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We investigate the changes in the microstructure on a nano-scale (nano-structure) in
technically used AlICuMg 2024 alloys. We show how the annihilation parameters, i.e. the
positron lifetimes and corresponding intensities, are changing during natural and artificial
aging. It turns out that positron annihilation spectroscopy is very sensitive to changes
occurring in the nano-structure but which are not always reflected or measurable in the
materials properties such as hardness. The detected changes in the positron lifetime,
corresponding to trapping at precipitations, indicate transport of copper atoms through the
aluminum matrix to the precipitations. Multi-component spectra for very long aging times
indicate that the distances between the trapping centers have increased. This means that

the precipitations grow in size, while their number decreases. © 2000 Kluwer Academic
Publishers

1. Nano-sized microstructure — the key for The characterization of the nano-structure of alu-
custom tailored aluminum materials minum alloys requires the complex application of
The phenomenon of particle hardening in aluminumdifferent physical analysis techniques. Transmission
alloys was discovered by Wilm in the year 1906, inves-electron microscopy (TEM) has been developed to an
tigating AICuMg alloys of different chemical compo- efficient “tool” which provides not only images and
sition [1]. The explanation for this accidental discovery diffraction patterns but enables also an element analy-
was given by Guinier and Preston in the late 30th [2, 3]sis of particular regions of the microstructure (EDS or
During natural or artificial aging, ordered microstruc- EFTEM, EELS) down to a range of nanometers.
tural regions — so-called Guinier-Preston zones (GP Using TEM, it is possible to characterize morphol-
zones) — and meta stable phases are formed in agegy, crystalline structure, and chemical composition of
hardenable aluminum alloys. They hinder dislocationdifferent microstructural regions [8]. The information
movement effectively and, hence, are causing increassbtained from individual parts of the microstructure
ing hardness [4, 5]. This means that custom tailoringcan be combined with complementary integral inves-
of material properties, by applying a defined heat treattigation methods which scan a large number of mi-
ment, is possible [6]. crostructural parts and, hence, allow statistical state-
Microstructure analysis on a nano-scale, catlado-  ments about the material. Examples are X-ray methods
structurein the following, as well as knowledge about like small angle scattering, diffuse scattering, and X-ray
the correlation between nano-structure and macroabsorption spectroscopy, but also positron annihilation
scopic material properties are indispensable for the despectroscopy (PAS).
velopment of new aluminum alloys. This information In recent years, positron annihilation spectroscopy
is of particular interest for solving specific problems has become a powerful tool for the investigation of
on the one hand, and for characterization of eventueefect-structures in solid state physics. It has been
ally occurring changes of the material under realisticshown that this technique can be used for characteriza-
conditions on the other hand [7]. tion of the microstructure in age-hardenable aluminum
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materials (AlZnMg: [9-12], AICuMg: [13-15], AlLi: nearlyall, i.e. more than 98% of all positrons, are reach-

[16, 17], AlSc: [18] — see also [19] for a review). ing defects, then this determines the upper sensitivity
The aim of this article is to point out the following limit (see [21] for a review). This is similar for evenly
relations for AICuMg alloys systematically: distributed nano-sized precipitations in the matrix.

In the undisturbed crystal (bulk) the positron stays

e The influence of the chemical composition of the — after thermalization — mainly in the interstitial re-
precipitations in the alloys on the average positrondions, i.e. far away from the positively charged nuclei.
lifetime, and determination of the positron life- Itannihilates preferentially with valence electrons after
times for different types of precipitations (decom- & material specific lifetime of, ~ 158 ps for Al. This
position of the spectra). positron lifetime is determined by the electron density

e Influence of artificial aging on the positron lifetime at the annihilation site. The emitted annihilation radi-
in AICuMg alloys. ation of two 511-keVy quanta is detected in positron

e Influence of natural aging on the positron lifetime lifetime spectroscopy as a stop signal. Other parame-
in AICuMg alloys. ters which can be measured are the angular correlation

of the emittedy quanta and their Doppler broadening.

From the former the Fermi surface can be determined

since the momentum of the positron is small in com-

. . Sparison to that of the electrons. DOBS can be used for

The advantage of nano-structural studies of solid oo . .

Investigations of the microstructure. It reveals informa-

by positron annihilation relies on the fact that ki- . T o
e L L tion about the momentum distribution at the annihila-

netic investigations can be performesitu and non- tion site of the positrons and, hence, is sensitive to the

destructively. Furthermore, one obtains statistical data P ’ '

averaged among a great number of precipitations in thghemlcal environment in Al-alloys [22, 23],

A ) L ; If vacancies are present in the solid in a sufficiently
alloys, since positron annihilation is an integral method.,_. ! ; .
- . . high concentration, a measurable amount of positronsis
Hence, the information drawn from that is complemen-

tary to TEM results localized at the vacancy sites, because the positive core

) is missing at this point, and because the electron clouds
of the surrounding atoms spread into the vacancy site,
. . . creating locally a negative charge. Hence, an attractive
2.1. Interaction of positrons with defects potential exists for the positron at the vacancy site. The
Positron lifetime spectroscopy (POLIS) and Dopplersimplest approximation would be a three-dimensionall
broadening spectroscopy of the annihilation linegqgyare potential. This means the positron is in a quan-
(DOBS) have been applied to investigate vacancy-typgym mechanically bound state. Since the electron den-
defects in solid state physics for about 25 years. Ususity at the place where the positron is localized will
ally, the * irradiation from?*Na is used as a positron pe smaller than in defect-free areas, the annihilation
source. The radioactive Sodium isotope decays to aropability or the annihilation rate, will be lower, i.e.
exited state of’°Ne under the emission of a positron. the |ifetime 7, = 1/4, will be longer (approximately
Within a few ps, the excited state of the Ne atom de-Tv ~ 240 ps for monovacancies in Al). Hence, POLIS
cays to the ground state under emission pfguantum s aple to separately detect vacancy-like defects with
(1.274 MeV). In positron lifetime spectroscopy, this gifferent electron densities. This means, the defects
vy quantum is detected as starting signal. The positrogysyally have different spatial extension and, hence, dif-
penetrating the sample loses its initial energy of up tqerent electron densities: like monovacancies, vacancy
540 keV within a few ps mainly by inelastic collisions cjysters, or surface states (defect-related lifetimes for
with electrons. When the positron has slowed down tgyositrons trapped to surface states are known to be
ther_mal energies of kg T, it is starting a diffusive Tourt A~ 500—600 ps for Al [24, 25]). Positron trapping
motion through the sample. During this random walkqye to interstitial atoms or non-negatively charged im-
motion, the positron is elastically scattered by phononsyyrities or anti-structure defects is not detected. De-
The maximum penetration dep'Fh duringther.malizationpending on the binding energy, positrons can escape
is up to some 10@:m (The medium penetration depth thermally activated from traps having a small binding
is — depending on the charge of the nuclei — 15—energy for positrons. This could be the bare dislocation
60 «m) while the average positron diffusion length, |ine in Al or its alloys [26-28]. In Al alloys, princi-

given by L =/2dD, 7ert [20], is about 400 nm in  pa|ly. also coherent precipitations could act as shallow
defect-free Al. Herel is the dimension of the diffusive  positron traps.

motion, D is the material specific positron diffusion

constant, and /e = Aef = Ap + 1w Cqy is the reciprocal

of the effective positron lifetime — the effective an-

nihilation rate f is the trapping coefficient — being 2.2. Setup for lifetime measurements

material and defect specifi€y the defect concentra- The measurement of the positron lifetime is based on
tion, andi, the annihilation rate in the perfect crystal). the time difference between the birth of the positron
The diffusion length determines the sensitivity of the (simultaneous emission of the startquanta) and
investigation technique. If the defects, e.g. vacancies dihe annihilation radiation (stop-quanta). As given
dislocations, are so far apart that nearly no positron, i.eschematically in Fig. 1, a so-callesburce-sample-
less than 2%, is able to reach the defects onits diffusiosandwich arrangement is used where the positron
path, then this determines the lower sensitivity limit. If source is placed between two identical samples.

2. Positron interaction with precipitations
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Figure 2 Possible capture of positrons in or at precipitations ((a): co-
herent, (b): coherent containing structural vacancies, (c): in-coherent):
SS— Sample ... Shown is also the attractive potential felt by the positrons and which

causes the binding. The position probability density, i.e. the positron
Figure 1 Principle of lifetime measurement: the source-sample arrangewave function squared (dashed line), is given as well.

ment is magnified.

Amvg — Aa =—1.77 eV and Ac,— Aa =—0.40 eV.

Constant_—frgction discrimin.atqrs are in use for the deFurthermore, positron lifetime spectroscopy is able to
tectors within a fast-fast coincidence setup. One of thegive additional information on the type of the pre-

detectors has its energy window set to the sfar@nd  initation: coherent, semi-coherent, incoherent, or co-
the other to the stop-quantum. Only coincidentevents parent hyt containing structural vacancies (cf. Fig. 2).

will be accepted. The-quanta are creating scintilla- gqpecially the transition from totally coherent to semi-

tion light in the plastic scintillators which is ampli- coherent precipitations can be monitored well using
fied proportional to the initial energy of the quanta ,itron annihilation. This can be seen from the decom-
by th_e following photo multipliers. '_I'he energy selec- position of the spectra[9, 22]. Combining lifetime mea-

tion is done by the constant fraction discriminators.q,.ements with Doppler broadening investigations, ad-
By choosing appropriate energy windows, it can beyjijonalinformation can be obtained about the chemical
made sure that no stop-incidents are registered as stagly ironment of the annihilation place (nearest neighbor
|nC|dents..OtherW|se,th_e energy windows ShQUId be the o ms to the trapping center). In coherent precipita-
best possible compromise between a good time resolyz, g the nositron wave function is delocalized over the

tign (FWHM *‘1250 ps) and an acceptable counting rate, b |6 spatial extension of the precipitation, while in the
(~500-800 7). From the start and stop incidents, the o mi_ orin-coherent case, the wave function is localized

time-to-amplitude converter shows a voltage propor; the misfit dislocations in the precipitation-matrix in-

tional to the time between the detected radiation quantg, t5ce or at the interface itself (cf. Fig. 2). Hence, the

The single events are stored in a multi-channel analyzer ninjjation parameters change significantly. Since an

according to the time measured. The experimental lif€;, . 5harent precipitation has a defect-rich interface to

time spectrum is convoluted with the time-resolution e A|matrix, which is comparable to grain boundaries,
function of the setup. Since a deconvolution is NUMery, e Kositron will certainly be localized at the interface.

ically very difficult, a model spectrum is created, andyyie give some examples for the sensistivity of POLIS
using a non-linear GadNewton-Marquardt regression Table I.

procedure, the lifetimes and intensities of the function
are fitted to the experimental data (for reviews cf. e.g.

[23, 29, 30)). 2.4. The trapping model

The trapping model has been thoroughly described in
a recent review [21] (cf. also [23]). Therefore, we give
only the special features for positron trapping to pre-
cipitations in this paper. One of the basic assumptions
in using the standard trapping model (STTM) is that
positron trapping centers have to be evenly distributed
in the matrix. The trapping itself can be rate or dif-
usion limited — depending on the kind of trap. The

2.3. Interaction of positrons
with precipitations

There are different possibilities of a positron interac-
tion with coherent or incoherent precipitations. If the
positron affinityA of the precipitation is higher than that
of the surrounding matrix, the positron can be trappe
even into totally coherent precipitations, i.e. where no
‘open volume’ is existing. Hence, the corresponding
lifetime will be that of the corresponding intermetallic TABLE | Annihilation parameters for different radiiand different
phase. One additional condition for this is that the pre-average distancesof precipitations in Al calculated according to Equa-
cipitation is larger than a critical size [31]. All elements tion 2. Here is the trapping rate ang the fraction of trapped positrons

typically used in Al alloys (Li (second row in periodic . ym d [nm] K [sY 2
table), Mg, Si (third row), Sc, Zn, Cu (fourth row), Ag

(fifth row)) have a significant larger positron affinity 1 7.4 163 0.999
A than pure aluminum [32]. This means, at precipita- 10 74.2 1%1 0.940
tions, in which these elements are concentrated, therfégg 7112‘27 13) 8'(1)36156

is an attractive potential for positrons. Examples are
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STTM leads to different data analysis then the diffusion Since one can generally not expect complete trapping
trapping model (DTM), proposed in the case of trap-to defects of one kind (e.g. vacancies) one has to decom-
ping at grain boundaries [33], i.e. not evenly distributedpose also the Doppler spectra to obtain the annihilation
defects. line for positrons trapped to defects. Therefore, it is
The result of an analysis according to the STTM areabsolutely necessary to combine Doppler broadening
the trapping rates; (i =2, 3, ...), related for rate lim- and lifetime measurements, since the average lifetime
ited capture to the defect density as follows: 7 as well as the momentum distribution of the electron
positron pair are linear combinations of annihilation
ki = piGCi, (1)  events in the bulk (index ‘b’) and in vacancies (index
wherey; is the trapping coefficient which is tempera- v
ture independent for vacancies in metals [20]. This is T=(1-1)wm+ 0ty (3)
valid up to temperatures just below the melting point
[34]. f(pz) = (1 = nv) fo(p2) + 1v fu(P2), 4
Since, in the case of extended defects like precipi-
tations, the trapping is diffusion limited, a different ex- where 5, is the fraction of positrons annihilating in
pression than (1) is obtained. This means that the difyacancies, and (p,) the momentum distribution of the
fusion of the positron to the defect is the limiting factor annihilating positron. Equation 4 is often written with
for the trapping, and not the capture rate. For nearlythe appareng parameter [23]:
spherical defects,

S=1-nS+mnS. (5)
4 D Ieg KiTh
Ki = %Ci; ni = Hrlﬁ (2)  From Equation 3 and 4 or 5, can be obtained iff,
bZj=2%] or § are known, since POLIS determines all unknown

is obtained whereD, is the diffusion constant for values in (3).

positrons D, =(1.740.2) cn? s ! for Al at room

temperature [35]),er is the effective radius of the cap- 3. Experimental results

turing center,Q is the atomic volume, an@; is the  The investigated samples were cut from sheets of the

defect concentration per atom for defecN; =C;/Q  AlCuMg aircraft alloy 2024. The protecting Al plating

is the defect concentration per volume, being, in thewas removed by etching.

case considered here, the numbket 6/(d®) of pre- Then, the samples were investigated using positron

cipitations per volume, whekis the average distance lifetime spectroscopy. In nearly all cases we did find

ofthe capture centers. We consider here Equation 2 onlgnly single-component spectra. Since the lifetime re-

for i =2 meaning only one type of defect in the sam-lated to trapping in precipitations (about 200 ps) is sig-

ples [21]. Intensityl, and trapping fraction are plotted nificantly above the bulk lifetime in the undisturbed Al

in Fig. 3 in depence on trapping rate, vacancy concenmatrix (about 158 ps), the precipitations seemto contain

tration, dislocation density or precipitation distance. Invacancy-like defects which are trapping the positrons.

this case, the trapping coefficient is temperature depenkhe positron lifetime of about 210 ps in the initial state

dentviaD, : u o T2 forlow andu oc T~Y2 for higher s significantly below that one measured for monova-

temperatures (cf. [36] and references therein, e.g. [37])cancies in pure Al (about 240 ps), but certainly above
the corresponding value for vacancies in pure copper
(about 170 ps) [21]. The changes of the average lifetime

10F 10 from the initial state with increasing aging time can be
Fraction of trapped Positrons 1, explgir)eo! by fur_ther transport of copper atoms to the
s o8 precipitations. Since copper has a relatively small bulk

lifetime, i.e. 112 ps, the average lifetime for positrons
trapped to precipitations is decreasing by copper diffus-
ing to and incorporation into the precipitations (com-
pare Figs 4-6). So, the chemical compaosition of the

- o6
Intensity 1,

- 0.4

02 4 0z precipitations is changed.
Fig. 4 shows the change of the positron lifetime dur-
L] i EE R R L ing natural aging up to 40 years. The straight line is

8 9 10 11 12
10

a linear fit to the experimental points in a logarithmic
scale of the time axis. Figs 5 and 6 correspond to artifi-

Trapping Rate k [s7']

e Swlieeml cial aging at 85 and 13@, respectively. The higher the
10" 10" 10" 10" 10" cwim‘1  applied temperatures the faster are the diffusion pro-
oo 20 o o a0 dim cesses. This fact corresponds to the detected positron

lifetimes, decreasing much more rapidly for higher ag-
Figure 3 Only one defect-related lifetime component: given are the in- ing temperature.
tensity I, corresponding to the defect-related lifetime component and Inthe figures 0n|y the average lifetime is show. since

the fraction of trapped positroms in dependence on the capture rate .
as well as the corresponding concentration of monovaca@gigslislo- the attempt to perform a mUItI'Component decompo—

cationsCq, and the average distandebetween precipitations assumed .Sitior.] of the SpeFtra was impossible for sh_orter_ ag-
to have a radius of 2 nm. ing times and failed also for the largest aging time.
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Figure 4 Change of the average positron lifetime with the duration of Figure 6 Changes of the average positron lifetime with the duration of
natural ageing of the 2024 T3 alloy. artificial aging the 2024 T3 alloy at 13G.
Time [h]

lifetime, i.e. they decrease exponentially with time (not
0 460 , L, ed00 , , 1000 shown in the figures). The decrease up to values sig-

213—' L 218 nifica_ntly below thg annihilation parameters related to
L i [Antficial Aging at 85°C] - trapping at vacancies in Al supports the explanation by
216 Jd216 Cu atom diffusion to the precipitations.
202~ i =202
4. Conclusions
200 |- ‘{ — 200 Since sample preparation and TEM studies are very
time consuming, the investigation is usually limited
198 % - 198 to certain chosen exemplary sample states. With help
E‘ of positron annihilation measurements, it is possible to
196 - i 196 study solid-state physical processes in technical mate-
rials, e.g. changes in the nano structure of Al alloys
194 |- { — 194 during aging, with reasonable effort and statistically
i broader basis.
192} — {— 192 For the 2024 aluminum aircraft alloy, it turns out
¢ Average Lifetime . e L. .
w o= Linear fit that the average positron lifetime decreases continu-
190 - ~1190 ously with time during aging at room temperature and
Lol ol ol artificial aging (85C, 130C). This means the nano
© 1 10 structure is changed even by natural aging over very
Time [days] long periods of time £10 years). But no changes in
Figure 5 Change of the average positron lifetime with the duration of the m|c.ro hardness COUId, be m_easured' IF could not _be
artificial aging of the 2024 T3 alloy at 86. determined any changes in static mechanical properties

as well as in damage-tolerance properties.
Since we detected complete trapping of the positrons

Even though, the spectrum analysis showed that for tht® the precipitations (single component spectra) in
longest aging time there must be more than one sinfearly all experiments, the average distance of the pre-
gle component, it was not possible to extract this fromCiPitations can be estimated to be less than about 50 nm
experimental data accurately. This is probably due tdf @n average radius of 2 nmis assumed. This is accord-
small differences in the expected lifetimes [38] and per/Ng to Equation 2 assuming that more than 98% of the
haps the fact that only a too small fraction of positronsPOsitrons are trapped (cf. also Fig. 3). The detected
is not trapped. positron lifetimes, correspon¢n_g_to trapping to precip-

We measured the Doppler broadening of the annihiltatlons (about 200 pS), are Slgnlflcantly above the bulk
lation radiation simultaneously to POLIS. The values
for the S parameter change similarly to the averages Good statistical statements are only possible spending a lot of time.
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lifetime of the undisturbed Al matrix (158 ps). Since 13
this is valid for pure Al-Cu alloys as well, vacancy-

like defects in the precipitations seem to be responsit*

ble for the detected positron lifetime. The increasing, ¢
copper content shows up in a decreasing positron life-

time, since the positron lifetime related to defects inus.

bulk copper, i.e. vacancies, is much smaller than the
corresponding one in Al or Mg. Simultaneously to the
decreasing positron lifetime, the measuf@gdarame-

ter decreases as well. This result is reasonable since thg

S parameter for Cu is smaller than that for Al.
Summarizing, the positron lifetime is a signal re-

sponding very sensitively to changes in the microstruc*®-

ture. The interpretation of the results from the metallur-,,
gical point of view is that the coherent particles being
fine-disperse in the matrix are growing with increasing
aging time and hence the total energy of the system is

reduced. The copper contentis increased in the particles-

and a depletion of copper in the matrix is observed.
Growth of precipitations means that their average
distance increases as well. For very long aging times,
this process results in the fact that the lifetime spectra
seem to be no more single component. Consequent!
a measurable fraction of the positrons reaches no more
the precipitations on its diffusion way and, hence, a sig-

nificant part of the positrons annihilates in the undis-24.

turbed Al matrix. But even for the longest aging time

considered, the fraction of positrons annihilating in the>-

Al matrix stays so small that it cannot be separated,,
accurately from the defect-related annihilation events.

27.
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