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Vacancy assisted solute transport mechanisms responsible for the solute atom agglomeration during
the early stages of aging in Al-Cu-based alloys
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An approach using combined results, obtained by different experimental variants of positron annihilation
spectroscopy and from kinetic Monte Carlo simulations, made it possible to determine the fundamental mech-
anisms by which vacancies assist solute atoms to form clusters during the earliest stages of precipitation
kinetics in age-hardenable Al-Cu and Al-Cu-Mg alloys. The investigations were performed on the conventional
precipitation-hardening system Al-1.74Cu (at. %) alloy aged at 293 and 342 K; these temperatures were chosen
since they are low enough to avoid the formation of more stable nanostructures. To understand the influence of
a minor alloying element on the solute clustering, the ternary Al-1.74Cu-0.35Mg (at. %) alloy was also studied.
Interpreted in terms of the so-called vacancy pump model of solute aggregation, the results obtained made it
possible to give a detailed and precise description concerning the role of the solute-vacancy exchanges in the
solute clustering dynamics and the energetic stabilization of the formed clusters. It deserves to be pointed out
that the results of our simulations for the ternary alloy indicate that, when aging proceeds, the solute atoms
transported by vacancies progressively form Cu-Mg coclusters containing different amounts of nonmixed Cu or
Mg solute atoms.
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I. INTRODUCTION

Age hardening is a well-known thermal treatment for
particular groups of aluminum alloys to achieve optimal
mechanical properties. The technological importance of age
hardening has stimulated an intense research effort since
its discovery at the beginning of the last century. The de-
composition, that is, the structural evolution of an alloy, is
a complicated phenomenon controlled by thermodynamical
factors (phase stability) as well as atomistic processes (solute
transport). It is worth mentioning that the basic requirement
for an alloy to be amenable to age hardening is a decrease in
solid solubility of one or more of the solute elements with de-
creasing temperature. A detailed description of the sequence
of the thermal treatments involved in the different stages of
the kinetic decomposition of an age-hardenable alloy is given
in Ref. [1]. Variations in this sequence strongly depend on
the composition of the system and the sequence of thermal
treatments.

The latest investigations of Al-based age-hardenable al-
loys, mainly Al-Cu- and Al-Zn-based alloys, have been
focused on the earliest stages of decomposition of the su-
persaturated solid solution (SSSS) since this is a crucial
step for determining the final microstructure of the al-
loy. During the mentioned aging stages, the microstructure
of the alloy evolves by progressive formation of coher-
ent solute aggregates (usually named solute clusters) and
metastable Guinier-Preston (GP) zones at later stages. It is
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now well accepted that solute-vacancy association is one of
the fundamental processes controlling precipitation harden-
ing phenomena in this kind of alloy [1,2]. For Al-Cu alloys,
the addition of Mg can have the apparently unique effect of
promoting rapid early hardening after quenching [usually to
room temperature (RT)] and aging at intermediate tempera-
tures such as 100 to 200 °C. Results obtained using one of
the most advanced imaging techniques at the atomic scale,
atom probe, in its evolving variants [atom probe field ion
microscopy, three-dimensional atom probe (3DAP), and atom
probe tomography] [3,4], have shown that this effect is caused
by the rapid formation of solute clusters in a matter of sec-
onds, which is known in the literature as cluster hardening. It
was also reported that this process is slower for lower aging
temperatures.

Vacancies play a fundamental role not only in the transport
of the solute atoms but also by contributing to the energetic
balance of the phases in which they are included as structural
constituents. Since aging treatments are normally carried out
at temperatures low enough to avoid significant production of
vacancies in thermal equilibrium, nonequilibrium vacancies
such as quenched-in vacancies, or produced by cold work are
especially important [1]. However, vacancies are an elusive
component of any alloy, not only due to their low concentra-
tion but also because they cannot be imaged by any type of
microscopy, even at atomic resolution.

Positron annihilation spectroscopy (PAS) has proved to
be the most sensitive experimental technique for detecting
vacancylike defects and their role during structural transfor-
mations in alloys [5,6]. Different experimental variants of this
nuclear spectroscopic technique have been widely applied to
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study the role of vacancies in the aging behavior of aluminum
age-hardenable alloys. First, positron annihilation lifetime
spectroscopy (PALS) and Doppler broadening spectroscopy
(DBS) were used to study the formation of GP zones in Al-Zn
alloys [7]. At the beginning of this century, another variant
of PAS called coincidence Doppler broadening spectroscopy
(CDBS) demonstrated to be particularly useful for identifying
the nature of the solute atoms in contact with vacancylike
defects in precipitates [8–12]. These techniques have been
used to obtain information on the decomposition kinetics of
the alloys through the presence of vacancylike defects inside
the decomposition products, that is, solute-vacancy clusters
and the chemical composition of the clusters and nanoparti-
cles formed. Dlubek [13] and Krause et al. [14] published
comprehensive review papers on the decomposition kinetics
of Al-based age-hardenable alloys. Critical reviews of this
kind of subject can be found in Refs. [5,6,15,16]. Especially
PALS and CDBS have contributed to the understanding of the
effects of adding a microaddition of silver on the precipitation
process in Al-Cu-Mg alloys with low [17] or high Mg : Cu
ratios [18]. Both positron techniques have also been success-
fully applied to investigate precipitation kinetics in several
prepared Al–based age-hardenable alloys as well as in some
commercial alloys [19–26].

In the early 1960s, a type of Monte Carlo algorithm called
kinetic Monte Carlo (kMC) was developed to describe the
time evolution of different systems of interest for many fields
of physics and chemistry [27]. It is important to point out
that kMC is a simulation technique which can bring insights
into the physicochemical properties of a solid at the nano and
subnanometric scale in kinetic processes evolving in a wide
time range, from picoseconds until several hours [28–31].

Regarding the use of kMC, in a recent overview, the
state-of-the-art in the understanding of precipitation kinetics
phenomena in metallic alloys is carefully described ([32]
and references therein). Previously, different authors reported
kMC studies on Al-based age-hardenable alloys, which are
directly related to the scope of this paper. Sha and Cerezo
[33] employed kMC to model the early stages of precipitation
kinetics in an Al-Zn-Mg-Cu alloy, specifically the formation
and growth of solute clusters. These authors compared simu-
lated results with those experimentally obtained using 3DAP.
De Geuser et al. [34] used kMC simulations parametrized
with CALPHAD thermodynamic databases to study the solute
clustering process in the early stages of the artificial aging
at intermediate temperatures in the binary Al-1.7Cu (at. %)
alloy. Liang et al. [35] studied the solute clustering in the
Al-0.57Mg-0.77Si (at. %) alloy.

The present investigation was carried out to obtain a deeper
level of understanding about the role of vacancies in the
mechanisms responsible for the transport of solute atoms to
the formation and growth of solute clusters during the earliest
aging stages of the SSSS kinetic precipitation of two Al-Cu-
based alloys. First, we have studied the binary Al-1.74Cu
(at. %), equivalent to Al-4Cu (wt. %), because it is widely
considered by the metallurgical community a model age-
hardenable alloy. Additionally, the ternary Al-1.74Cu-0.35Mg
(at. %), equivalent to Al-4Cu-0.3Mg (wt. %), was studied to
understand how the addition of Mg as a third alloying element

to the binary alloy influences the solute clustering process re-
sponsible for the rapid early hardening effect described above.

In that sense, PALS [17,21] and CDBS [8] experimental
data previously reported were fitted using an improved model
to analyze the positron data that made it possible to gain
information regarding the sites in which positrons become
trapped and annihilated. On the other hand, we have used
kMC as the most appropriate modeling technique to describe
the mechanisms involved in the transport of solute atoms
assisted by vacancies to the formation and growth of solute
clusters and how the solute-vacancy interaction occurs. This
paper constitutes a leading case in search of a detailed descrip-
tion of the most fundamental mechanisms operating during
the solute agglomeration process mediated by vacancies in-
duced by thermal treatments.

This paper is organized as follows. In Sec. II, the key
elements are given to understand the implementation of a
kMC algorithm to study the atomic diffusion processes in a
crystal lattice assisted by vacancies. In this section, details on
the specific code developed to carry out the kMC computer
simulations of solute atom transport in a crystal lattice and the
solute-vacancy interactions are also described. Section III A is
devoted to analyzing and discussing PALS and CDBS results.
In Sec. III B, results of kMC simulations are presented. In
Sec. IV, an overall discussion of the experimental and sim-
ulated kMC results presented in Secs. III A and III B is given.
Finally, in Sec. V, the key results obtained in this paper are
presented.

II. METHODOLOGY

To study the atomic transport process in a crystal lattice
assisted by vacancies, a kMC algorithm was implemented.
Under this frame, kMC can simulate the crystal state-to-
state evolution in time where a kMC trajectory consists of a
stochastic sequence of discrete jumps from one system state
to another one. Specifically, each system state is defined by
a given atomic configuration in the crystal lattice. To calcu-
late the energy of a given state, the following Hamiltonian
operator that only considers the pair interactions between
nearest-neighbor (NN) atoms is commonly used:

E = 1

2

NX ,NY∑
X,Y

εX,Y MX,Y , (1)

where X and Y represent the different atomic species consti-
tuting the crystal system, and NX and NY are the number of
atoms of every species. Additionally, εX,Y is the pair interac-
tion energy matrix between the X and Y atomic species (see
details in Table S.M.I in the Supplemental Material [36]), and
MX,Y is the neighbor matrix: the matrix element is 1 if the X
atomic species is in contact with the Y atomic one; otherwise,
the element is equal to 0.

At each step of the kMC trajectory, the system can jump
from a given i state to several possible next j states, and the
transition rates between the i and all the possible j states are
known. The activation energy required for the transition E act

i→ j
is given by

E act
i→ j = Ei + Ej

2
− Ei + εo, (2)
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where εo is a constant energy depending on the studied system
(for more details, see Ref. [34]), and Ei and Ej are the ener-
gies of the i and j states calculated using Eq. (1). Additionally,
the associated transition jump rate from the i to the possible j
state is given by

ω j = v0exp

(
−E act

i→ j

kBT

)
, (3)

where j is an index varying from 1 to the final number of
available N states, v0 is the attempt jump frequency, kB is
the Boltzmann constant, and T the simulation temperature (in
Kelvin). Then the corresponding N different transition jump
rates are summed to yield the total rate constant:

ωtot =
N∑

j=1

ω j . (4)

In such a way, the transition probability α j is defined as

α j = ω j

ωtot
. (5)

The next j state is chosen among the possible N candidate
states; it must fulfill the following condition:

j∑
k=1

αk < r �
j+1∑
k=1

αk, (6)

where r is a generated random number in the range 0 < r < 1.
Once a new j state is reached, a Monte Carlo step (MCS)

is completed, where a MCS corresponds to one attempt ex-
change per lattice site. The mean residence time �t∗

MCS is the
average time in which the system remains in a given state
before jumping to the next one; it can be obtained as follows:

�t∗
MCS = (ωtot )

−1. (7)

For atomic transport assisted by vacancies, a physical time
step �tphys can be defined considering the simulated vacancy
concentration CKMC

v and the thermal equilibrium vacancy con-
centration at the simulated temperature T [33–35]:

�tphys = �t∗
MCS

(
Ceq

v

CKMC
v

)
. (8)

In this paper, the kMC computer simulations of solute atom
transport in a crystal lattice assisted by a single vacancy were
performed using a specific own code named MEGATHERIUM

developed in the Python computation language. To extract
information from the simulations, an algorithm was imple-
mented to compute the fraction of the physical time f at that
each atom species belonging to the alloys studied in this paper
(specifically, the superscript at corresponds to the Al, Cu,
or Mg atoms) spends in contact with the vacancy in a given
interval of time τ , where

f at (%) = 100
1

Ntotτ

M∑
s=0

Nat
s �tphys, (9)

being

τ =
M∑

s=0

�tphys. (10)

Additionally, Nat
s is the number of atoms of the differ-

ent atomic species belonging to the alloy in contact with
one single vacancy for each MCS step and Ntot is the to-
tal number of NN atoms to the vacancy. To recognize and
classify an agglomeration of solute atoms, that is, solute
clusters, a specific algorithm implemented under the frame
of the density-based spatial clustering of applications with
noise (DBSCAN) algorithm was used [37]. In the developed
algorithm, the agglomerates containing three or more solute
atoms were considered solute clusters.

On the other hand, to model the structure of the binary or
ternary Al-based alloys studied in this papr, different three-
dimensional (3D) face-centered cubic (fcc) meshes with L3

unit cells were considered. Furthermore, to mimic an infinite
matrix, periodic boundary conditions in the three possible
directions were considered. To simulate the studied alloys,
every cell of the 3D mesh was randomly filled with solute
atoms in specific amounts, and the remaining cells were filled
with aluminum atoms. The single vacancy was simulated by
removing 1 Al atom from the mesh, giving an equivalent
vacancy concentration of 0.8 × 10−5 at−1. Through the sim-
ulation, the vacancy was allowed to jump from its position to
another of its NNs; 12 in our case due to a fcc structure was
used. In this paper, the number of vacancies was considered
constant and equal to 1, which means that there exist no
sources or sinks of vacancies.

In this paper, kMC simulations were carried out for the fol-
lowing systems: the binary alloy (B alloy) with a composition
Al-1.74Cu (at. %) and the ternary alloy (T alloy) with a com-
position Al-1.74Cu-0.35Mg (at. %). The simulations were
performed at 293 and 342 K. These aging temperatures are
the same as the experimental ones used to follow the earliest
stages of the decomposition of the SSSS of the B and T alloys
by means of PALS presented below in Sec. III A. For all mod-
eled alloys, meshes with L = 50 containing 1.25 × 105 atoms
(the size is ∼15 × 15 × 15 nm3) were considered. Specifi-
cally, for the B alloy, the mesh contains 2175 Cu atoms, and
for the T alloy, the mesh contains 2175 Cu and 437 Mg atoms,
respectively. To check the reliability of the kMC simulations
results, larger 3D fcc meshes (L = 100 and 200) were also
considered. From our results, nonappreciable differences were
obtained when comparing with those obtained using L = 50.
Moreover, to estimate the uncertainty dispersion associated
with the obtained results, each simulation was run five times

III. RESULTS

A. Experimental studies

The experimental results discussed in this section are part
of a more general PALS and CBDS investigation carried out
by one author of this paper and coworkers at the beginning
of this century on the aging kinetics of the binary Al-1.74Cu
(at. %) and ternary Al-1.74Cu-0.35Mg (at. %) alloys with or
without the addition of 0.1-0.2Ag (at. %) as a microalloying
element [8,17,21].

1. Kinetic decomposition

The evolution of the positron lifetime τ with the aging
time for the B and T alloys at RT and 342 K are depicted in
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FIG. 1. Positron lifetime evolutions in the binary (B) and ternary
(T) alloys as a function of the aging time and temperature after
Somoza et al. [8,17,21]. Dashed lines are the best-fit curves calcu-
lated on the basis of the positron trapping model (see Refs. [17,21]).
Labels BAQ, BRT, BHT, TAQ, TRT, and THT represent the specific aging
stages where coincidence Doppler broadening spectroscopy (CDBS)
measurements were carried out (see Table I and Ref. [8]).

Fig. 1. In this figure, we present together the positron lifetime
vs aging time evolutions for both B and T alloys and for the
same aging temperatures which were separately reported in
fig. 1 of Ref. [17] and fig. 3 of Ref. [21]. As can be seen, all
the curves show the same general feature, that is, a monotonic
decreasing behavior of the positron lifetime characterized by
an initial rapid drop stage followed by a slower one reaching
different asymptotic values depending on the alloy and the
aging temperature. In the figure, an increase of the aging
temperature leads to a faster and more pronounced τ decrease.
Specifically, for the binary alloy, the positron lifetime ∼195 ps
characterizes the initial as-quenched aging stage labeled BAQ.
After a long aging time at RT (25 d � 600 h), the stage labeled
BRT, the corresponding positron lifetime is ∼169 ps; for the
same aging time but at the higher temperature, τ attains a
value of ∼161 ps (stage labeled BHT).

The τ value at the BAQ stage of the B alloy is higher than
that characteristic of positrons annihilated in Cu monovacan-
cies (τV

Cu = 178 ps [38]), but it is smaller than the typically
measured lifetime for positrons annihilated in Al monova-
cancies (τV

Al = 240 ps [39]). On the other hand, it is known
that, at RT, isolated quenched-in vacancies in pure Al easily
migrate, and therefore, they cannot be detected by PALS.
Somoza et al. [17] reported that the PALS evolution presented
in Fig. 1 indicated that positrons became trapped in vacancies
associated with Cu atoms (named V-Cu complexes) formed
during the quenching process of the B alloy. Moreover, the
further τ decrease for increasing aging times and for the two
aging temperatures observed in the figure was attributed to
a progressive loss of quenched-in vacancies [8,17,21]. This
behavior was assigned to the formation of Cu agglomerates
assisted by vacancies weakly bonded to the formed solute
atom structures. Furthermore, the asymptotic τ value at the
BHT stage is very close to that measured for positrons an-

nihilated in pure Al. Such a difference was attributed to the
presence of a small amount of vacancy concentration near the
lower threshold for the detection of this kind of point defect
by the PALS technique.

Regarding the T alloy, in Fig. 1, the as-quenched stage
is labeled TAQ, while the longest aging time at the lower
temperature is labeled TRT. For the higher aging temperature,
this same aging stage is labeled THT. In the figure, with the
addition of a small amount of Mg to the binary alloy, the
measured τ values at the two mentioned aging temperatures
systematically increase when comparing with those of the B
alloy. In Fig. 1, the asymptotic τ values measured in the T al-
loy for the two aging temperatures are reached at lower aging
times than those obtained measuring the B alloy. Somoza et al.
[21] attributed this behavior to the role of the Mg solute atoms
in the T alloy, which stabilize the quenched-in vacancies.
Indeed, these authors reported that, after quenching, a higher
concentration of vacancies was retained than that detected in
the B alloy; thus, vacancies remain bounded to Cu and/or
Mg atoms forming solute-vacancy complexes. When aging
proceeds, the observed τ decrease was assigned to the loss
of a smaller amount of vacancies than those detected in the B
alloy; therefore, for long aging times, many vacancies survive
as a consequence that they became tightly bonded to the solute
clusters.

2. Solute-vacancy interactions

In this paper, the experimental CBDS momentum distribu-
tions ρ of the positron annihilation in the B and T alloys aged
at RT and 342 K reported in Ref. [8] are now fitted using an
improved expression ρfit proposed later by Dupasquier et al.
[40]:

ρfit = (1 − Ftrap)ρbulk
Al + Ftrap

(
CAlρ

V
Al + CCuρ

V
Cu + CMgρ

V
Mg

)
.

(11)
In this equation, the fitting parameters are the trapping

fraction Ftrap (relative number of positrons trapped and then
annihilated in vacancylike defects) and the fractional concen-
trations of the atomic species belonging to the studied alloys
in contact with vacancylike defects CAl, CCu, and CMg [for
the B alloy, in Eq. (11), CMg = 0]. Furthermore, ρbulk

Al is the
momentum distribution for positrons annihilating in the alloy
matrix; it is considered the Al bulk momentum distribution
measured from a well-annealed high-purity Al since the sen-
sitivity of positrons to a small percentage of substitutional
impurities in a SSSS can be neglected. The CDBS momen-
tum distributions ρV

Al, ρV
Cu, and ρV

Mg were obtained measuring
severely cold-worked monocrystalline high-purity Al, Cu, and
Mg samples. Specifically, the mentioned momentum distribu-
tions are due to positron confinement in atomic-sized open
volumes, that is, vacancies and vacancylike defects associated
with dislocations (in misfit regions). It should be noted that the
fractional concentrations (also called contact probabilities) Ci

must be interpreted as representing the atomic composition
in regions that are in immediate contact with the vacancylike
defect where the positron becomes trapped.

To gain information about the chemical nature of the
environment probed by the positrons (solute-vacancy inter-
actions), coincidence Doppler broadening distributions were
obtained for the specific aging stages labeled BAQ, BRT, BHT,
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TABLE I. Trapping fractions Ftrap and fractional concentrations Ci of the alloy atomic species in contact with vacancylike defects in the B
and T alloys and for the different aging conditions stated in Fig. 1 (see text).

Results obtained from the fitting of CDB experimental curves

Ftrap (%) CAl (%) CCu (%) CMg (%)
Label Alloy Aging condition (±1%) (±1%) (±1%) (±1%)

BAQ As quenched 26 66 34
BRT B 600 h @293 K 8 32 68
BHT 600 h @342 K 4 1 99
TAQ As quenched 47 57 34 9
TRT T 600 h @293 K 57 26 65 9
THT 600 h @342 K 85 14 80 6

TAQ, TRT, and THT, respectively (see Fig. 1), and then fitted
using Eq. (11). From the fittings, the obtained Ftrap and Ci for
the different aging stages of the B and T alloys are reported in
Table I.

In the case of the B alloy, in Table I for the as-quenched
condition, ∼26% of positrons are trapped and then annihi-
lated in vacancylike defects and/or solute-vacancy clusters,
while the remaining positrons annihilate in the alloy matrix.
This Ftrap value indicates that, immediately after quenching
the SSSS of the alloy, most of the vacancies are lost at RT.
However, the Ci values at the stage BAQ indicate that positrons
probe, on average, vacancies decorated by 8 Al atoms and
4 Cu solute atoms. When the aging at RT proceeds, the sharp
decrease of Ftrap observed in the BRT stage was attributed to an
important loss of positron traps (vacancies); additionally, from
the Ci values, a Cu enrichment of the solute-vacancy clusters
can be seen. In fact, a Ftrap ∼8% means that vacancylike
defects are in contact with 4 Al atoms and 8 Cu solute atoms.
In the table, the increase of the aging temperature to 342 K
is reflected in a diminution of Ftrap until only ∼4%; that is,
∼96% of positrons are annihilated in the alloy matrix, and
only a very small fraction of positrons annihilates with va-
cancies in contact with Cu atoms. The CDBS results reported
in Table I also indicate that, at the BHT stage, positron traps
are completely surrounded by Cu solute atoms; in fact, CCu

∼99%. This last result made it possible to go deeper into the
interpretation of the PALS results obtained for the same aging
stage of the binary alloy given in Sec. III A 1. In fact, positrons
would mostly prefer to annihilate in effective positron traps of
different characteristics from those previously proposed when
analyzing PALS data since the vacancy concentration is near
the lower threshold for the detection of point defects using the
PALS technique.

On the other hand, from the results reported in Table I
for the T alloy and for the specific as-quenched stage (TAQ),
the Mg addition to the binary alloy practically doubles the
Ftrap value at the same aging stage (BAQ), which means that
Mg solute atoms stabilize the quenched-in vacancies. From
the Ci values, the solute-vacancy complexes formed during
quenching of the SSSS of the ternary alloy are, on average,
in contact with 7 Al atoms, 4 Cu, and 1 Mg solute atoms.
After 600 h of aging time at RT (TRT stage), Ftrap increases
from 47 to 57%; such an increase can be assigned to the
formation of new effective positron traps of a different nature
from the vacancy-solute clusters. As described above, this new
kind of positron trap has been incipiently observed in the BHT

stage of the binary alloy, despite a very weak signal coming
from positrons annihilated in the mentioned positron traps.
This issue is discussed in detail in Sec. IV. Moreover, from
the evolution of the different Ci values for increasing aging
times, positron traps are strongly enriched with Cu solute
atoms, while the concentration of Mg solute atoms in contact
with such positron traps remains almost constant. Specifically,
for the TRT stage, positrons annihilate in traps which are in
contact with 3 Al, 8 Cu, and 1 Mg solute atoms. The increase
of the aging temperature up to 342 K induces a strong increase
of the Ftrap value, from 57% obtained at the TRT aging stage
to 85% at the THT stage. These results can be attributed to
the formation of a higher density of the above denominated
effective positron traps. Additionally, it is observed that, at
the THT aging stage, positron traps become even richer in
Cu atoms than those detected at the TRT aging stage; in fact,
from the corresponding Ci values, on average, positrons are
annihilated in effective positron traps that are in contact with
2 Al atoms and 9 Cu and 1 Mg solute atoms.

Based on the results obtained, it is important to point out
that the use of the improved expression ρfit to fit the CDBS
data reported in Ref. [8] made it possible to gain information
regarding the sites in which positrons become trapped and
annihilated.

B. kMC simulations

The results presented in this section are those obtained
from kMC simulations of the formation and growth of so-
lute atom clusters assisted by a single vacancy in the binary
and ternary alloys at the simulation temperatures of 293 and
342 K. As stated in Sec. II, these temperatures are the same as
the aging experimental ones used to follow the early stages of
the SSSS decomposition by PALS.

In Sec. III B 1, results about the solute clustering process
are presented, while in Sec. III B 2, results on the solute-
vacancy interactions are shown.

1. Solute clustering

In Fig. 2, the fractions of solute atoms forming clusters FC

(in %) for the B and T alloys as a function of the physical time
tphys are presented. For all the simulated data, the filled areas
of the different curves include their associated dispersions
delimited by the lower and upper curves.

All curves show a sigmoidal behavior. For the starting
point, low FC values were obtained, that is, ∼10 and 14%

033603-5



M. A. QUIROGA, C. MACCHI, AND A. SOMOZA PHYSICAL REVIEW MATERIALS 6, 033603 (2022)

FIG. 2. Fraction of solute atoms forming clusters in the binary
and ternary alloys as a function of the physical time and the simula-
tion temperatures. For all the simulated data, the filled areas of the
different curves include their associated dispersions (see text). For
the sake of clarity, only the average simulated data obtained for the B
alloy at 293 K are presented using a solid line. Labels #1, #2, and #3
represent kMC specific stages of the clustering process; that is, #1 is
the random starting point, #2 is an intermediate state in which 35%
of the solute atoms form clusters, and #3 is the steady state.

for the binary and ternary alloys, respectively. These results
indicate that, initially, the randomly distributed solute atoms
in the matrix of the alloys form small solute clusters. The
curve obtained for the solute atoms forming clusters in the
B alloy simulated at 293 K reaches a steady value ∼50%
for a tphys � 100 h. Additionally, for simulations at 342 K, a
FC steady value ∼45% is reached for a lower physical time
(∼1 h). Similar trends were observed for the ternary alloy,
but in these cases, FC vs tphys curves are systematically above
those obtained for the B alloy (see Fig. 2).

To analyze the results obtained from our simulations, three
different stages of the solute clustering process were chosen:
(i) Stage #1 corresponds to the starting point; (ii) stage #2 was
selected for a specific FC value representing the regions of the
different sigmoidal curves for which the highest FC growth
rates are observed; specifically, FC = 35% was chosen which
correspond to tphys ∼10 and 0.1 h for the simulations at 293
and 342 K, respectively; and (iii) stage #3 for which the dif-
ferent FC reach steady values; specifically, for the simulations
at 293 K and for both alloys, it was considered that the steady
FC values were reached for a tphys ∼1000 h, and in the case of
a simulation temperature of 342 K, the same state was reached
for tphys ∼100 h.

In Fig. 3, 3D images of the simulated boxes of the fraction
of solute atoms (i.e., Cu atoms) forming clusters in the binary
alloy obtained for #1, #2, and #3 solute clustering stages and
at the two different simulation temperatures are presented. For
the sake of clarity, in the figure, only those Cu atoms forming
clusters are shown. The growth of the sizes of Cu clusters as
a function of tphys and for the two simulated temperatures is

FIG. 3. Three-dimensional (3D) images of the simulated box
(15 × 15 × 15 nm3) of the fraction of solute atoms forming clusters
obtained for the binary alloy at different simulation temperatures.
For the sake of clarity, only the Cu atoms forming solute clusters are
shown. The labels #1, #2 and #3 were defined in Fig. 2.

different, and it is strongly dependent on the temperature; this
effect is highly notorious in the case of stage #3.

In Fig. 4, the 3D images of the simulated boxes of the
fraction of solute atoms (i.e., Cu and/or Mg) forming clusters
in the ternary alloy obtained for #1, #2, and #3 stages and at
the two different simulation temperatures are presented. For
the sake of clarity, in the figure, only those Cu and/or Mg
atoms forming clusters are shown. There is a similar trend in
the clustering processes to that observed for the B alloy, and
it is also strongly dependent on the simulation temperature.
As shown in the figure, pure Cu clusters are jointly formed
with Cu-Mg coclusters; our simulations reveal that, despite
the initial accidental formation of small pure Mg clusters, for
more advanced stages, Mg clusters were not observed.

In Fig. 5, the density of Cu cluster size distributions (Cu-
CSD) obtained from the kMC simulations at 293 and 342 K
for the B alloy are presented. To identify and quantify the
effects of the kinetic simulation on the solute clustering pro-
cesses, the Cu-CSD in stages #2 and #3 were referred to the

FIG. 4. Three-dimensional (3D) images of the simulation box
(15 × 15 × 15 nm3) obtained for the ternary alloy at different sim-
ulation temperatures. For the sake of clarity, only those Cu and Mg
atoms forming solute clusters are shown in full red and full blue
circles, respectively. The labels #1, #2 and #3 were defined in Fig. 2.
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FIG. 5. Density of Cu cluster size distributions as a function of
the number of solute atoms (i.e., cluster size) forming Cu clusters for
the binary alloy referred to the solute cluster distribution at the initial
random state and for simulations at 293 K (top panel) and 342 K
(bottom panel). The labels #2 and #3 were defined in Fig. 2. The
dispersion associated with the density number of solute clusters is
±5%.

Cu-CSD obtained for stage #1. Again, for clarification pur-
poses, the mentioned cluster size distributions are presented
for chosen ranges for the number of Cu atoms forming clusters
defined between angle brackets as follows: 〈3−4〉, 〈5−9〉,
〈10−14〉, 〈15−19〉, 〈20−39〉, 〈40−79〉, and 〈80−159〉. In the
figure, in stage #2 and for 293 K (top panel), the Cu-CSD
presents a bimodallike distribution showing its highest value
for solute clusters containing 〈5−9〉 Cu atoms. In stage #3, Cu
clusters with larger sizes are formed; in this case, a Gaussian-
like distribution centered at 〈10−14〉 Cu atoms is observed.
For 342 K (bottom panel of Fig. 5), the Cu-CSD in stage #2
presents a derivate normallike distribution with a maximum
of solute atoms forming clusters in 〈5−9〉 Cu atoms; this
behavior can be attributed to the formation of larger clusters
at the expense of those containing 〈3−4〉 Cu atoms. In stage
#3, much larger Cu clusters with a wide Cu-CSD centered
in 〈20−79〉 Cu atoms are formed. As can be inferred from
Fig. 5, the increase of the Cu-CSD at 342 K is accomplished
by the coalescence of the smallest Cu clusters obtained for the
simulation at 293 K.

In Fig. 6, for the ternary alloy, the density of Cu clusters
and Cu-Mg cocluster size distributions (Cu-CSD and Cu-Mg-
CSD, respectively) are presented. In this figure, the panels are
presented as follows: In the plots labeled (a) and (c), only
the Cu-CSD are shown for simulations at 293 and 342 K,
respectively. In the plots labeled (b) and (d), only the Cu-
Mg-CSD are presented for simulations at the two different
temperatures, respectively. As in Fig. 5, the CSD obtained for
stages #2 and #3 are referred to the cluster size distribution
obtained for stage #1; additionally, the same ranges of the
number of solute clusters as those selected for the B alloy were
chosen (see above). From the simulations at 293 K, in panel
(a) for stage #2, a step function Cu-CSD containing 〈3−9〉 so-
lute atoms is observed; this distribution is almost disappeared
for stage #3. Regarding the formation of Cu-Mg coclusters,
in panel (b), the CSD results are presented; for stage #2, the
Cu-Mg-CSD presents a Gaussian-like distribution centered at
〈5−9〉 Cu-Mg coclusters, and for stage #3, the cluster size
distribution is systematically moved toward higher values of
Cu-Mg coclusters, specifically 〈10−14〉. In panel (c), the re-
sults presented correspond to the Cu-CSD simulated at 342 K;
for stage #2, the Cu-CSD presents a Gaussian-like distribution
centered at 〈3−9〉 Cu atoms; then for stage #3, the Cu-CSD is
completely disappeared. Furthermore, in panel (d) of Fig. 6
(Cu-Mg-CSD at 342 K) for stage #2, the corresponding CSD
presents a Gaussian-like distribution centered at 〈5−9〉 Cu-
Mg coclusters; and for stage #3, the values of coclusters are
strongly shifted to larger Cu-Mg-CSD sizes with a flattened
and wide cluster size distribution with a maximum in the
range 〈40−79〉.

To show in detail the atomic structure of the Cu-Mg co-
clusters formed in the ternary alloy, in Fig. 7(a), a zoom of
two different representative solute coclusters is shown. To fa-
cilitate the comprehension of the cocluster morphology, three
different viewpoints are shown. Our simulations indicate that
the Cu-Mg coclusters are formed by two nonmixed Cu and Mg
solute atoms; an example of the atomic structure of the Cu-Mg
coclusters can be seen in the zoomed images presented in the
figure.

On the other hand, the analysis of the kMC results obtained
for the T alloy indicates that, for increasing simulation times,
there is a systematic stoichiometric deviation of the Cu-Mg
coclusters when compared with the Mg/Cu ratio equal to 5
of the alloy matrix. This effect is more noteworthy when the
simulation temperature is increased. In stage #3, the average
Cu/Mg ratio of the coclusters at 293 K is slightly above that
corresponding to the matrix; when the simulation temperature
is increased in stage #3, the average Cu/Mg ratio is ∼3.

2. Solute-vacancy interaction

In Fig. 8, the fraction of the physical time f at that each
atom species belonging to the alloys spent in contact with
a single vacancy in a given interval of time τ [see Eqs. (9)
and (10)] is presented. In the figure, the results obtained for
the binary alloy and for simulations carried out at 293 K
(top panel) and 342 K (bottom panel) are shown. It is worth
mentioning that the chosen ranges of physical times are the
same as those of Fig. 2. In Fig. 8, for 293 K, the f Cu values
remain approximately constant ∼10% until a tphys of ∼10 h;
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FIG. 6. Density of Cu and Cu-Mg cluster size distributions, referred to the solute cluster distribution as a function of the number of solute
atoms (i.e., cluster size) at the initial random state, for the ternary alloy and for simulations at 293 K (top panel) and 342 K (bottom panel). In
the plots labeled (a) and (c), only the density of Cu clusters distributions are shown. In the plots labeled (b) and (d), only the density of Cu-Mg
cocluster distributions are presented. The labels #2 and #3 were defined in Fig. 2. The uncertainty associated with the density number of solute
clusters is ±5%.

FIG. 7. Three-dimensional (3D) image corresponding to the ternary alloy simulated at 342 K and for stage #3 (see Fig. 4). In the solute
clusters, Cu and Mg atoms are shown in full red and full blue circles, respectively. In the right panel, zoomed images of two different
representative coclusters for three different viewpoints are shown (more details are given in the text).
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FIG. 8. Fraction of the physical time f at (%) that the Al atoms
and Cu solute atoms remain in contact with a vacancy in a given
interval of time τ for the binary alloy and for simulations at 293 K
(top panel) and 342 K (bottom panel).

then a slight linear increase of this parameter is observed. In
fact, for tphys = 1000 h f Cu ∼20%. The results obtained from
simulations at 293 K and until a physical time of 10 h indicate
that, on average, only 1 Cu solute atom and the remaining 11
Al atoms on average are in contact with the single vacancy.
In the top panel of Fig. 8, for higher tphys, there is a slight
and systematic increase of the average number of Cu atoms
in contact with the vacancy; thus, for 1000 h at 293 K (stage
#3), on average, there are 2 Cu solute atoms and 10 Al ones
in contact with the vacancy. When the simulation temperature
is increased to 342 K, the evolution of f Cu vs tphys becomes
faster than that obtained for the simulation at 293 K. Thus,
until ∼0.1 h f Cu ∼8%; this means that, on average, only 1
Cu solute atom of the 12 atoms surrounding the vacancy is
in contact with it. Then for higher physical times, there is an
almost linear and sharp f Cu increase. In fact, for tphys ∼100 h,
f Cu ∼30%; therefore, on average approximately 4 Cu solute
and 8 Al atoms are in contact with the vacancy.

In the case of the ternary alloy and for a simulation tem-
perature at 293 K (see top panel of Fig. 9) and up to tphys

∼0.1 h, f Mg remains at a similar value to that obtained for the
starting point, that is, ∼2%. For higher physical times and up
to 1000 h, f Mg shows a very slight and linear increase (from

FIG. 9. Fraction of the physical time f at (%) that the Al atoms
and Cu and/or Mg solute atoms remains in contact with a vacancy in
a given interval of time τ for the ternary alloy and for simulations at
293 K (top panel) and 342 K (bottom panel).

∼2 to ∼6%). For Cu solute atoms and for the early simulation
stages (0 � tphys � 0.1 h), f Cu values remain constant. In the
figure, for higher physical times, there is a systematic f Cu

increase reaching a final value of ∼13.5% for tphys = 1000 h.
The increase of the simulation temperature is reflected in an
acceleration of the described processes.

The results presented in Figs. 8 and 9 arise as a cumulative
average of the fraction of the physical time that the atom
species of the alloys spend in contact with a single vacancy
during the total time of the kMC simulations at 293 and 342 K
and for the two studied alloys. Under this frame, the tphys

ranges chosen to calculate the different f at were, in the case
of the simulations at 293 K, from 0 to 0.1 h, 0 to 1 h, 0 to
10 h, 0 to 100 h, and 0 to 1000 h. Specifically, at 342 K the
maximum tphys chosen for the simulations was 100 h.

Briefly, the results presented in Figs. 8 and 9 made it possi-
ble to understand how the vacancy interacts with the different
atomic species to build the solute clusters. Additionally, the
increase of the simulation temperature accelerates this pro-
cess.
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IV. OVERALL DISCUSSION

The main experimental PALS and CDBS results presented
in Sec. III A are summarized according to the alloy studied as
follows.

For the binary alloy, the results obtained show that, af-
ter quenching the SSSS, quenched-in vacancies associated
with Cu solute atoms are formed. Then during aging, such
quenched-in vacancies are progressively lost when forming
Cu clusters assisted by vacancies which are weakly bonded
to the formed solute agglomerates. This process accelerates
when the aging temperature is increased. In the last stage of
the aging process, PAS (PALS and CDBS) results indicate that
there are a few solute clusters entirely composed of Cu atoms
acting as effective positron traps.

PAS results obtained for the ternary alloy indicate that
the mechanism of solute-vacancy interaction and solute clus-
tering are completely different from those observed for the
binary alloy. This behavior was attributed to the role of Mg
atoms which stabilize the quenched-in vacancies since they
are tightly bonded to those solute atoms forming Cu-Mg
coclusters. When aging proceeds, vacancies remain bonded
to Cu and/or Mg atoms forming solute-vacancy clusters and
Cu-Mg coclusters.

Additionally, from the evolution of the Ftrap values obtained
for the binary and ternary alloys (see Table I), it could be con-
cluded that another kind of effective positron trap is formed in
the alloys, that is, vacancy-free solute clusters. Additionally,
it was found that this phenomenon is more noticeable for the
ternary alloy. In the case of Cu-Mg coclusters, it was revealed
that the mentioned coclusters are significantly richer in Cu
than in Mg atoms. This effect is more significant for the higher
aging temperature.

From the theoretical point of view, Kuriplach et al. [41]
studied positron annihilation in Al-Cu age-hardenable alloys
for several kinds of Cu clusters embedded in an Al matrix.
To calculate positron lifetimes in the matrix or in the Cu nan-
oclusters, these authors employed ab initio calculations based
on the concept of the positron affinity A+ defined as the sum
of the internal electron and positron chemical potentials (see
Ref. [41]). In their paper, the authors demonstrated that A+
reflects the preference of the positron for different components
in heterostructures made of different materials, and they also
reported that positrons have a preference between the host
matrix and precipitates formed in the alloys.

In Sec. II of the Supplemental Material [36], we report,
for the binary and ternary alloys, results obtained using ab
initio calculations of the localization of the positron wave
functions and their respective positron lifetimes. Toward this
aim, we considered several configurations of Cu solute clus-
ters and Cu-Mg coclusters embedded in an Al matrix. The
results obtained give evidence of why vacancy-free solute
clusters act as effective positron traps, and they are in total
agreement with those reported by Kuriplach et al. [41]. Puska
et al. [42] reported that, when comparing vacancy-free solute
clusters with vacancy-related defects, the first type of positron
trap is less effective than the second one; additionally, the
effectiveness of the vacancy-free solute clusters depends on
their composition. Such clusters can trap positrons, provided
their sizes are above a critical size which depends on the

TABLE II. Values of the positron affinities A+ of each atom
species forming the alloys, differences �A+ from between the A+

value of the host matrix and the corresponding value to each solute
species, and the critical radius rc of the vacancy-free solute clusters
atoms [obtained using Eq. (12)] formed in the binary Al-1.74Cu
(at. %) and ternary Al-1.74Cu-0.35Mg (at. %) alloys.

Element A+ (eV) �A+ (eV) rc (nm)

Al −4.41 0 –
Cu −4.81 0.40 0.49
Mg −6.18 1.77 0.23

positron affinity of the involved solute elements. Additionally,
the authors also reported that, to become an effective positron
trap, vacancy-free solute clusters must be larger than a critical
size, whose radius rc (in nm) can be calculated as follows:

rc ≈ 0.58 ao√
�A+

≈ 0.31√
�A+

, (12)

where ao is the Bohr radius, and �A+ (eV) is the difference
between the affinity of the host matrix (Al in our case) and the
solute atoms forming clusters. The corresponding A+ values
of the atomic species of our binary and ternary alloys were
reported in Ref. [42]; they are listed in Table II.

Considering an Al fcc crystal lattice (lattice parameter
= 4.05 Å) containing different amounts of solute atoms, inde-
pendently of the chemical element, in substitutional positions
of the lattice, we have geometrically estimated different so-
lute cluster radii; for example, a cluster formed by 13 solute
atoms has a radius ∼0.3 nm; for a cluster containing 19 solute
atoms, its radius is ∼0.4 nm; and a cluster with 42 solute
atoms has a radius ∼0.5 nm. Thus, for Cu atoms, the critical
radius calculated using Eq. (12) is rc ≈0.49 nm, and for Mg
ones, rc ≈0.23 nm (see Table II). From these results, it can
be concluded that, to become an effective positron trap, a
vacancy-free Cu cluster must contain >40 Cu atoms, while
a vacancy-free Mg cluster must be formed by >9 Mg atoms.

On the other hand, from the kMC calculations for the
binary alloy at 293 K and long physical times (stage #3), the
results obtained revealed that the Cu solute clusters have 9 Cu
atoms on average which are not large enough to constitute an
effective positron trap. On the contrary, when the temperature
is increased up to 342 K, there is an important increase of
the solute clusters having up to 40 Cu atoms on average; in
this case, such Cu clusters become effective positron traps.
In the ternary alloy, results of the kMC calculations at 293 K
and for long physical times indicate that a Cu-Mg cocluster
contains 12 solute atoms on average, 9 Cu atoms and 3 Mg
ones; in such a case, only those Co-Mg coclusters having a
larger number of solute atoms than the average could act as
effective positron traps [see Fig. 6(b)]. For the higher aging
temperature and long physical times, the average number of
solute atoms forming Cu-Mg coclusters drastically increased
up to 72 atoms, 55 Cu atoms and 17 Mg ones; under this
scenario, almost all Co-Mg clusters become effective positron
traps [see Fig. 6(d)]. Summarizing, the use of kMC calcula-
tions in this paper made it possible to precisely determine the
sizes and the respective compositions of the solute clusters
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TABLE III. Fraction of the physical time f at (%) that, for the established time ranges, each atom species belonging to the alloy Al-1.74Cu
(at. %) at 293 K remains in contact with a vacancy in a given interval of time τ . Empty cells indicate that, for certain vacancy neighborhood,
f at values are <10%, while for the gray cells, f at = 0.

Vacancy neighborhood 
Physical time ranges (h) 

0.1 to 1 1 to 10 10 to 100  100 to 1000 

Al12-V 11% 10% 10% 13% 

Al11-V-Cu1 73% 64% 29% 16% 

Al10-V-Cu2 16% 20% 28% 21% 

Al9-V-Cu3   21% 26% 

Al8-V-Cu4    13% 

and Cu-Mg coclusters to become effective positron traps in
the binary and ternary alloys.

There is still a more important contribution of kMC
calculations which allows us to describe and comprehend
(i) how the solute-vacancy interaction is and (ii) the mech-
anisms involved in the transport of solute atoms assisted by
vacancies to form and grow solute clusters.

The kMC key parameter chosen in this paper to describe
the abovementioned processes is the fraction of the physical
time f at [defined in Eq. (9)] that each atom species of the
alloys spends in contact with a single vacancy in a given
interval of time τ . A first approach to analyze the vacancy
interaction with each neighboring atom species was given
in Sec. III B 2 (see Figs. 8 and 9). To go deeper into the
comprehension of this subject, in this section, f at values are

presented considering the different possible configurations in
which a single vacancy is in contact with the 12 NN atom
species in a fcc structure.

In Tables S.M. IV–S.M. VII in the Supplemental Ma-
terial [36], the complete set of f at values obtained for
different vacancy neighborhoods in the binary and ternary
alloys and the two simulation temperatures are reported.
To facilitate the interpretation and discussion of these kMC
results, in Tables III–VI, the more significant cases are pre-
sented. Additionally, only the f at values >10% are presented.
Furthermore, in the tables, the f at values obtained in the
range 0 � tphys � 0.1 h are not shown because this interval
of time is very short, and consequently, the accumulated
statistic from the calculations is low. In all these tables,
in the column named vacancy neighborhood, a graphical
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TABLE IV. Fraction of the physical time f at (%) that, for the established time ranges, each atom species belonging to the alloy Al-1.74Cu
(at. %) at 342 K remains in contact with a vacancy in a given interval of time τ . Empty cells indicate that, for certain vacancy neighborhood,
f at values are <10%, while for the gray cells, f at = 0.

Vacancy neighborhood 
Physical time ranges (h) 

0.1 to 1 1 to 10 10 to 100 

Al12-V 10% 11% 11% 

Al11-V-Cu1 41% 21% 10% 

Al10-V-Cu2 25% 20% 10% 

Al9-V-Cu3 13% 23% 20% 

Al8-V-Cu4 11% 12% 15% 

Al7-V-Cu5   19% 

Al6-V-Cu6   11% 
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TABLE V. Fraction of the physical time f at (%) that, for the established time ranges, each atom species belonging to the alloy Al-1.74Cu-
0.35Mg (at. %) at 293 K remains in contact with a vacancy in a given interval of time τ . Empty cells indicate that, for certain vacancy
neighborhood, f at values are <10%, while for the gray cells, f at = 0.

Vacancy neighborhood 
Physical time ranges (h) 

0.1 to 1 1 to 10 10 to 100  100 to 1000 

Al12-V 

Al11-V-Cu1 49% 28% 13% 11% 

Al11-V-Mg1 40% 27% 13% 11% 

Al10-V-Cu1Mg1  18% 15% 10% 

Al10-V-Cu2  10% 12% 12% 

Al9-V-Cu2Mg1   11% 13% 

scheme of each configuration with its chemical compositions
is shown; for example, Al11-V-Cu1 represents the vacancy
(V) surrounded by 11 Al atoms and 1 Cu solute atom, and
Al9-V-Cu2Mg1 represents the vacancy in contact with 9 Al
atoms and a cocluster formed by 2 Cu and 1 Mg solute
atoms.

In Table III, the different f at values correspond to the
binary alloy and for kMC simulations at 293 K. In the case
of the vacancy surrounded by 12 Al atoms and for the tphys

ranges between 0.1 and 10 h and 10 and 100 h, on average,
the vacancy spends ∼11% of its physical time in contact with
Al atoms; these f at values slightly increase for the longest
time range (100 to 1000 h). It must be noted that, under this
scenario, the parameter f at could be ascribed to the time spent
by the vacancy-searching solute atoms, which is Cu for the
B alloy. The meaning of this parameter is still the same for
the vacancy surrounded by 12 Al atoms in the ternary alloy.
In the remaining physical times, the vacancy is involved in

033603-13



M. A. QUIROGA, C. MACCHI, AND A. SOMOZA PHYSICAL REVIEW MATERIALS 6, 033603 (2022)

TABLE VI. Fraction of the physical time f at (%) that, for the established time ranges, each atom species belonging to the alloy Al-1.74Cu-
0.35Mg (at. %) at 342 K remains in contact with a vacancy in a given interval of time τ . Empty cells indicate that, for certain vacancy
neighborhood, f at values are <8%, while for the gray cells, f at = 0. * See text.

Vacancy neighborhood 
Physical time ranges (h) 

0.1 to 1 1 to 10 10 to 100  

Al12-V 

Al11-V-Cu1 19%   

Al11-V-Mg1 12%   

Al10-V-Cu1Mg1 25%   

Al10-V-Cu2 14%   

Al9-V-Cu2Mg1 17% 11% 8%* 

Al9-V-Cu3  11% 8%* 
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a dynamic process including the transport of solute atoms to
form solute clusters in the binary as well as in the ternary
alloy. In this process, the single vacancy acts as a carrier of
the different solute atoms (Cu and/or Mg).

In Table III, when in the B alloy the vacancy is surrounded
by 11 Al atoms and 1 Cu solute atom and until 8 Al atoms
and 4 Cu ones, the percentage of time that the vacancy
spends in contact with Cu solute atoms strongly decreases.
Specifically, for 0.1 � tphys � 1 h, the vacancy is mainly in
contact with 1 ( f at = 73%) or 2 ( f at = 16%) Cu atoms. For
higher time ranges, the vacancy progressively spends more
time in contact with an increasing number of solute atoms,
and therefore, the corresponding f at values become more
distributed.

The increase of the simulation temperature for the B al-
loy does not change the percentage of time that the vacancy
spends in contact with 12 Al atoms, but our results indicate
that the encountering of the vacancy with different amounts of
solute atoms is favored (see Table IV). In fact, in the physical
time range between 10 and 100 h, the vacancy is progressively
in contact with 1 until 6 Cu atoms; hence, at maximum, the
vacancy is in contact with 6 Al and 6 Cu atoms. Thus, it could
be assumed that the vacancy should spend a fraction of time in
the boundary between Cu solute clusters and the alloy matrix.
Consequently, the vacancy not only acts as a carrier of solute
atoms, but also, it is responsible for the formation of solute
clusters fulfilling the vacancy pump model [8,43,44].

For the ternary alloy, the different f at values obtained for
the kMC simulations at 293 K are presented in Table V. In the
case of the single vacancy surrounded by 12 Al atoms, for all
tphys, the percentage of time spent by the vacancy in contact
with Al atoms is almost constant (∼5%, see Table S.M. VI in
the Supplemental Material [36]); this f at value is lower than
that obtained for the binary alloy. When compared with the
B alloy, the value f at ∼5% obtained for the T alloy can be
assigned to two factors: (i) More solute atoms, mainly Mg
ones, are available in the alloy matrix; therefore, the vacancy
spends less time searching them; and (ii) since the interaction
between the vacancy and Mg atoms is more favorable than that
with Cu or Al atoms (see values of the pair interaction ener-
gies between the vacancy and the atom species presented in
Table S.M. I in the Supplemental Material [36]), the vacancy
proportionally spends more time in contact with Mg atoms.
In the remaining percentage of physical times, the vacancy
is involved in a dynamic process including the transport of
solute atoms to form solute clusters and/or Cu-Mg coclusters.
In Table V, in the range 0.1 � tphys � 1 h, the vacancy spends
almost half of the time in contact with a single Cu solute atom
and ∼40% with a single Mg atom. It is important to point
out that, despite the Cu/Mg ratio being ∼5, the f at values
either for Cu or Mg solute atoms are similar. This result is
a clear signal that the vacancy strongly prefers to interact
with Mg rather than with Cu atoms. For higher physical time
ranges, the vacancy is in contact with more Cu and/or Mg
solute atoms; therefore, in Table V, larger solute clusters with
different configurations are formed.

Furthermore, for the ternary alloy, the increase of the simu-
lation temperature up to 342 K does not change the percentage
of time that the vacancy spends in contact with 12 Al atoms
(∼5%, see Table S.M. VII in the Supplemental Material [36]).

In Table VI, during the shorter tphys range (0.1 � tphys � 1 h),
the vacancy spends a time roughly equally distributed with a
solute atom (Cu or Mg), a Cu-Mg solute cocluster, and a so-
lute cocluster formed by 2 Cu and 1 Mg atoms. By increasing
tphys ranges, the vacancy does not significantly interact with
the simplest solute cluster configurations. Specifically, in the
range 1 � tphys�10 h, the vacancy spends a very short fraction
of time in contact with Al6-V-Cu5Mg1 and Al6-V-Cu4Mg2
coclusters, and in the remaining time, the vacancy is in con-
tact with simpler solute cluster configurations; more detailed
information is given in Table S.M. VII in the Supplemental
Material [36]. For the last physical time range (10 � tphys �
100 h), the last mentioned behavior is still more notorious; in
fact, the highest percentage of time that the vacancy spends
in contact with solute atoms (∼8%) corresponds to configu-
rations formed by 3 Cu atoms or the cocluster formed by 2
Cu and 1 Mg atoms. The remaining time the vacancy is in
contact with different solute clusters or cocluster configura-
tions; from our simulations, the more complex configurations
are Al3-V-Cu6Mg3 and Al3-V-Cu5Mg4 (for more details, see
Table S.M. VII in the Supplemental Material [36]).

As discussed above in the case of the binary alloy, for the
ternary alloy, the single vacancy should spend a fraction of
time in the boundary between more complex configurations
of Cu and/or Mg solute clusters and/or Cu-Mg coclusters and
in the alloy matrix. In the same way as for the binary alloy, in
the T alloy, the transport of solute atoms assisted by vacancies
is framed into the vacancy pump model [8,43,44].

As mentioned above for the binary alloy, in the T alloy, the
vacancy not only acts as a carrier of solute atoms, but also,
it is responsible for the formation of Cu and/or Mg solute
clusters and Cu-Mg solute coclusters fulfilling the vacancy
pump model.

V. CONCLUSIONS

The results reported in this paper, obtained through the
convergence between positron experimental techniques and
a modeling approach through kMC simulations, represent an
outstanding case in the search for a detailed description of the
fundamental mechanisms responsible for the solute-vacancy
interaction and solute atom diffusion assisted by vacancies
responsible for the solute clustering and related phenomena.
This paper is focused on the study of the early aging stages of
the precipitation kinetics of the alloys Al-1.74Cu (at. %) and
Al-1.74Cu-0.35Mg (at. %).

Our results point out that, in a thermally activated pro-
cess, the supersaturated solid solution quenched-in vacancies
not only act as a carrier of solute atoms, but they are also
responsible for the formation and growth of solute clusters
and their energetic stabilization fulfilling the vacancy pump
model. The aging temperatures chosen were low enough to
avoid the formation of more stable nanostructures.

PAS experimental data reported by Somoza et al. [8,17,21]
were fitted using an improved model that made it possible
to gain information regarding the sites in which positrons
become trapped and annihilated. Specifically, using PAS tech-
niques, information was obtained on the vacancy-type defects
and, through them, on their chemical environments of the
species of atoms belonging to the alloy.
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The use of an implementation of kMC simulations allow-
ing us to directly link the calculated kMC results with the
experimental PAS ones made it possible to quantify the frac-
tion of time that a vacancy spends searching and transporting
solute atoms to build clusters. It is worth mentioning that kMC
results not only provide specific information on the solute
clustering, but they also put a magnifying glass on the roam
of vacancies from the search for solute atoms followed by
their transport to form and grow Cu and/or Mg solute clusters
and Cu-Mg solute coclusters. Our results also indicate that
vacancies remain bonded to Cu and/or Mg atoms forming
solute-vacancy clusters.

On the other hand, it was revealed that the addition of
Mg as a minor alloying element to the binary alloy induces
remarkable changes in the solute clustering process and in
the mechanisms involved in the solute-vacancy interactions.
Additionally, the obtained results indicate that, together with
the Cu and/or Mg atoms forming solute-vacancy clusters,
the solute atoms transported by vacancies progressively form
Cu-Mg coclusters containing different amounts of nonmixed
solute atoms.

Summarizing, the results reported in this paper, obtained
from the combined use of positron experimental techniques
and kMC simulations, represent a leading case to extend the
current knowledge on the fundamental mechanisms operating
during aging in simple binary and ternary age-hardenable Al-
based alloys to more complex metallic systems [48].
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