough of the precipitations
become semi-coherent or incoherent a second positron
lifetime with increasing intensity appears while the first
lifetime is not changed, meaning that an increasing frac-
tion of positrons is trapped in semi-coherent precipitates
(see Fig. 5 and compare τ̄ in Fig. 2). The positron life-
time value obtained from the decomposition of the spectra
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(280−330 ps) is reasonable, since for positron annihilation
in semi-coherent precipitations one would expect a spe-
cific positron lifetime as for dislocations which is usually
very close to that for trapping into monovacancies—about
280ps for Mg2Si according to Table III.

It may be interesting to note that the difference in the av-
erage lifetime between the alloys 6013 and 6061 decreases
from the nearly constant value of 8 ps to 4 ps just during
the hardness increase (see Fig. 5). The lifetime difference
between AA-6013 and AA-6061 could be an indication
of the enhanced formation of the copper-rich so-called
Q′-phase in the case of AA-6013. The lattice structure of
this phase is suggested to be similar to that of Mg2Si. But
different author propose different chemical compositions:
Al4CuMg5Si4 [13] and Al5Cu2Mg8Si5 [14].

Additional DBAR experiments have been performed
at the same time. They show a similar trend for the S-
parameter with aging time as the average positron lifetime
does. For the W-parameter (sensitive to core-electron an-
nihilation) the trend shows that over the considered aging
time the W-parameter is always higher for AA-6013 com-
pared to AA-6061. It has been noted earlier that positron
annihilation in the vicinity of copper atoms increases sig-
nificantly in the very momentum range where the W-
parameter is taken. The data are omitted here due to their
poor statistics.

5. Conclusions
The results presented here show that it is possible to fol-
low changes in the precipitation structure during am-
bient temperature aging (T6) of the technically im-
portant Al-alloys 6XXX. At an aging time when the
maximum hardness is detected, the average positron
lifetime reaches a minimum while the spectra be-
come two-component due to new formed open volume
defects associated with an increasing fraction of the pre-
cipitates. This is indicating the formation of semi- or in-
coherent additional phases. The longer positron lifetime
typical for semi- or in-coherent precipitates is also re-
flected in the increasing average positron lifetime.

Hence, we have shown that by means of positron an-
nihilation it is possible to follow the changes in the pre-
cipitation structure, i.e. the transition from coherent to
semi-coherent, for the aluminum alloys AA-6013 and
AA-6061. Significant changes in the lifetime spectra have
been correlated with changes in the hardness of the sam-
ples.

For the future one could imagine aging at slightly higher
or lower temperatures than 190◦C and over-aging the
material significantly to produces the incoherent equilib-
rium phases. Detailed analysis of the core-annihilation of
positrons via DBAR measurements are expected to give
more concise information on the chemical surrounding of
the annihilation sites inside the precipitations or at their
interface towards the aluminum matrix.

Considering not previously characterized Al-alloys
produced e.g. from high purity elements, it would be

highly desirable to combine positron annihilation mea-
surements with structural investigations by transmission
electron microscopy to correlate the obtained PAS-data in
a unique way with changes in the microstructure like the
transition from coherent to semi-coherent precipitates.
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27. G . B I S C H O F, V. G R Ö G E R, G. K R E X N E R and R. M. N I E M-
I N E N , J. Phys.: Condens. Matter 8 (1996) 7523.

28. P. A S O K A-K U M A R, M. A L ATA L O, V. J . G H O S H, A. C .
K RU S E M A N, B. N I E L S E N and K. G. LY N N , Phys. Rev. Lett.
77(10) (1997) 2097.

29. M. A L ATA L O, B . BA R B I E L L I N I , M. H A K A L A, H. K AU P-
P I N E N, T. KO R H O N E N, M. J . P U S K A, K. S A A R I N E N,
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