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Effects of microalloying with Ag on the precipitation process in an Al–Cu–Mg alloy with high Mg:Cu ratio
have been investigated during artificial ageing of the ternary and quaternary compositions
Al–1.5 wt.%Cu–4 wt.%Mg(–0.5 wt.%Ag) at 175 �C, combining transmission electron microscopy and
positron lifetime spectroscopy. In addition, coincidence Doppler broadening of the positron–electron
annihilation radiation was used to provide information about the chemical environment surrounding
vacancy-like defects. The results obtained for the silver-free alloy indicate that, immediately after
quenching from the solution treatment temperature, vacancy v-Cu–Mg clusters are formed in the super-
saturated solid solution. During the early stages of ageing these clusters become richer in Cu and Mg and
laths of the S phase (Al2CuMg) nucleate preferentially on dislocation lines. Continued ageing led to grad-
ual precipitation of an equi-axed phase in the matrix between the S phase laths which is believed to be
the cubic Z phase thought previously to form only if silver is present. For the silver-containing Al–Cu–Mg
alloy, v-Cu–Mg–Ag aggregates also form immediately after quenching and the solute transport mecha-
nisms are the same. However, precipitation of the S phase is suppressed during ageing and the silver
addition promotes accelerated formation of a finer dispersion of smaller equi-axed Z phase precipitates.
For both alloys, no evidence was found that the Z phase is preceded by any pre-precipitate or GP zones.
Combination of coincidence Doppler broadening and microanalysis results revealed the Z phase to have a
Mg:Cu ratio of 2 which indicates that it differs from the well known T phase (Al6CuMg4) which the equi-
librium phase diagram indicates should form in Al–Cu–Mg alloys with high Mg:Cu ratios. Additional age-
ing experiments at 240 �C showed that neither the Z phase or T phase are formed in the ternary alloy, but
only precipitates of the S phase, while in the quaternary alloy the S phase is strongly suppressed and
mainly Z phase precipitates are formed.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The phenomenon of age hardening was first discovered in the
alloy Al–3.5%Cu–0.5%Mg–0.5%Mn (wt.%) by Wilm in 1906 [1].
Since then the Al–Cu–Mg system has been the basis for most of
the important 2000 series of high strength aluminum alloys which
have compositions that place them in the (a + S) region of the tern-
ary phase diagram (Fig. 1) [2]. One characteristic of all these alloys is
that, when they are aged at elevated temperatures (�100–240 �C),
hardening occurs in two distinct stages separated by a plateau
during which the hardness may remain constant for many hours
[3–6]. Another special feature is that the first ageing stage, which
may account for as much as 70% of the total hardening, occurs
rapidly and may be complete after ageing for only 60 s [5,6].

Earlier classical X-ray diffraction studies of precipitation pro-
cesses in ternary Al–Cu–Mg alloys concluded that the first stage
of hardening is associated with the formation of Guinier–Preston
(Cu, Mg) zones (also known commonly as GPB zones) [7,8].
However, later studies by Ringer et al. [6,9] involving high resolu-
tion electron microscopy, electron diffraction and atom probe field
ion microscopy, failed to detect the presence of GPB zones during
the first stage of ageing. Instead, they attributed the rapid early
hardening to the formation of solute atom/vacancy clusters and
have termed this phenomenon cluster hardening. Furthermore,
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Fig. 1. Aluminum-rich corner of the Al–Cu–Mg phase diagram indicating the
phases present as a function of composition, after long term ageing at 190 �C [2].
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these workers also claimed that GPB zones were not formed until
ageing had proceeded towards the end of the hardness plateaus
in the respective hardness/time curves.

Heterogeneous nucleation of laths of the orthorhombic S phase
(Al2CuMg), or its closely similar metastable form S0, also occurs on
dislocation lines early in the ageing process and these laths
increase in size as ageing proceeds along the hardness plateau
[10–12]. The second stage of hardening has been attributed to
the combined presence of these GPB zones and the S0 and/or S
phases [6,8] although a second type of GP zone structure [8], and
another metastable phase S00 [13,14], have been reported to con-
tribute to hardening at high ageing temperatures (e.g., 240 �C).

Another interesting feature of age hardening in a wide range of
compositions based on the Al–Cu–Mg system is that
micro-additions of silver (e.g., 0.1 at.%) have been shown both to
accelerate ageing and to stimulate an increased response to age
hardening [4,5,15]. Furthermore, depending on the Mg:Cu ratios
of the alloys, silver has been found to promote formation of three
new precipitates that are described below.

Special attention has been paid to Al–Cu–Mg–Ag alloys with
low Mg:Cu ratios that lie in the (a + S + h) region of ternary phase
diagram, and in which silver has been found to stimulate formation
of a face-centered orthorhombic phase, designated X [16–18].
This phase nucleates at the sites of v-Mg–Ag co-clusters that
form immediately elevated temperature ageing has commenced
[19–21], after which it precipitates as a fine dispersion of thin
plates along the {111}a planes. X is closely related to the tetrago-
nal phase h (Al2Cu) that forms on the {100} planes in aged binary
Al–Cu alloys [20]. During the growth of X, all the Ag and Mg atoms
appear to partition to the X/matrix interfaces which has been
shown to promote coherency along the {111}a planes [22–24].
Because of this, Al–Cu–Mg–Ag alloys hardened by the X phase
may show high levels of strength (e.g., 0.2% proof stress
480 MPa) and exhibit creep properties that are superior to existing
commercial 2000 alloys [25–26].

For Al–Cu–Mg alloys with higher magnesium contents (i.e.,
higher Mg:Cu ratios) that lie in the (a + S) region of the ternary
phase diagram, silver promotes formation of a close packed hexag-
onal phase [6,27], designated X0, which also nucleates at the sites of
Mg–Ag co-clusters. These quaternary alloys also have much
shorter hardness plateaus when aged at elevated temperatures
[5,6] and the second stage of hardening is considered to originate
from the combined presence of GPB zones, X0, and possibly fine
particles of the S phase [6]. Atom probe analysis indicates that
the composition of X0 approximates to that of the S phase
(Al2CuMg) except that it also contains the silver addition in solid
solution [6].

Little commercial interest has been shown in Al–Cu–Mg alloys
with relatively high magnesium contents (i.e., even higher Mg:Cu
ratios) that lie in the (a + S + T) region of the ternary phase
diagram. Here the T phase has been shown to have a complex
body-centered cubic unit cell with ao = 1.425 nm and has the
approximate composition Al6CuMg4 [28,29]. Once again it has been
demonstrated that micro-additions of silver to these alloys pro-
motes an increased response to age hardening at elevated temper-
atures [5]. At first this behavior was attributed to silver stimulating
precipitation of a finely dispersed and slightly modified, meta-
stable version of the T phase [5,15,30]. However, more recent
convergent-beam electron diffraction studies have indicated that
hardening is associated, at least in part, with precipitation of a
new phase, designated Z, which has a face-centered cubic unit cell
with ao = 1.999 nm. [31]. This work has also revealed that the Z
phase has two variants which form on the {110}a and {111}a
planes, respectively, with the latter becoming dominant as ageing
is continued.

Additional valuable information about the role of vacancies in
precipitation processes in aged aluminum alloys can be obtained
using positron annihilation spectroscopy (PAS) which relies of
the propensity of positrons to be trapped by open volumes inside
solids (vacancy-like defects). Because of this, positron annihilation
lifetime spectroscopy (PALS) is proving to be the most sensitive
experimental technique for observing vacancy-like defects and
the role they play during structural transformations in alloys
[32,33]. Another variant of PAS called coincidence Doppler broad-
ening (CDB) spectroscopy has also proved to be particularly useful
for identifying the nature of the solute atoms in contact with
vacancy-like defects in precipitates [34–38]. Both these positron
techniques have been successfully applied to investigate precipita-
tion reactions in several ternary Al–Cu–Mg alloys and in the
related commercial alloy 2024 [21,39–43]. Furthermore, PALS has
contributed to the understanding of the effects of adding a
micro-addition of silver on the precipitation process in the alloy
Al–4%Cu–0.3%Mg which has a low Mg:Cu ratio [21].

The present investigation was undertaken to obtain an
increased understanding of the precipitation mechanisms involved
when silver-free and silver-containing Al–Cu–Mg alloys with high
magnesium contents that lie in the (a + S + T) region of the phase
diagram are age hardened at elevated temperatures. The alloys
investigated were Al–1.5%Cu–4%Mg (wt.%) with and without
0.5%Ag (wt.%). Microstructural characterization of both alloys
was carried out using transmission electron microscopy (TEM)
and high resolution electron microscopy (HRTEM) in order to inter-
pret the evolution of hardness changes and positron lifetimes
occurring during elevated temperature ageing. These observations
were complemented with CDB spectroscopy to provide informa-
tion about the chemical environment surrounding the positron
traps.
2. Experimental procedures

2.1. Alloy preparation and thermal treatment

The composition of the alloys studied in this work was: (i) tern-
ary alloy VE: Al–1.5%Cu–4%Mg (wt.%); and (ii) quaternary alloy
VEA: Al–1.5%Cu–4%Mg–0.5%Ag (wt.%). The two alloys were pre-
pared using high purity metals and hot rolled to produce 1.5 mm
thick sheets. Specimens were solution treated at 520 ± 3 �C for
6 h in an air circulating electrical furnace and quenched in water
at 20 �C. After quenching, samples for combined TEM, hardness,
PALS and CDB characterization were artificially aged in a glycerin
bath at 175 �C, for various times and again quenched into cold
water. This ageing temperature was chosen in order to reach peak
ageing in reasonable experimental times (see Ref. [5]). In addition,
specimens for TEM characterization were artificially aged at 240 �C
for 240 h or more immediately after quenching. This ageing



Fig. 2. Reference CDB distributions, relative differences to bulk Al, corresponding to
positrons annihilating in vacancy-like defects in Al, Cu, Mg and Ag.
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temperature is the one used by Chopra et al. [31] in studying the
same Ag-containing Al–Cu–Mg alloy.

Samples for PALS, CDB and hardness measurements
(10 � 10 � 1.5 mm3) were spark machined from the sheets and
grounded mechanically with emery paper and ending with 1 lm
diamond paste to remove the damage introduced in this process.

2.2. Positron annihilation lifetime spectroscopy and hardness testing

PALS spectra were obtained at RT using a standard fast–fast life-
time spectrometer which had a resolution of 255 ps and a count
rate of 200 s�1 circa. A 0.74 MBq sealed source of 22NaCl deposited
onto two Kapton foils (7.5 lm thick) was sandwiched between two
identical alloy specimens. PALS spectra with about 2.5 � 106

coincidence counts were collected and the lifetime spectra were
deconvoluted through the POSITRONFIT program [44]. The lifetime
value of positrons annihilated in Kapton foils is well-known,
382 ps, and its associated intensity was 11%. This fraction value
was determined from the decomposition of lifetime spectra for
well-annealed pure Al (99.999% purity). After subtraction of the
source component, the spectra were analyzed as one exponential
lifetime component. Since the spectra were expected to
contain two or more unresolved components, the resultant
one-component fits must be accepted as an effective average
lifetime.

Vickers microhardness measurements, using a load of 100 g and
a loading time of 10 s, were performed at RT after each positron
lifetime measurement had been made in order to compare the
respective age hardening behavior of the two alloys.

2.3. Coincidence Doppler broadening of the annihilation radiation

All measurements were taken at RT by means of two hyperpure
Ge gamma detectors (90% of relative efficiency for the 60Co line at
1.33 MeV) coupled to a multiparametric pulse analyzer. The sam-
ples were arranged in the usual sample-source-sample sandwich
geometry. Background rejection was achieved by requiring time
coincidence within a window of 300 ns and fulfillment of the
energy conservation condition |E1 + E2 � 2m0c2| < 2.1 keV, where
E1 and E2 are the energies measured by the two detectors, respec-
tively. The component along the axis joining the two detectors of
the momentum of the annihilating pairs is given by pL ¼ E1�E2

c .
The resolution of the CDB spectrometer was 1.1 keV estimated

at 511 keV. Ten million counts were collected in each spectrum.
The analysis of the momentum spectra q was carried out, as
explained in Refs. [36,43], by fitting a linear combination of
momentum spectra measured in the same experimental condition
for pure elements, as given by the following function:

qfit ¼ 1� Ftrap
� �

qbulk
Al þ Ftrap Cv

Alq
v
Al þ Cv

Mgq
v
Mg þ Cv

Cuq
v
Cu þ Cv

Agq
v
Ag

� �
;

ð1Þ

where the fitting parameters are the trapping fraction Ftrap (relative
number of positrons that are trapped and annihilated in
vacancy-like defects) and the fractional concentrations
Cv

Al; Cv
Cu; Cv

Mg; and Cv
Ag (for alloy VE in Eq. (1) Cv

Ag ¼ 0). It should

be noted that the fractional concentrations Cv
i are to be interpreted

as representing (with a possible distortion, due to the different posi-
tron affinity for the different elements [35] and to the lattice relax-
ation) the atomic composition in regions that are in immediate
contact with the vacancy where the positron is trapped. It must
be emphasized that the local composition in contact with a defect
can differ from the average composition of the vacancy–solute
aggregates. In Eq. (1), qbulk

Al is the momentum distribution for free
positrons annihilating in the alloy matrix. In the present work, this
momentum distribution will be considered as that of Al, since the
sensitivity of positrons to a small percentage of substitutional
impurities in a supersaturated solid solution can be neglected.
Consequently, qbulk

Al is the experimental momentum distribution
measured in well-annealed pure Al; qv

Al, qv
Mg, qv

Cud, qv
Ag are the

momentum distributions expected for annihilation in vacancy-like
defects in pure elements, as obtained from measurements on
severely cold worked samples after subtracting the contribution
of annihilations with free positrons [38].

The momentum spectra q of the annihilation radiation are usu-
ally presented in terms of the ratio CDB differences curves relative
to a reference material (named D curves), in our case we have used
well-annealed pure Al:

D ¼ q� qbulk
Al

qbulk
Al

; ð2Þ

where qbulk
Al is the CDB spectrum measured for bulk Al (i.e.,

well-annealed pure Al). This representation is used to enhance the
details of the spectra in the high-momentum region, which is most
important for the identification of the chemical species in contact
with vacancy-like defects [36,43]. The symmetrical experimental
curves have been folded around pL = 0. The statistical noise has been
reduced by averaging groups of three subsequent points from about
0.7 to 1.4 atomic momentum units and of six points above 1.4
atomic units.

In Fig. 2, in the form of relative difference curves D to bulk Al,
we show the reference momentum spectra obtained for pure
well-annealed Al, Mg, Cu and Ag. These spectra were obtained
under the condition of saturated positron trapping and used as
reference spectra when the fitting procedure was applied through
Eq. (1).

2.4. Transmission electron microscopy

Microstructural characterization of VE and VEA alloys was car-
ried out using TEM. Alloy samples were prepared by cutting out
3 mm diameter discs from 1.5 mm thick sheets using spark erosion
followed by mechanical grinding to a thickness of about 150 lm.
Final thinning was carried out by double jet electropolishing using
an electrolyte that contained 8% sulfuric acid, 2% hydrofluoric acid,
5% glycerol in methanol at �30 �C and an applied voltage of 17 V.
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The age hardened specimens were examined with a Philips
CM200UT microscope equipped with a Lanthanum hexaboride
thermionic cathode and an ultratwin objective lens.
Microanalysis of small regions was carried out in a low background
specimen holder using an 18 nm diameter beam with an EDAX
detector and Genesis software. Prior to examination,
plasma-cleaning was used to reduce contamination effects under
the action of the electron beam.

3. Experimental results

� VE alloy (Al–1.5%Cu–4%Mg, wt.%).

3.1. Positron annihilation lifetime spectroscopy and hardness testing

Changes in Vickers hardness and positron lifetimes during arti-
ficial ageing in alloy VE at 175 �C are shown in Fig. 3. This figure
contains the same experimental information previously reported
by Macchi et al. [45], but with additional data points included so
that a more detailed indication of these property changes could
be obtained as a function of ageing time.
Fig. 3. Evolution during artificial ageing at 175 �C of the Vickers microhardness and
positron lifetime for alloy VE (Al–1.5 wt.%Cu–4.0 wt.%Mg). The dotted lines are only
eye guides. Labels #A, #B and #C and #1, #2, #3 and #4 represent specific ageing
stages selected to obtain TEM and CDB information (see text).

Fig. 4. Evolution of the microstructure of alloy VE during ageing at 175 �C. (a) 20 h; (b
dislocations decorated with S phase precipitates after 120 and 240 h of ageing.
The initial hardness value for the as-quenched specimens was
75 ± 2 VHN; after which it increased rapidly in less than 1 min at
175 �C until it attained a hardness plateau of 100 ± 2 VHN that
remained constant for about 24 h. After this, a second increase in
hardness occurred until a peak value of 110 ± 2 VHN was observed
in approximately 240 h. Further ageing then caused softening as
the alloy overaged.

Instead, the positron lifetime rapidly decreased from the value
measured in as-quenched samples, around 220, to 199 ± 1 ps
within a period of approximately 3 min, after which it remained
almost constant for the next 12 h. The positron lifetime then
increased again to a value of �216 ps as ageing was continued to
approximately 240 h which corresponded to peak hardness. In
the overageing stage, a very slight increment of the positron life-
time was observed.

The circles labeled #A, #B, #C and #D on the hardness/time
curve and those #1, #2, #3 and #4 in the lifetime evolution repre-
sent specific ageing stages that were selected to obtain additional
information by means of TEM and CBD spectroscopy of the
positron–electron annihilation radiation.
3.2. Transmission electron microscopy

Fig. 4 compares a series of images of alloy VE after ageing for 20,
120 and 240 h at 175 �C. At 20 h ageing, which approximately cor-
responds to the end of the plateau of the hardness/time curve,
lengths of helical dislocations decorated with S phase precipitates
were observed. Occasional larger lath shaped S phase particles
with typical widths and thicknesses of 600 and 50 nm respectively
were also observed. What is particularly interesting is that small
equi-axed precipitates in the size range 30–50 nm had formed in
the matrix between the dislocations in the specimens aged for
the longer times. These precipitates were studied in more detail.
Fig. 5 compares images from specimens aged for 240 and 1000 h
at 175 �C. The mean size of such precipitates increased from
26 ± 1 to 32 ± 1 nm. The morphology of the precipitates was stud-
ied by analyzing the projected shape along different orientations,
shown in Fig. 6. The particles exhibited a square-shaped projection
along the [100] matrix zone axis, with edges parallel to the h110i
directions. When imaged along the [011] zone axis, the projected
shape was a rhombus, with edges parallel to the {111} planes.
Occasionally edges parallel to {002} planes were also observed.
When imaged along the [111] zone axis the projected shape was
hexagonal. Such projected shapes correspond to octahedral
shaped precipitates with principal facets parallel to the {111}
matrix planes and occasionally smaller facets parallel to the
{002} matrix planes.

Fig. 7 shows selected area diffraction patterns where weak pre-
cipitate reflections are observed in between the stronger matrix
reflections. The observed reflections are very similar to those
) 120 h; (c) 240 h. Small sized equiaxed precipitates can be observed in between



Fig. 5. Comparison of the small equiaxed precipitates in between dislocations after 240 h (a) and 1000 h ageing at 175 �C (b) in alloy VE. Mean sizes were (26 ± 1) nm and
(32 ± 1) nm, respectively.

Fig. 6. VE alloy after 240 h at 175 �C: small particles’ projected shapes along the 100 (a), 011 (b) and 111 (c) matrix zone axis. The insets show the projected shape of an
octahedron with {111} facets.

Fig. 7. SAD patterns along (a) [100], (b) [110] and (c) [211] zone axis showing reflections corresponding to the small equiaxed precipitates in VE alloy. The largest indices
correspond to the matrix. The smallest indices correspond to the precipitates.

Fig. 8. Dark field image of small equiaxed precipitates from a 660 reflection after
1000 h ageing at 175 �C in alloy VE. The electron beam was near the [100] matrix
zone axis.
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reported by Chopra et al. [31] in the silver containing alloy show-
ing they correspond to what they called the Z phase. This phase has
a face-centered cubic unit cell, and a cube–cube orientation rela-
tionship with the matrix. The Z phase reflections are also indexed
according to the reported unit cell. Fig. 8 shows a dark field image
after 1000 h ageing obtained with a 660 precipitate reflection with
the electron beam near to the [100] matrix zone axis. Such kinds of
images were used to determine the mean sizes of precipitates
reported above after 240 and 1000 h ageing.

Fig. 9 shows a high resolution image obtained along the matrix
[110] zone axis, and its corresponding diffractogram, showing
spots identical to those of the diffraction pattern in Fig. 7b. The
image shows very sharp facets parallel to {111} planes and a high
degree of coherency between the matrix and the precipitates.

The composition of the small Z phase precipitates was investi-
gated using an 18 nm diameter electron beam in the sample aged



Fig. 9. High resolution image of a small sized precipitate along the [110] matrix
zone axis, in alloy VE after 240 h at 175 �C. The diffractogram is shown.
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for 1000 h. Fig. 10 shows three X-ray spectra obtained with the
electron beam approximately parallel to the 001 zone axis, slightly
tilted away to avoid dynamical diffraction effects. The spectra were
obtained from an end-on S phase lath, a square shaped Z phase pre-
cipitate and the matrix. All three spectra show Cu, Mg and Al peaks.
The strongest Mg signal is obtained from the Z phase precipitates,
indicating a higher Mg:Cu ratio compared to the larger S phase par-
ticles. In order to estimate this ratio, the number of counts below
Fig. 10. Microanalysis results from alloy VE. (a) EDS spectrum from a S phase precipitate;
to the S phase and Z phase precipitates.

Fig. 11. (a) Microstructure of alloy VE after ageing at 240 �C for 240 h showing S ph
the Mg K and Cu L lines was obtained from the spectra, after sub-
tracting the background. The Cliff–Lorimer method [46] was
applied, using the Mg/Cu ratio at an S phase precipitate, which is
known to be equal to 1, as internal calibration. The Mg/Cu ratio
of the Z phase precipitates was found to be about 2.

Fig. 11 shows the microstructure of the VE alloy after ageing at
240 �C for 240 h. Lath shaped S phase precipitates can be observed
with a coarser distribution compared to that after ageing at 175 �C,
but no Z phase precipitates. X-ray spectra obtained from an S phase
precipitate and from the matrix are shown. The latter indicates the
presence of Mg in solid solution.
3.3. Coincidence Doppler broadening of the annihilation radiation

In Fig. 12, the D curves plotted are those obtained for the arti-
ficial ageing stages labeled #1, #2 and #4 in Fig. 3. For sake of clar-
ity, in the figure only three CDB curves are shown; i.e., the CDB
curve corresponding to the ageing stage labeled #3 was omitted.
Solid lines through the experimental data are the best-fit curves
obtained following the procedure described in Section 2.3, using
Eq. (1) and the D curves for positron trapping in vacancy-like
defects in pure Al, Mg and Cu, shown in Fig. 2. The meaning of
the different curves is analyzed below.
(b) EDS spectrum from a Z phase precipitate; (c) EDS spectrum from the matrix close

ase precipitates. EDS spectra from an S phase precipitate (b) and the matrix (c).



Fig. 12. CDB differences curves relative to well-annealed pure Al for alloy VE (Al–
1.5 wt.%Cu–4.0 wt.%Mg). Labels #1, #2 and #4 represent selected ageing stages
indicated in Fig. 3. Solid lines through the data are the result of the fitting procedure
using reference spectra (see text). For sake of clarity, in the figure only three CDB
curves are shown; i.e., the CDB curve corresponding to the ageing stage labeled
#3 was omitted.
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� VEA alloy (Al–1.5%Mg–4%Cu–0.5%Ag, wt.%).

3.4. Positron annihilation lifetime spectroscopy and hardness testing

The evolution of the Vickers hardness and positron lifetime dur-
ing artificial ageing at 175 �C for samples of alloy VEA are shown in
Fig. 13.

The addition of a small amount silver (equivalent to 0.12 at.%)
to alloy VE promotes a significant increase in response to age hard-
ening. Whereas the difference between the as-quenched and peak
Fig. 13. Evolution during artificial ageing at 175 �C of the Vickers microhardness
and positron lifetime for alloy VEA (Al–1.5 wt.%Cu–4.0 wt.%Mg–0.5 wt.%Ag).
The dotted lines are only eye guides. Labels #A, #B and #C and #1, #2, #3 and
#4 represent specific ageing stages selected to obtain TEM and CDB information
(see text).
hardnesses for alloy VEA is 63 VHN, it is only 35 VHN for VE.
Moreover, peak hardness of VEA is achieved after ageing for
110 h which is approximately half the time required for alloy VE.
Softening of VEA during overageing is also less pronounced.

The evolution of the positron lifetime of VEA as a function of the
artificial ageing is quite similar to that observed in alloy VE
although the reduction of the initial lifetime value measured for
as-quenched sample (�219 ps) was less marked. After ageing for
2 min, this value had fallen to 209 ps, after which it continued to
decrease very slowly during the next 15 h. The lifetime then
returned to a value of 219 ps after ageing for a time to reach peak
hardness and continued to increase slowly during overageing. As
with alloy VE, specific ageing stages that are indicated with circles
labeled #A, #B, #C and #D on the hardness curve and those #1, #2,
#3 and #4 on the lifetime evolution, were selected to obtain addi-
tional information by means of TEM and CDB.

3.5. Transmission electron microscopy

In contrast to the results of the VE alloy, precipitation in VEA
only involved formation of the small equiaxed Z phase precipitates
which were smaller in size than those observed in alloy VE (max-
imum diameter of 9 nm after prolonged ageing) and more finely
dispersed. This accounts for the higher response to age hardening.
Fig. 14 shows pairs of bright field and dark field images of the pre-
cipitates after ageing at 175 �C for 6 and 860 h. The size evolution
is shown in Fig. 15. S phase precipitates were absent in the matrix
and were only observed along the grain boundaries. Fig. 16 shows
selected area diffraction patterns along the [011] and [211] zone
axis where additional reflections due to the Z phase precipitates
are shown and indexed, and a high resolution image obtained
along the [011] matrix zone axis, where facets with the same char-
acteristics as those described for the Z phase precipitates in alloy
VE can be observed. Such facets could not be clearly observed at
the early stages of ageing. The precipitateś reflections in the
diffraction pattern are identical to those shown in Fig. 7. The reflec-
tion used for the dark field images of Fig. 14 is indicated.

Fig. 17 shows the microstructure of the VEA alloy after ageing at
240 �C for 266 h. Larger sized Z phase precipitates were observed
and occasionally S phase precipitates. In this figure are also shown
X-ray spectra obtained from a Z phase precipitate and the matrix
next to it. The spectra clearly show that the precipitate has a higher
content of Mg and Cu as compared to the matrix. In addition, a
small amount of Ag is observed in the precipitate spectrum.
Comparison with the spectrum shown in Fig. 10 for the Z phase
precipitates indicates that the proportion of Mg and Cu in the Z
precipitates in the VEA alloy is qualitatively similar to that of Z pre-
cipitates in the VE alloy.

3.6. Coincidence Doppler broadening of the annihilation radiation

In Fig. 18, the D curves plotted are those obtained for the arti-
ficial ageing stages labeled #1, #2 and #4 in Fig. 13. As with alloy
VE (Fig. 12), only three D curves for VEA are shown for the sake of
clarity. Solid lines through the experimental data are the best-fit
curves obtained in accordance with the procedure described in
Section 2.3, using Eq. (1) and the D curves for positron trapping
in vacancy-like defects in pure Al, Mg, Cu and Ag, shown in
Fig. 2. The meaning of the different curves is analyzed below.

4. Discussion

4.1. Hardness and positron lifetime results

For both the VE and VEA alloys, the evolution of hardness and
positron lifetime during artificial ageing reported in Figs. 3 and



Fig. 14. Size evolution of precipitates in alloy VEA during ageing at 175 �C. (a and b) 6 h, (c and d) 860 h at 175 �C; (a and c) bright field images; (b and d) dark field images.

Fig. 15. Plot of the size evolution of Z phase precipitates in alloy VEA during ageing
at 175 �C.

Fig. 16. Selected area diffraction patterns of alloy VEA after 116 h at 175 �C. (a) Matrix z
precipitates. The reflection used for the dark field images in Fig. 11 is indicated with an a
VEA alloy, showing facets parallel to the {111} and {100} type matrix planes.
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13 follows the same trend as that reported for other ternary
Al–Cu–Mg alloys having lower Mg:Cu ratios [45] and also observed
in more complex systems like the commercial alloys AA 2024 [41]
and Al–5.6Cu–0.45Mg–0.45Ag–0.3Mn–0.18Zr (wt.%) [36].

In all the cases mentioned above, the evolution of hardness
shows typically four stages: (i) initial rapid hardening, (ii) hardness
plateau, (iii) secondary hardening and (iv) overageing.
Microalloying additions of silver accelerate age hardening at
175 �C and significantly increase peak hardness. Moreover, the
extended hardness plateau in the curve for alloy VE is much short-
ened, or practically eliminated in VEA. The present results agree
with previous hardness measurements reported by Vietz and
Polmear [5], although a short hardness plateau was observed in
the Ag containing alloy. More recent results by Hirosawa et al.
[47] in an alloy with similar composition also show the same trend,
that is a shortening of the hardness plateau and higher hardness
values. These effects are a consequence of the major change in
the precipitation process caused by the Ag additions that will be
discussed in Section 4.2.

The positron evolution results (Fig. 3) appear to display the clas-
sical behavior reported in PALS studies on age-hardenable Al-based
one axis [110]; (b) matrix zone axis [211]. Weak reflections correspond to Z phase
rrow in (a); (c) high resolution image of a precipitate after 860 h ageing at 175 �C in



Fig. 17. VEA alloy aged for 266 h at 240 �C. (a) Bright field image close to the [111]
matrix zone axis showing large sized Z phase precipitates, as compared to ageing at
175 �C and occasional S phase precipitates. (b and c) EDS results from a precipitate
and the matrix, respectively, indicating a larger Mg, Cu and Ag content in the
precipitate compared to the matrix.

Fig. 18. CDB differences curves relative to well-annealed pure Al for alloy VEA (Al–
1.5 wt.%Cu–4.0 wt.%Mg–0.5 wt.%Ag). Labels #1, #2 and #4 represent selected
ageing stages indicated in Fig. 13. Solid lines through the data are the result of
the fitting procedure using reference spectra (see text). For sake of clarity, in the
figure only three CDB curves are shown; i.e., the CDB curve corresponding to the
ageing stage labeled #2 was omitted.
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alloys heat treated at temperatures above the Guinier–Preston
zones solvus (for a review see reference [33]). The positron lifetime
value for the silver-free alloy VE corresponding to the plateau in
the evolution curve is higher than those reported for two other
ternary Al–Cu–Mg alloys studied recently (Macchi et al. [45]).
The compositions for these two alloys were:

Al–4Cu–0.3Mg (wt.%), with a Mg:Cu ratio equal to 0.075 (wt.%)
and 0.20 (at.%); and
Al–2.5Cu–1.5Mg (wt.%) with a Mg:Cu ratio equal to 0.60 (wt.%)
and 1.56 (at.%).

It has also been reported that these plateau values increase with
increasing Mg:Cu ratios which indicates a progressive reduction in
the fraction of Cu atoms in contact with vacancies as the Cu con-
tents are decreased. For the VEA alloy, the significantly higher posi-
tron lifetime value in the plateau region (that is, that region in
which positron lifetime has its minimum value) with respect to
that measured for the VE alloy clearly confirms that silver has a
significant effect as a microalloying element. It has been reported
that the addition of silver to a ternary Al–Cu–Mg alloy promotes
more vacancy-like defects to be retained after quenching and dur-
ing ageing in these alloys [21,36]. These authors concluded that
vacancies are strongly attracted by Ag-rich clusters formed during
or immediately after cold water quenching from the solution treat-
ment temperature [36]. It is the formation of these clusters that is
thought to cause the rapid early hardening in the Al–Cu–Mg
system [6].

4.2. Microstructural characterization by TEM

In the VE alloy, the microstructural characterization by TEM
focused mainly on the later stages of ageing at 175 �C. The results
indicate that S-phase laths grow during the second hardening stage
at 175 �C, and that equiaxed Z phase precipitates are formed in
between the S-phase laths. Since no dislocations appear to be asso-
ciated with the latter precipitates, their formation is assumed to
occur by homogeneous nucleation. A high coherency between
the matrix and the precipitates was observed in high resolution
images and very little strain contrast was observed surrounding
the precipitates which also indicates a small misfit with respect
to the matrix. Thus, the formation of these precipitates is expected
to involve low interfacial and strain energies, and is consistent
with homogeneous nucleation. The diffraction patterns of the pre-
cipitates are very similar to those corresponding to Z phase precip-
itates in the Ag-containing alloy of similar composition
investigated by Chopra et al. [27,31], for which a large unit cell
fcc structure was proposed. The orientation relationship (OR) was
of cube–cube type and the morphology was shown to be octahe-
dral with facets parallel to the {111} planes, occasionally cut by
{100} type planes. In the paper by Chopra et al. [31], after a very
long ageing at 240 �C, two variants of the Z precipitates were
reported, one with cube–cube OR and the other in which the
[011] Z phase zone axis is parallel to [111] matrix zone axis. In
the present work, only the cube–cube OR was observed in the VE
alloy. The composition results obtained with EDS in TEM indicate
that the Z phase precipitates have a Mg/Cu ratio of about 2, larger
than that for the S phase, where the Mg/Cu ratio is equal to 1.

After prolonged ageing at 240 �C the microstructure of alloy VE
contained only S phase but no Z phase precipitates.

Previous work on Al–Cu–Mg alloys with high Mg:Cu ratios has
mainly addressed the initial stages of precipitation during artificial



Table 1
Fractional concentrations Ci, also called contact probabilities, of the alloy components
in contact with vacancy-like defects in alloy VE for different artificial ageing stages.
These values were obtained by fitting the CDB differences curves using Eq. (1). Ftrap is
the trapping fraction of positrons annihilated in the alloy under the ageing conditions
reported in the second column of the table.

Label Ageing condition Results obtained from the fitting of CDB
experimental data

Ftrap (%) CAl (%) CMg (%) CCu (%)

#1 As-quenched 51 ± 1 53 ± 2 27 ± 2 20 ± 2
#2 6 min @ 175 �C 58 ± 1 31 ± 2 27 ± 2 42 ± 2
#3 20 h @ 175 �C 60 ± 1 31 ± 2 29 ± 2 40 ± 2
#4 240 h @ 175 �C 55 ± 1 29 ± 2 36 ± 2 35 ± 2
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ageing and therefore the formation of Z phase precipitates was not
observed [48–50]. However, the formation of small equiaxed pre-
cipitates in between S phase laths was reported by Hirosawa
et al. [47] in an Al–1%Cu–3%Mg (wt.%) after ageing at 170 �C for
96 h. The precipitates were identified as Z phase and exhibited a
cube–cube OR with the Al matrix. More recently, equiaxed precip-
itates in an Al–Cu–Mg alloy of the same composition as this work
were reported to form during ageing at 200 �C [51]. The diffraction
pattern of the precipitates show reflections identical to those
reported in Fig. 7 of this work, that in turn coincide with those
reported by Chopra et al. [31] and Hirosawa et al. [47]. However,
these precipitates were incorrectly identified as corresponding to
the T phase [51].

The results presented in this work indicate that in Al–Cu–Mg
alloys with a high Mg:Cu ratio only S phase precipitates and Z
phase precipitates are observed, the latter only below 240 �C, but
no T phase precipitates.

In the VEA alloy, the addition of Ag was found to completely
suppress the formation of S phase in favor of precipitates of the Z
phase at 175 �C. Furthermore, the density of precipitates is much
higher and the size was significantly smaller than that observed
in the Ag free alloy. The maximum size of Z phase precipitates in
the VEA alloy measured after 860 h was below 9 nm, while that
of the VE alloy after 1000 h was 31 nm. This result indicates a smal-
ler critical radius and larger nucleation rate of Z phase precipitates
in VEA. Two effects may contribute to this. On one hand there is a
larger solute supersaturation in the VEA alloy, since no solute was
consumed by S phase precipitates, while on the other it is probable
that the Ag additions may stimulate precipitate nucleation, as
reported for alloys with lower Mg:Cu. The size evolution of the Z
phase precipitates in VEA at 175 �C shows a steady increase with
a decreasing growth rate with ageing time (see Fig. 15).

As for the Z precipitates in the VE alloy, only the cube–cube OR
was observed by ageing at 175 �C in the VEA alloy. The reason only
one variant is formed is that in precipitates with the cube–cube OR
a high degree of coherence exists for all crystallographic directions,
whereas for the other OR a high degree of coherence exists only for
specific directions. Therefore, the nucleation of the variant with
cube–cube OR is energetically favored.

According to the EDS spectrum in Fig. 17, the Mg:Cu ratio in the
Z phase precipitates is similar to that obtained for alloy VE which
was about 2. In addition, the Z precipitates in alloy VEA also con-
tain Ag. This result agrees with EDS measurements of Z phase pre-
cipitates in Al–3%Mg–1%Cu–0.4%Ag, aged at 170 �C, where the
ratio of Mg:Cu:Ag was found to be 6:3:1 [47]. In another 3DAP
investigation on Z phase precipitates in an Al–Cu–Mg alloy with
Si and Ag additions aged at 200 �C a Mg:Cu ratio of 1.75:1 was
reported [52].

The striking effect of Ag additions on the microstructural evolu-
tion accounts for the significant difference of the hardness evolu-
tion of the two alloys studied in this work. While VE alloy
exhibits a hardness plateau, during which the main microstruc-
tural features are S phase precipitates formed on dislocations, in
the VEA alloy hardness grows steadily with ageing time, and
reaches a higher peak value. This hardness evolution is due to a
high density of Z phase precipitates that form already during the
early stages of ageing and grow slowly with ageing time. The
higher peak hardness is explained by the high density of Z phase
precipitates. No evidence of any pre-precipitates such as GP zones
was found. This can be explained by the high coherence of the
cube–cube variant of the Z phase with the matrix.
Fig. 19. Elemental fractions in contact with positron traps as a function of the
ageing treatment at 175 �C for alloy VE (Al–1.5 wt.%Cu–4.0 wt.%Mg). Fractional
concentrations Ci for selected ageing stages pointed out with open white circles
were obtained from the best fitting curve (Al, Mg and Cu in contact with vacancy-
like defects using Eq. (1)). Estimated statistical scatter: 0.5%.
4.3. Coincidence Doppler broadening of the annihilation radiation

� Alloy VE.
Additional information on the positron traps is given by the
chemical composition of their environment. To this aim, CDB dif-
ferences curves obtained for the specific ageing conditions labeled
# 1 to #4 in Fig. 3 (see second column of Table 1) were fitted using
Eq. (1), where Ftrap and the coefficients Cv

Al; Cv
Cu; and Cv

Mg were con-
sidered as adjustable parameters in the best-fit procedures. Solid
lines represent the best fitting curves to the experimental data.
The complementary percentage (100% � Ftrap) represents the frac-
tion of positrons annihilating in the VE alloy matrix. Fractional con-
centrations Cv

i , also called contact probabilities, of the alloy
components in contact with vacancy-like defects are reported in
the table and also plotted in Fig. 19.

From the analysis of the trapping fraction Ftrap values for the dif-
ferent ageing stages studied, it can be concluded that about 50–
60% of positrons are trapped and annihilated in solute–vacancy
clusters or nanoprecipitates. The remaining positrons annihilate
into the Al–Cu–Mg matrix. Despite there only are calculations on
positron affinities to different pure elements [53], the existence
of a competitive process for positron trapping between the alloy
matrix and the solute–vacancy clusters formed in the alloys could
be interpreted in terms of the ‘‘affinity concept’’ by which trapping
sites are split into two states; i.e., matrix and clusters respectively.

The most important conclusions of the analysis of the results
reported in Table 1 and Fig. 19 may be summarized as follows:
(i) When comparing the atomic concentration in contact with
vacancy-like defects Ci of the sample aged during 6 min at 175 �C
with that of the as-quenched sample it can be seen that the



Table 2
Fractional concentrations Ci, also called contact probabilities, of the alloy components
in contact with vacancy-like defects in alloy VEA for different artificial ageing stages.
These values were obtained by fitting the CDB differences curves using Eq. (1). Ftrap is
the trapping fraction of positrons annihilated in the alloy under the ageing conditions
reported in the second column of the table.

Label Ageing condition Results obtained from the fitting of CDB
experimental data

Ftrap (%) CAl (%) CMg (%) CCu (%) CAg (%)

#1 As-quenched 58 ± 1 52 ± 2 23 ± 2 15 ± 2 10 ± 2
#2 10 min @ 175 �C 66 ± 1 27 ± 2 36 ± 2 27 ± 2 10 ± 2
#3 15 h @ 175 �C 65 ± 1 27 ± 2 35 ± 2 28 ± 2 10 ± 2
#4 72 h @ 175 �C 62 ± 1 23 ± 2 42 ± 2 25 ± 2 10 ± 2

Fig. 20. Elemental fractions in contact with positron traps as a function of the
ageing treatment at 175 �C of alloy VEA (Al–1.5 wt.%Cu–4.0 wt.%Mg–0.5 wt.%Ag).
Fractional concentrations Ci for selected ageing stages pointed out with open white
circles were obtained from the best fitting curve (Al, Mg, Cu and Ag in contact with
vacancy-like defects using Eq. (1)). Estimated statistical scatter 0.5%.
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amount of Al strongly diminishes, the Mg content remains con-
stant and the Cu content shows a sharp increase (about 100%);
(ii) for an intermediate ageing time, coincident with the end of
the lifetime plateau CAl remains constant. Furthermore, a small
increase of the Mg content accompanied by an equivalent decrease
of the amount of Cu is observed; and (iii) for longer ageing times
(CDB data corresponding to the sample aged 240 h at 175 �C
against that aged 20 h at 175 �C), the Al content slightly decreases
while the amount of Mg significantly increases in about 20%.
Conversely, the Cu content decreases in more than 10%.
Furthermore, it is worth mentioning that in alloy VE, when it is
submitted to artificial ageing for different times, the CMg/CCu ratio
varies from approximately 0.6 to 1. Specifically, in the region of
peak age hardening, a quantitative estimate of the solute fractions
around vacancies that are associated with nanoparticles indicates a
Mg:Cu ratio of 1.

� VEA alloy.

For this alloy, additional information was also obtained on the
positron traps particularly regarding the chemical composition of
their environment. So, CDB differences curves obtained for the
specific ageing conditions labeled #1 to #4 in Fig. 13 (see second
column of Table 2) were fitted using Eq. (1) considering Ftrap and
the coefficients Cv

Al; Cv
Cu; Cv

Mg; and Cv
Ag as adjustable parameters

in the best-fit procedures. Solid lines represent the best fitting
curves to the experimental data. The results obtained from the fit-
ting procedure, are reported in Table 2 and Fig. 20.
The trapping fraction Ftrap values for the different ageing stages
studied indicate that between approximately 55% and 65% of posi-
trons are trapped and annihilated in nano- or sub-nanometric
solute–vacancy aggregates. The remaining positrons annihilate
into the Al–Cu–Mg–Ag matrix. A systematic increase of Ftrap is
observed for alloy VEA when comparing with those values of alloy
VE for similar ageing stages of both alloys.

These results allow us to conclude that: (i) The silver content
remains the same during all stages of ageing; (ii) when
comparing the Ci values for the VEA sample aged during 10 min
at 175 �C with that of the as-quenched sample, it can be seen that
the amount of Al strongly diminishes, the Mg content increase in
about 50%, and the Cu content also increases in 50% ca.; (iii) at
the end of the lifetime plateau, all the solute fractional concentra-
tions remain constant; and (iv) for a further ageing time, the Al
content slightly decreases, the Mg content increases in about 20%
and the amount of Cu remains almost constant (a slight decrease
is observed).

Since the fraction of silver atoms around vacancies associated
with solute–vacancy clusters or nanoprecipitates is constant, it is
particularly interesting to analyze the changes in the CMg/CCu ratios
in the case of the artificially aged samples. The value of this param-
eter is about 1.3 for the intermediate artificial ageing stage and
increases to 1.7 around peak ageing. This value is almost the dou-
ble to that obtained for alloy VE indicating that the addition of Ag
as microalloying element, results in a larger fractional concentra-
tion of Mg solute atoms surrounding vacancy-like defects.

The present results agree with previous findings in an Al–Cu–
Mg alloy with high Mg:Cu ratio and Ag additions using 3DAP,
where clusters containing Cu, Mg and Ag atoms have been reported
to form during the early stages of ageing at 170 �C [47], and show
that such clusters are vacancy–solute complexes.

Finally, the CDB results allow the interpretation of the positron
lifetime evolution shown in Figs. 3 and 13. In both alloys, the initial
decrease is related to the increase in the Cu content surrounding
vacancy-like defects, while the strong increase in positron lifetime
beyond the plateau is related to the increase in the Mg content dec-
orating the vacancy-like defects. The differences between the CDB
results in VE and VEA alloys indicate that in the VE alloy, positrons
annihilate mainly at S phase laths, since for long ageing times the
ratio of Mg:Cu atoms around vacancies is about 1, while in the VEA
alloy positron annihilation is related to the precipitation of the Z
phase, with a higher Mg:Cu ratio.

5. Conclusions

A combination of the experimental techniques TEM, Positron
Annihilation Lifetime Spectroscopy, and Coincidence Doppler
Broadening has been used to provide more understanding of the
effects of a microalloying addition of Ag on the precipitation pro-
cesses in the alloy Al–1.5%Cu–4.0%Mg which has a high Mg:Cu
ratio.

The main conclusions from these studies are as follows:

1. Results for both ternary and quaternary alloys indicate that,
immediately after quenching from the solution treatment tem-
perature, and for very short ageing times at 175 �C, vacancy–so-
lute (Cu, Mg) and vacancy–solute (Cu, Mg, Ag) clusters are
formed, respectively. CDB positron results show that Ag causes
a greater density of vacancies to be retained by quenching.
Furthermore, from PALS results it can be concluded that during
this early artificial ageing stage solute transport mechanisms
appear to be similar. This behavior is analogous to what has
been exclusively observed by PALS in other alloys based on
the Al–Cu–Mg system and accounts for the rapid early harden-
ing that occurs in these alloys.
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2. Studies of the ternary alloy confirm that prolonged ageing at
175 �C leads to precipitation of an uniform, but relatively coarse
dispersion of the Z phase in the matrix in between helical dislo-
cations decorated with particles of the well known S phase
(Al2–Cu–Mg). The Z phase is octahedral in shape and high reso-
lution microscopy has revealed it is highly coherent with the
aluminum matrix. It has a cubic structure that contains Mg
and Cu in the approximate ratio of 2:1 that distinguishes it from
the complex cubic T phase (Al6CuMg4) which is shown in the
generally accepted Al–Cu–Mg phase diagram. The S phase is
still present in the ternary alloy aged at 240 �C whereas the Z
and T phases are both absent.

3. The addition of small amounts of Ag suppresses formation of
the S phase and stimulates precipitation of a denser dispersion
of smaller precipitates of the Z phase on ageing at 175 �C which
accounts for the greater response of the quaternary alloy to age
hardening. Ag also increases the stability of the Z phase so that
it remains present after prolonged ageing at 240 �C. Once again
the T phase was not observed after ageing the quaternary alloy
at 175 or 240 �C.

4. Comparing the CDB results with the positron lifetime evolution
suggests that the initial decrease in the latter during ageing of
both alloys can be attributed to the increase of Cu atoms in con-
tact with vacancies. To the contrary, the strong increase in posi-
tron lifetime in both alloys that follows on further ageing can be
attributed to the progressive enrichment of magnesium atoms
in contact with vacancies probed by positrons, as indicated by
the CDB results. Finally, for long ageing times: (i) in the ternary
alloy, the ratio of Mg to Cu atoms around vacancies was found
to equal 1 suggesting that positrons annihilate mainly at S
phase laths; and (ii) in the Ag added alloy the ratio of Mg:Cu
atoms in contact with vacancies was found to be around 2
accounting for positron annihilation at Z phase precipitates.

5. No evidence was obtained that a pre-precipitate such as GP
zones preceded formation of the Z phase in either alloy.
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