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Abstract

Precipitation effects in Al-2.0 at.% Cu alloy were investi-
gated by means of positron-lifetime (PL) spectroscopy. PL
spectra were well fitted by two exponential components
(lifetimes �1, �2) for all isochronal annealing temperatures.
The lifetime of trapped positrons lies between the lifetime
180 ps for Cu monovacancy and 250 ps for Al monova-
cancy. Up to 240 oC increasing of number of Cu atoms in
vicinity of vacancy takes place. Formation of semicoherent
�‘ precipitates begins from 260 oC. Phase transformation of
�’ to � starts at temperature 320 oC. Above 400 oC dissolu-
tion of � precipitates occurs. Results are discussed within
LMTO calculations of positron lifetimes and affinities for
�’ and � precipitates.
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1. Introduction

The development of new workable aluminium-based
alloys is one of the topics in current materials science of
light alloys. Most of wrought aluminium alloys are based
on Al-Cu alloy. Partially due to the above reason there is, in
the current state-of-art, detailed knowledge about phase
transitions which take place in Al-Cu alloy (see e.g. [1-3]).
Although the alloy is composed of only two elements, its
microstructure evolution is relatively complex. On the
basis of many studies [2-9], it has been proposed that the
decomposition sequence in this system contains the
following processes:
Supersaturated Solid Solution (SSS) � GP1 zones � GP2
zones (or �’’) � �’ � �

Although the decomposition sequence is well
established by number of studies, several open questions
still remain.

The main purposes of investigation of Al-Cu alloy
performed in the present work can be summarized as
follows:
(i) to correlate positron-lifetime (PL) results, obtained at
various annealing temperatures, with TEM and electrical
resistivity results available in literature in order to attribute
unambiguously lifetime components of trapped positrons
resolved in PL spectra to corresponding defects in
specimen,
(ii) to clarify behavior of the specimen annealed at high
temperatures (above 300oC),

(iii) to perform theoretical calculations of positron
lifetimes and affinities for precipitates, formed during
decomposition, in order to decide whether positron
trapping inside these precipitates is possible, and
(iv) to get quantitative information about stability of
microstructure of Al-Cu alloy quenched from variety of
annealing temperatures to room temperature, at which the
PL measurement is performed.

2. Experimental Details

The PL spectrometer used in the present work was
equipped with coincidence system representing a
modification of our fast-slow configuration described in
detail in [10]. Its detector part consisted of two BaF2

cylinder scintillators (� 25x10 mm) coupled to PHILIPS
XP2020/Q photomultipliers (PMT). The dynode timing
signal from 10th dynode of PMT passes through the
capacitor to the input of the constant-fraction differential
discriminator (CFDD), which provides also the coarse
energy selection of events. Output timing signals from
CFDDs activate the start and stop inputs of the time-to-
amplitude converter (TAC). The energy signals from 9th

dynode of PMT are first shaped by a passive
RC-integration circuit and then passively summed. The
sum of signals is amplified by the spectroscopy amplifier
whose output is connected with timing single-channel
analyzer (TSCA) adjusted at the sum of energies 511 keV
(stop photon) + 1274 keV (start photon) in the case of 22Na
positron source. The output pulses from TSCA strobe the
signal from the TAC. The TAC output signal amplitude is
digitized by the analog-to-digital converter (ADC) and is
stored in the computer. The complete electronics is built
from commercially available modules produced by
ORTEC, CANBERRA and C.E.S. The more detailed
description of spectrometer was published elsewhere [11].

Face-to-face detector geometry with common
symmetry axis was used. A carrier-free 22NaCl (� 1.3
MBq) deposited and sealed between 2 �m thick mylar foils
was used as a positron source. At least 9x106 counts were
collected in each spectrum. The lifetime spectra were
decomposed into the individual components by means a
fitting procedure [12] based on the maximum-likelihood
principle. Parameters of the time resolution function,
composed of three Gaussians, were found in simultaneous
fit, with total FWHM being approximately 150 ps.

The investigated Al-2 at.% Cu alloy was prepared from
Al 99.9995 at.% and Cu 99.995 at.% in Research Institute
of Metals, Panenské Bøe�any. The resulting concentration
of Cu in the alloy was determined as 2.05 at.% (4.7 wt.%)
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by the mass spectroscopy and chemical analysis. The
disk-shaped (diameter 10mm) polycrystalline specimens
for PL measurements were prepared from the 1mm thick
sheet.

The specimens were solution heat treated at 525 oC for
30 min in a vertical furnace with argon protective
atmosphere and fast cooled in water. The quenched
specimens were stored into liquid nitrogen till the PL
measurement.

Subsequently, the specimens were subjected to
isochronal annealing with effective heating rate of 1 K/min
in steps 20 oC / 20 min. The heat treatment was performed
in silicon oil base from 80 to 250 oC and in vertical furnace
with argon atmosphere above 250 oC. The quenched
specimens were stored into liquid nitrogen till the PL
measurement.

All PL measurements were performed at room
temperature.

3. Results and Discussion

Mean positron lifetime � �� 	 I i i

i

represents a robust
parameter, which is not affected by the number of
components and correlation among the fitted parameters
constraints considered in individual fits. Thus, firstly we
used � as integral characteristics of PL spectra. Its
dependence on annealing temperature is shown in Fig. 1.
One can see in the Fig. 1 that the mean lifetime rapidly
decreases firstly from initial value of 215 ps to minimum
value of about 164 ps at 230 oC. Subsequently � exhibits
increase to a local maximum of about 180 ps at 360 oC.
Above 360 oC � decreases slightly, approximately by 10
ps. Finally above 490 oC � abruptly increases back to the
initial value.

Firstly it should be pointed out that the last annealing
temperature was 525 oC, i.e. the same as the temperature of
solution heat treatment. As also heating times were the
same, it is evident that the mean lifetime of specimen
annealed at 525 oC (the last annealing temperature) has
principally to be the same as that for initial as-quenched
(AQ) specimen. Indeed, both these lifetimes are the same in
the range of statistical uncertainties, see Fig. 1.

As-quenched specimen

Two components with lifetimes �2 = 204.9 
 0.4 ps and �3

= 570 
 20 ps were found in PL spectrum of AQ specimen,
i.e. specimen quenched from solution heat treatment
temperature of 525 oC. Corresponding intensities are I2 =
97.3 
 0.2 % and I3 = 2.7 
 0.1 %. Lifetimes of both the
components are remarkably higher both than Al and Cu
bulk lifetimes (161 ps [13] and 114.5 ps [14], respectively).
Thus, all positrons in the AQ specimen annihilate from
trapped state in defects.

Lifetime �2 of the dominant component is significantly
lower than lifetime of positrons trapped in Al
monovacancy (250 ps [15]). It means that positrons are not
trapped in single Al monovacancies. It is consistent with
the fact that single vacancies are not stable in Al at room
temperature [16, 17]. There is positive binding energy of

about 0.2 eV for vacancies in Al to Cu atoms [18]. Thus,
there are the vacancies bound to Cu atoms in AQ specimen,
which are stable at room temperature. The lifetime �2 lies
between the lifetime 180 ps for Cu monovacancy [15] and
250 ps for Al monovacancy [15]. Hence, natural explana-
tion of the component with lifetime �2 is contribution of
positrons trapped in vacancies bound to Cu atoms. It means
that at least one of the twelve nearest neighbour sites of
vacancy is occupied by Cu atom. The same conclusion was
made also by Krause et al. [19] and recently by Somoza et
al. [20]. Krause et al. [19] found lifetime 205 ps, while
Somoza et al. [20] 203 ps on AQ Al-Cu specimen.
Similarly Èada et al.[21] reported �2 = 207 
 2 ps. Clearly,
all these reported values exhibit good agreement with
present investigation.

In addition to the main component with lifetime �2,
another component with relatively small intensity 2.5 %
was resolved in the AQ specimen. High lifetime �3 = 570 

20 ps of this component indicates that it represents
contribution of positrons trapped in larger defect (with
open volume higher than a single vacancy), most probably
vacancy clusters, which are formed from migrating
quenched-in single vacancies unstable at room
temperature. It is not clear, whether these clusters are
stabilized by Cu atom. However, as this component
disappeared for higher annealing temperatures, it seems to
be caused by vacancy clusters in Al matrix, which are
completely annealed out at 80 oC, see following text. The
lifetime 570 ps corresponds to upper limit lifetime of
trapped positrons in clusters [22]. Hence, it can be
attributed to very large clusters (voids) with diameter
above 1 nm.

No contribution of free positrons was found for the
as-quenched specimen. Thus, it is not possible to determine
concentration of vacancies bound to Cu atoms in the
specimen. However, a lower limit of vacancy
concentration above which only signal from trapped
positrons is found in PL spectrum, i.e. lower limit of actual
vacancy concentration, can be estimated. In this simple
estimation, the weak component with lifetime �3, is
neglected. Using simple trapping model (STM) [23]
relative intensity of the vacancy component is
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where �B, �v represent the bulk annihilation rate and the
annihilation rate of positrons trapped in vacancies (bound
to Cu atoms, i.e. �v = 1 / 205 ps-1), respectively, and Kv is
positron trapping rate to vacancies. One can consider I2 =
95 % as a reasonable limit above which no free-positron
contribution is resolved in PL spectrum. For our case this
limit value corresponds to the trapping rate Kv = 1.3 � 1011

s-1. Concentration of vacancies cv is directly connected with
the trapping rate

c K  � / , (2)

where �v is the specific positron trapping rate for vacancy.
For Al monovacancy �v = 2.5 � 1014 at. s-1 [23], while for
Cu monovacancy �v = 1.2 � 1014 at. s-1 was reported [23].
Positrons in the studied specimen are trapped in vacancies
bound to Cu, which clearly does not correspond to single
Al monovacancy nor Cu one. As rough estimation of actual
specific trapping rate for vacancies bound to Cu atoms we
used weighted average of the two values given above. As
weights we took the values � and 1-�, which tune the
lifetime of Al and Cu monovacancy to the observed
lifetime �2, i.e. � � �2 250 180 1� � �( ). From the latter

equation � = 0.6 was obtained, which leads to estimated
specific trapping rate �v � 1.7 � 1014 at. s-1 for Al vacancies
bound to Cu atoms. Hence, the estimation of lower limit of
concentration of vacancies bound to Cu atoms in the AQ
specimen is cv � 1.5 � 10-4 at -1. Note that concentration of
thermal equilibrium vacancies at solution heat treatment
temperature of 525 oC is 4.3 � 10-4 at.-1. It means that at
least 25% of thermal equilibrium vacancies at solution heat
treatment temperature remain quenched in the specimen.
Similarly to our case, saturation trapping of positrons were
found in AQ (solution heat treatment temperature 510 oC)
Al-2at.%Cu specimen by Èada et al. [21]. On the other
hand, Krause et al. [19] reported substantially lower
concentration of 0.7 � 10-4 at.-1 in AQ (solution heat
treatment temperature 540 oC) Al-1.9%Cu specimen. It is
probably a consequence of lower quenching rate in [19].

No evidence of decomposition was found in AQ
(solution heat treatment temperature 540 oC) Al-1.7at.%Cu
specimen by strong two-beam bright field microscopy as
well as beam dark field microscopy [24]. The diffraction
patterns consisted only of circular fundamental reflections.
No satellites or streaks were detected [24]. Strain
modulations, which are present because of composition
modulations with wavelength varying from 4 to 8 nm were
found after 5 hour aging at room temperature [24]. After
aging for one week at room temperature 3.0 nm GP zones
were observed [24].

On the basis of the results mentioned above we can
conclude that no GP zones are present in our AQ specimen.

Stability of the AQ microstructure at room
temperature, i.e. temperature of PL measurement, is of high
importance, as one measurement of PL spectrum takes

usually two or three days. Therefore, we performed test of
stability of the AQ microstructure at time scale of a few
days. The AQ specimens were measured (immediately
after quenching) by PL spectroscopy at room temperature.
The obtained PL spectrum was recorded after each 30 min.
Total time of measurement was 100 hours. Each partial PL
spectrum (i.e. spectrum of each 30 min step) was
subsequently decomposed independently. Due to limited
statistics the spectra were characterized only by one
lifetime component. Dependence of the lifetime of this
component on time for the AQ specimen is shown in Fig. 2.
Clearly, the lifetime exhibits no changes except of
statistical fluctuations. Hence, we conclude that
microstructure of the AQ specimen is stable at time scale at
least 50 hours.

In order to test influence of rapid quenching rate to
microstructure of AQ specimen, another specimen was
homogenized 30 min at 525 oC and then slowly cooled in
furnace. Subsequent PL measurement of this specimen
revealed single component spectrum with lifetime 165 
 2
ps, which corresponds to the Al bulk lifetime (161 ps [13]).
Thus, all positrons annihilate from free state and no defects
detectable by PL spectroscopy are present. It means that
large precipitates of equilibrium � phase were most
probably formed during the slow cooling, distance between
them is too large to obtain any measurable contribution in
PL spectrum.

Isochronal annealing

All PL spectra of isochronaly annealed specimens were
well fitted by two exponential components (except of the
source contribution). The lifetimes �1 and �2 of the spectral
components are plotted in Fig. 3 as a function of annealing
temperature.

One can see in the Fig. 3 that the lifetime �1 of the
shorter component lies for all annealing temperatures
below the Al bulk lifetime (161 ps [13]). Hence, the first
component with lifetime �1 represents contribution of free
positrons, while the second component comes from
positrons trapped at defects. Temperature dependence of
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Figure 2. Time dependence of the lifetime for the Al-Cu aged at
room temperature. The PL spectra were recorded in 30 min steps.
PL spectrum for each step was fitted independently.



relative intensity I2 of the defect component is shown in
Fig. 4.

The component with lifetime �3 = 570 ps present in the
AQ specimen was not found at higher annealing
temperatures except of the last annealing temperature
525 oC, which equals to the temperature of solution heat
treatment.

Both lifetime �2 and relative intensity I2 decrease with
annealing temperature in the temperature region 20 –
240 oC. The decrease of �2 is an indication of increasing
number of Cu atoms surrounding the quenched vacancies.
At the same time decrease of relative intensity I2 reflects
diminishing concentration of vacancies. Clearly, when a
vacancy is surrounded only by Cu atoms, i.e. all twelve
nearest-neighbour sites are occupied by Cu atoms, then
lifetime of trapped positrons is 180 ps (lifetime of positrons
trapped at Cu monovacancy, indicated by dotted line in
Fig.3). In our case �2 goes to value 170 
 4 ps, which is
close to 180 ps, see Fig.3. Thus, we conclude that Cu atoms
form small clusters with increasing annealing temperature.
As a result quenched vacancies are at temperature 240 oC
surrounded exclusively by Cu atoms. Similar conclusion
was done also by Krause et al. [19] and Somoza et al. [20].

It is possible to calculate concentration of quenched
vacancies as a function of annealing temperature by using
of STM [23]. We assume that the vacancies are distributed
homogeneously throughout the specimen. The
concentration of vacancies can be then expressed as

c
I

I
B


� �� �

1 2

1

2( ), (3)

where the specific trapping rate �v was estimated by the
same way as described above. At 160 oC cv decreases to 1.3
� 10-5 at.-1, i.e. roughly by factor of 10. Krause et al. [19]
found also decrease of vacancy concentration by the same
factor from AQ state to 150 oC.

The Cu clusters formed during isochronal annealing
represent embryonic regions for further formation of GP
zones [25]. PL spectroscopy is sensitive to local chemical
surrounding of vacancies, however it has no sensitivity to
crystallography, i.e. it is not possible to determine when (at
which annealing temperature) GP zones are formed. Thus,
it is necessary to correlate PL results with other techniques,
preferentially TEM, which can unambiguously detect
presence of GP zones in specimen.
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a)

b)

Figure 5. Diffraction pattern a) and bright field image b) at [001]
zone axis orientation obtained by TEM on Al-2 at. % Cu
annealed at 170 �C. Reprinted from [26].
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Therefore, we used TEM and electrical resistivity
results obtained on Al-Cu of the same composition by Èada
[26]. Formation of GP1 zones was observed by TEM at
temperature 170 oC [26]. It is indicated by streaks in
diffraction pattern for [001] zone axis, which is shown in
Fig. 5. A mixture of GP1 and thicker GP2 zones was
observed by TEM in specimen annealed at 200 oC [26].
Presence of GP2 zones is confirmed also by appearance of
central reflections in diffraction pattern. Bright field TEM
image of specimen annealed at 200 oC together with
diffraction pattern for [001] zone axis reprinted from [26]
are shown in Fig. 6. On the basis of the TEM results we
conclude that vacancies bound to Cu atoms are
incorporated to GP zones at higher annealing temperatures
(above 170 oC). Continuously with clustering of Cu atoms
and subsequent formation of GP zones, number of
vacancies gradually decreases, which is reflected by
decrease of relative intensity I2. Vacancies bound to Cu
atoms enhance their mobility and thereupon allow
formation of GP zones [18]. Vacancies incorporated to GP
zones represent, however, non-equilibrium defects, which

are gradually annealed out even at room temperature. It
was experimentally observed by Somoza et al. [20] during
ageing of Al-1.7at.%Cu at various temperatures.
Concentration of vacancies decreased with ageing time and
finally it fell below sensitivity limit of PL spectroscopy
(about 4 � 10-7 at.-1 for Al) and the aged specimen exhibited
only single PL component, which comes from free
positrons. It means that after long ageing times, vacancies
are released from GP zones and GP zones free of vacancies
are present in specimen. Formation of semicoherent �’
precipitates was observed by TEM at temperature 260 oC
[26]. Bright field TEM image for [001] zone axis of
specimen annealed at 260 oC is shown in Fig. 7. Formation
of �’ precipitates is reflected also by substantial decrease
of electrical resistivity [26]. Formation of �’ precipitates
causes slight increase of lifetime �2, see Fig. 3, as well as
noticeable decrease of relative intensity I2 in temperature
region 240-350 oC, see Fig. 4. This slight change of lifetime
�2 suggests change of type of positron trapping sites.
Vacancies are likely completely annealed out at the
annealing temperature of 240 oC and positrons are trapped
at misfit defects at �’ precipitate-matrix interface. Clearly,

� Krystalografická spoleènost

POSITRON-LIFETIME INVESTIGATION OF PRECIPITATION EFFECTS IN Al-Cu ALLOY 65

a)

b)

Figure 6. TEM diffraction pattern a) and dark field image b) at
[001] zone axis orientation on Al-2 at.% Cu annealed at 200 �C.
Reprinted from [26]

a)

b)

Figure 7. TEM diffraction pattern a) and dark field image b) at
[001] zone axis orientation on Al-2 at.% Cu annealed at 260 �C.
Reprinted from [26]



the lifetime of positrons trapped at the misfit defects is very
close to lifetime of positrons trapped in Cu vacancy (180 ps
[15]). Phase transformation of �’ to � starts at temperature
320 oC [26]. In this temperature interval incoherent
spherical precipitates of equilibrium � phase (Al2Cu) are
formed. It is reflected by remarkable increase of lifetime �2,
see Fig. 3. As � precipitates are incoherent with Al matrix,
positrons are trapped at precipitate-matrix interface. One
can see in Fig. 3 that lifetime �2 of positrons trapped at �
precipitate-matrix interface is remarkable higher then
lifetime of positrons trapped at misfit defects around �’
ones.

Rapid increase of electrical resistivity starts at
temperature 400 oC [26]. It gives strong evidence of the
onset of dissolution of � precipitates. The dissolution of �
precipitates is reflected by radical decrease of relative
intensity I2 in our PL spectra. Clearly, it is due to
decreasing number of positron traps at � precipitate-matrix
interfaces. On the other hand, lifetime �2 of trapped
positrons remains unchanged because there is no change of
type of traps. Thus in temperature region 360-490 oC
dissolution of � precipitates takes place.

We have assumed that positrons are trapped at
interfaces between precipitates and matrix. It is indicated
by lifetime �2, which is substantially higher than Cu and Al
bulk lifetimes and simultaneously lower than the lifetime
of positrons trapped in Al vacancy. In order to check the
possibility of positron trapping also inside the precipitates,
we performed theoretical calculations, which are described
in the next section.

Theoretical Calculations

It is well known that positrons may be trapped inside a
precipitate of different phase [23]. The trapping of
positrons inside a precipitate is possible if the following
two conditions are fulfilled.

Absolute value of positron affinity Ap

� (Ap

� < 0) for a
precipitate has to be higher than absolute value of the
positron affinity Am

� (Am

� < 0) for matrix, i.e. |Ap

� | > |Am

� |. It
is convenient to introduce difference between positron
affinity for matrix and precipitate �A� = Am

� -Ap

� . The
affinity difference �A� corresponds to difference between
positron ground state energy in matrix and inside
precipitate.

If we assume a spherical-shape precipitate, which can
be considered as a spherical potential well, then minimum
precipitate radius rp

min for possibility of positron trapped
state [23]

r Ap

min . /� �31 � , (4)

where the affinity difference �A� (�A� > 0) is expressed in
eV and the minimum precipitate radius in angstroms.

It should be noted that positrons can be trapped also at
precipitate-matrix interface (in the case of incoherent or
semicoherent precipitates, see previous section) or at open
volume defects inside precipitates independently whether
the above conditions are satisfied or not.

In the present work we have calculated positron
lifetimes and affinities for �’ and � precipitates. So-called
zero positron density limit [27, 28] was adopted in the
calculations of positron properties.

The results of calculations, i.e. positron affinity A and
bulk lifetime �B for Al, �’ and � phase, are shown in Tab.1.
The results obtained using Boronski-Nieminen (BN)
approach [29] are given on the left side of Tab. 1, while
results calculated in the frame of generalized gradient
approximation (GGA) [30] are shown on the right side.
One can see that except of the bulk lifetime for Al
(difference 10 ps between BN and GGA approach) the
results given by BN and GGA are very similar.

It is clear from Tab. 1 that positron affinity for � phase
precipitates is the same as positron affinity for Al matrix. It
means that � phase precipitates do not represent attractive
sites for positrons. Hence, positron trapping occurs only at
� precipitate-matrix interface and not inside the � precipi-
tates. It is indicated also by lifetime of positrons inside �
precipitates being substantially lower than that observed in
experiment, see Fig. 3.

Table 1.

Positron affinities A+ and bulk lifetimes �B calculated for Al as

well as �’ and � phase using linear muffin-tin orbital (LMTO)
technique within atomic-sphere approxiamtion (ASA) [31]. The
enhancement factor due to electron-positron correlation was ap-
proximated using formula introduced by Boronski and Nieminen

(BN) as well as using generalised gradient approximation (CGA).

System
A+ [ev]
(BN)

�B [ps]
(BN)

A+ [ev]
(GGA)

�B [ps]
(GGA)

Al -4.8 163 -4.6 153

�' -6.1 174 -5.7 174

� -4.8 145 -4.6 143

On the other hand, �’ precipitates exhibit remarkably
higher absolute value of affinity and represent, therefore,
attractive sites for positrons. The minimum radius of �’
precipitate necessary for creation of trapped state is rp

min =
3.4 Å. Lifetime of positrons inside �’ precipitates is 174 ps,
which is close to that experimentally observed between
annealing temperature 250 and 300 oC, where �’ phase is
present in specimen. Thus, we conclude that positrons are
trapped at misfit defects on incoherent boundary of �’
phase and/or directly inside the �’ precipitates.

4. Conclusions

The results obtained in investigations of decomposition of
Al-Cu alloy performed in the present work can be
summarized into following items:
(i) Vacancies bound to Cu atoms are present in specimen
rapidly quenched from solution heat treatment
temperature. Small fraction of very large vacancy clusters
was also found.
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(ii) No noticeable change of microstructure of as-
quenched specimen occurs at time scale of 50 hours.
(iii) Cu atoms tend to cluster with increasing annealing
temperature. In such way number of Cu atoms surrounding
the quenched-in vacancies increases. Simultaneously
concentration of the quenched-in vacancies gradually
decreases due to thermally activated migration to sinks.
(iv) Formation of semicoherent �’ precipitates occurs at
temperature 240 oC. Positrons are trapped at misfit defects
introduced into specimen due to formation of �’ precipita-
tes and/or directly inside the �’ precipitates. The �’
precipitates represent attractive sites for positrons, lifetime
of positrons inside them is 174 ps. Experimental lifetime of
trapped positrons in temperature region, in which �’ phase
is present in specimen lies between 170 and 180 ps.
(v) At 350 oC incoherent spherical precipitates of equilib-
rium � phase are formed. Positron trapping does not occur
inside the � precipitates. Positrons are trapped at precipi-
tate-matrix interface and annihilate with lifetime � 220 ps.
Above 400 oC dissolution of � phase precipitates takes
place.
(vi) Finally the specimen annealed at 525 oC (solution heat
treatment temperature) exhibits the same microstructure as
the initial as-quenched specimen.
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