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ARTICLE INFO ABSTRACT

Keywords: The physical mechanisms behind cluster formation during quenching and aging of age-hardening metallic
Kinetic Monte Carlo simulations alloys are poorly understood based on classical nucleation and growth theories, especially in multicomponent
Solute clustering alloys with supersaturated vacancies and fast-diffusing solute atoms. Here, solute clustering in an Al-Mg-

Al-Mg-Zn alloys
Quenching
Natural aging

Zn alloy during quenching immediately after high-temperature (800 K) solution treatment is modeled with a
newly developed kinetic Monte Carlo (kMC) framework. This includes accurate surrogate models trained using
first-principles-calculated data to predict vacancy migration energetics on the fly as functions of local lattice
occupations. First, kMC simulations at constant aging temperatures revealed that temporal evolution of the
number, sizes, and compositions of solute clusters change with aging temperature. Such changes are consistent
with our analyses based on classical nucleation theory (CNT) and Monte Carlo simulations. Second, the kMC
algorithm was revised for simulating quenching processes by iteratively updating the kMC temperature based
on simulated cooling rate profiles. These quenching simulations show that rapid solute clustering mainly occurs
from ~600 to ~400 K during cooling. Below ~400 K, the clustering is suppressed to a steady state because
vacancies are trapped by stable clusters with sizes of ~2 nm and high magnitudes of formation energies. The
configurations of these steady-state clusters closely resemble the solute clusters we observed experimentally
in 7XXX series Al-Mg-Zn-based alloy samples immediately after quenching. A two-stage vacancy trapping
mechanism revealed in our simulations can provide physical guidance to tune precipitation kinetics during
natural and artificial aging.

1. Introduction simulation framework based on accurate models of vacancy migration
energetics. To demonstrate its capability to deal with the complex

The successful processing and application of advanced age-harden- conditions mentioned above, we apply this framework to investigate
ing metallic alloys necessitate a profound understanding and delicate solute clustering starting from a solid solution state in an Al-Mg-Zn

manipulation of the intricate precipitation kinetics [1]. As demon-
strated in many examples [2-5], the classical nucleation theory (CNT)
emerges as a pivotal and robust framework to interpret and pre-
dict the nucleation and growth rates of precipitates observed in both
experiments and simulations. Despite their wide applicability, CNT

alloy, which has the chemical composition of commercial 7XXX series
Al alloys, at constant temperatures and during quenching.

The 7XXX series Al alloys, which were originally designed for
aerospace applications, possess a remarkable specific strength when

faces challenges under extreme and complex conditions. For example, in peak-aged condition with yield strengths usually ranging from 470
complicated chemical environments in multi-component alloys [6-9] to 570 MPa [14]. For some special 7XXX series Al alloys, such as
may present obstacles in accurately estimating critical free energy 7068, yield strengths of up to 700 MPa in the T6 temper (solution
barriers. Vacancy trapping mechanisms [10-12] may also significantly heat-treated and artificially aged) are possible [15]. Extensive use of
change vacancy migration energetics to greatly change the diffusion 7XXX series Al in the automotive industry, especially in body structure

kinetics. These special conditions often appear in the nucleation and
early growth stages of the multistep precipitation kinetics during the
thermomechanical processing of age-hardening multi-component al-
loys [13]. To bridge this gap, we propose a kinetic Monte Carlo (kMC)

components of automobiles and trucks, can significantly contribute
to the goal of creating lightweight vehicles, thereby contributing to
greenhouse gas reduction. However, there are challenges associated
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Fig. 1. Schematic plots of our focused phase transformation and the corresponding
temperature evolution profiles. (a)-(c): Illustrations of solute clustering kinetics in Al-
Mg-Zn-based alloys after solid-solution treatments. (a) Supersaturated solid solution
(SSSS), (b) solute-rich clusters (SRC), and (c) Guinier-Preston (GP) zones (nanoscale
coherent Mg/Zn-rich clusters). (d) Simulated temperature evolution profiles over time
during water quenching (WQ) at different quenching rates from 800 K to 300 K for Al
samples with varying thicknesses. The number following WQ denotes sample thickness
measured in pm.

with the formability of automotive applications due to rapid natural
aging [16-18].

A comprehensive summary of high-temperature forming processes
for high-strength aluminum alloys can be found in the recent re-
view [19]. Therefore, we will briefly summarize key issues here. Alu-
minum sheet alloys are typically subjected to a solutionizing heat
treatment prior to conventional mechanical forming processes such as
stamping and hemming. This is followed by room-temperature forming
of the sheet material in the as-quenched state when it is highly ductile
and finally followed by artificial aging during paint bake. During
natural aging at room temperature, however, the nucleation of solute
clusters and early-stage precipitates can occur fast (often within 30 min
after quenching) for current 7XXX series Al alloys. Consequently, room
temperature formability of these alloys decreases very rapidly, necessi-
tating warm or hot stamping wherein solutionizing-quenching occurs in
a narrow time window [20-27]. The decrease in formability, along with
changes in other mechanical properties, such as the gradual increase in
strength and hardness, are strongly influenced by factors including the
aging temperature and time as well as cooling rates [28-32] during
sheet processing.

The changes in mechanical properties, while macroscopic in na-
ture, have underlying atomistic-scale origins. They are closely related
to the evolution of the atomistic structures of precipitates [33-36].
Consequently, understanding and controlling the nucleation and early
stages of precipitation kinetics can guide future 7XXX alloy designs that
have improved formability without compromising mechanical prop-
erties [28,37-39]. A first step towards this is the understanding of
nucleation and growth of precipitates in Al-Mg-Zn-based alloys. This is
currently understood to proceed as follows [34,39-43]: supersaturated
solid solution (SSSS, Fig. 1(a)) — solute-rich clusters (SRC, Fig. 1(b))
— Guinier-Preston(GP) zones (nanoscale coherent Mg/Zn-rich clusters,
Fig. 1(c)) — metastable ' (semi-coherent Mg-Zn-Al precipitates with
high Zn/Mg ratio) — stable 5 (incoherent MgZn,). During natural
aging, the majority of precipitates are SRC and GP zones, even though
n' may occur in some cases [35,44]. Many studies have been performed
to understand the latter stages of this precipitation sequence starting
from the nanoscale GP zones to ' and 5 precipitates [29,41,45-48].
However, due to the fast time scale (within seconds) of nucleation
kinetics and small length scales (within nanometers) of solute clusters,
the initial stages of this precipitation sequence from the solid solutions
to the GP zones have not been clarified.
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There exist many theoretical studies and kMC simulations on solute
clustering processes starting from solid solution stages at constant
temperatures for both natural aging (~ 300 K) and artificial aging (~
450 K) conditions [3,38,49-53]. However, our recent in situ transmis-
sion electron microscopy (TEM) observations show that solute clusters
with diameters of ~2 nm were observed immediately after quenching
from the solutionizing temperatures (~ 800 K) [13], indicating early-
stage phase transformations during the short quenching process. CNT
for precipitates is usually utilized to analyze phase transformations
at constant temperatures or conditions with slowly varying temper-
atures [2-5,54,55], which are not suitable for understanding solute
clustering that occurs during fast quenching processes.

In this paper, solute clustering, starting from a random solid-
solution state in an Al-Mg-Zn alloy, is simulated with a newly de-
veloped kMC framework, whose details are explained in Section 2.
Accurate surrogate models are constructed using first-principles data to
predict vacancy migration energy barriers and corresponding energetic
driving forces on the fly as a function of the local lattice occupations
in the Al FCC lattice [9]. These models are implemented in kMC
simulations to quantify solute clustering kinetics both at constant
temperatures (650 K, 500 K, and 300 K) and during quenching pro-
cesses (from 800 K to 300 K) based on a revised kMC algorithm.
The temperature profiles of the quenching process were obtained
from COMSOL Multiphysics simulations [56]. As shown in Fig. 1(d),
‘WQ’ curves indicate the cooling rate of water quenching for samples
with varying thicknesses, with the number following WQ denoting
the material thickness in pm. These temperature profiles show that
quenching processes are typically completed within several tens of
seconds, and it only takes less than 1 s for the temperature to drop
from 800 K to 400 K. Additionally, to confirm the mechanisms of
solute clustering kinetics, we built the free-energy landscape of Mg—
Zn-rich solute clusters as a function of the numbers of Mg and Zn
atoms in an Al-Mg-Zn alloy and applied the energy landscape to our
CNT model, which can help us to estimate the nucleation rates and
the cluster composition changes during the early nucleation stages
at different temperatures. After the initial nucleation stage, to assist
the analyses of the thermodynamic driving forces for further cluster
growths and the related structural/composition variations, we also
performed time-independent canonical Monte Carlo (CMC) simulations
at different temperatures to study the properties of solute clusters under
thermodynamically equilibrium conditions for the same Al-Mg-Zn
alloy.

As described in the upcoming Section 3, our kMC results at constant
temperatures reveal that relatively large-size and high-density solute
clusters are generated at an intermediate temperature (500 K) relative
to those obtained from either high-temperature (650 K) or room-
temperature (300 K) kMC simulations. This trend is also confirmed by
our CNT model for Mg-Zn-rich clusters, which shows that intermediate
temperature has the largest nucleation rates. Additionally, the solute
clusters from kMC exhibit different distributions of Zn/Mg ratios and
other properties as the temperature varies. Meanwhile, our CMC simu-
lations reveal a solute cluster phase transformation as the temperature
drops below a critical temperature of ~400 K, which shows different
solute cluster compositions and lattice occupation ordering below and
above the critical temperature, consistent with the trends observed in
our kMC simulations at constant temperatures. For quenching process
simulations based on our revised kMC algorithm, the rapid solute clus-
tering kinetics occurs at intermediate temperatures (from ~600 to ~400
K). As the temperature goes down to a critical value (~ 400 K), the
solute clustering kinetics is suppressed to reach a steady state because
the vacancies are trapped by stable clusters with sizes of 1~2 nm and
high average formation energies. The statistical features of number,
sizes, energetics, and chemical compositions of solute clusters at the
steady state depend on the cooling rate of the temperature profiles
shown in Fig. 1(d). These steady-state clusters have configurations
(sizes and densities) similar to the solute clusters observed immediately
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after quenching in our in situ TEM characterizations [13]. The impacts
of these results, on the aspects of nucleation/growth theories, especially
the vacancy trapping mechanisms [10-12], and age-hardening process-
ing techniques for the desired mechanical properties of Al alloys, are
discussed and summarized in Section 4.

2. Methods

The kMC simulations were conducted to simulate solute atom dif-
fusion based on vacancy migrations in a coherent FCC lattice. As
confirmed by our recent in situ TEM observations [13], the coherent
lattice assumption is reasonable as our focus is exclusively on solute
clusters and early-stage precipitates. In these kMC simulations, the key
input is a numerical function to describe the activation energy barrier
along the minimum energy path (MEP) for the vacancy migration
at a particular local lattice occupation environment as described in
Section 2.1. The detailed kMC algorithms, including the algorithm to
bypass flicker events, are described in Section 2.2. We also provide
details of our time-independent canonical Monte Carlo simulations to
simulate the thermodynamics of solute clusters in the FCC lattice in
Section 2.4. Finally, a revised kMC algorithm to simulate the clustering
kinetics during a quenching process is described in Section 2.5.

2.1. Surrogate models for vacancy migration energetics

We first apply surrogate models that use lattice occupations as
inputs to predict the following energetic values: the total energy E,, of
a lattice occupation configuration in a supercell, the energy landscape
Epyp of the minimum energy path (MEP) as a function of the reaction
coordinate x for the vacancy migration, and the critical energetic
parameters of vacancy migration, such as energetic driving forces AE
and vacancy migration energy barriers AE,. The surrogate models were
trained based on density functional theory (DFT) calculations from
our previous work [9], where 1250 MEPs were calculated via DFT
calculations plus the climbing image nudged elastic band (CI-NEB)
method [57-59], so 2500 AE and AE, pairs (plus the corresponding
supercell configurations of the initial and final states and their ener-
gies E,,) were collected by considering both forward and backward
vacancy migrations. To train the surrogate models for E,,, AE, and
AE,, 2000 training data points were chosen randomly from the total
2500 data points generated from the DFT+CI-NEB calculations. The
remaining 500 were reserved as testing data to evaluate the predictive
accuracy of the surrogate models.

The surrogate model to predict E,, of a lattice occupation config-
uration was guided by the cluster expansion method [53,60-62]. The
input information was chosen to be the atom types on all lattice sites in
the lattice occupation configuration, 6oy, We employed the one-hot
encoding method [63,64] to represent site occupation, eliminating any
quantitative relationship of variables compared to giving each site a
scalar index. The total energy E,,, was expressed using the number of
different types of clusters, ¢,, and their effective cluster interactions
(ECD), J,. Only clusters of no more than three atoms (any two atoms in
one cluster have their distance no more than the third nearest neighbor
distance) were considered. See Supplementary Note 1 for details of the
surrogate model for the prediction of E.

The surrogate model to predict MEPs was adopted from our previous
work [9], where we found that the MEP of vacancy migration is greatly
affected by local lattice distortions. We proposed that the MEP can be
expressed as a quartic function, Eypp(x) = ax* + bx> + cx?, as shown
in Fig. 2(a), where Eygp is the energy landscape of the MEP as a
function of the reaction coordinate x. Here, the coefficients (a, b, and c
in the quartic function for Ey;p) depend on the local lattice distortions
introduced by different occupations on the sites near the vacancy and
the migration atom. The energy landscape has a transition state (x)
at a local maximum and the initial state (x;) and final state (xg) at
two local minima. Thus, the critical MEP properties, such as 4E, =
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Eygp(x1) — Eppp(x1), AE = Eypp(xp) — Eypp(xp), can be quantified. To
unify our energetic surrogate models and ensure accuracy at both short-
range distances and long-range distances, we calculate the MEP AE by
directly taking the difference between Eyp(xp) and Eypgp(xp), which
are both predicted using the aforementioned surrogate model of the
total energy E,,. For the prediction of other MEP properties such as
AE,, the input was the type of the migrating atom and the type of all
atoms on the 1st, 2nd, and 3rd nearest-neighbor lattice sites relative to
the vacancy/migration atom, Gpejghbor- Se€ Supplementary Note 2 for
details of the surrogate model for MEP prediction.

The performance and accuracy of surrogate models are validated
through comparison with DFT+CI-NEB calculations. First, the predic-
tion of AE was evaluated by taking the difference of the predicted
E, at the initial and final states of the given lattice occupation
configurations. Fig. 2(b) demonstrates a comparison between predicted
AE (X-axis) and that derived from DFT calculations (Y-axis) with a low
root-mean-square error (RMSE) of 0.0492 eV and a robust coefficient
of determination (R?) score of 73.5%. In addition, the performance
in predicting MEP AE, was examined as displayed in Fig. 2(c). It
compares AE, from our surrogate model (X-axis) and DFT+CI-NEB
methods (Y-axis) with the RMSE of 0.0507 eV and a high R? score
of 91.50%, suggesting that the surrogate models are accurate enough
for AE, prediction. The relative low R? score for the AE predictions is
related to the relatively small range of AE, which is mainly distributed
from ~-0.2 eV to ~0.2 eV as shown Fig. 2(b). On the other hand, the
distribution of AE, is much wider from ~0.0 eV to ~1.2 eV, showing
strong fluctuations of AE, due to lattice distortion effects [9], so its
R? score is much higher with almost the similar RMSE value compared
with the counterparts of the AE surrogate model.

2.2. KMC algorithms

kMC simulations were employed to quantify solute clustering kinet-
ics by vacancy migration in an FCC lattice of an Al-Mg—Zn alloy [51].
The most common approach to kMC simulations is the first-order
residence time algorithm [65]. In this algorithm, the residence time of
each kMC step is determined by the current state and one reaction path
to a stochastically selected new state. The name ‘first-order’ is derived
from the fact that the transition to the new state can only be reached by
a one-step reaction path. Since atomic diffusion is mediated by vacancy
migrations, we can start by considering a vacancy surrounded by z
nearest neighbors. Each neighboring atom of the vacancy is vibrating
around its lattice position with a frequency v;. This frequency is chosen
to be 1 x 10'3 Hz as a typical atomic vibration frequency value in

a crystal. For the neighboring atom i, the transition probability per
unit time for this atom jumping to the vacancy is r; = v, exp(— ki‘l’T ),
where E! is the vacancy migration energy barrier (the same meaning
as AE, shown in Fig. 2(a)), and kz and T denote Boltzmann constant
and temperature, respectively. Thus, the relative probability that the

vacancy will jump to any one of its nearest neighbors is

A= i €]
iTi

where the summation accounts for all potential jumps to the z nearest

neighbors.

To determine to which nearest neighbor the vacancy jumps, a
random number between 0 and 1 is uniformly generated, & ~ (0, 1).
The vacancy jump to the site m is selected at this kMC step if Zlmz_ll pl(.l) <
& <YL p). One-step residence time of this kMC step then can be

i
expressed as At = — I"ff» , where & ~ U°(0, 1) is generated from another

uniform random variable between 0 and 1. The ensemble expectation
of a time step of the first-order kMC algorithm is expressed as

a0 = @
iTi

For some alloy systems, such as the Al-Mg-Zn, E’ can be greatly

affected by the chemical species around the vacancy due to local lattice
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Fig. 2. Surrogate models to predict minimum energy paths (MEP) and critical energetic parameters for a general vacancy migration event to its first nearest neighbor in the FCC
lattice of Al-Mg-Zn alloys [9]. (a): Schematic plot of the MEP of vacancy migration showing the migration energy barrier AE, and energy driving force AE by using a quartic
function to describe the MEP energy evolution Eyjgp, as a function of the reaction coordinate x. (b)-(c): Performance of surrogate models to predict AE (b) and 4AE, (c) for the
testing data set in Al-Mg-Zn alloys by comparisons with those from first-principles DFT+CI-NEB calculations. In (b) and (c), the root-mean-square error (RMSE) is denoted at the
upper left, and the number at the bottom-right corner shows the coefficient of determination (R?).

distortion [9]. For some local lattice occupations, the vacancy and one
of its adjacent solute atoms are close to each other due to strong lattice
distortion, resulting in small values of E’ for both the forward and
backward jump of the vacancy. Thus, after the vacancy exchanges the
position with an adjacent atom, there is a high probability for the
vacancy to jump back to its previous position. These so-called ‘flicker’
events can greatly slow down the efficiency of the first-order algorithm,
especially at low temperatures. Thus, the second-order residence time
algorithm [66-68] was also applied to accelerate the kMC simulations
by significantly minimizing flicker events.

The second-order algorithm considers two-step defect jumps, so it
bypasses flicker events and calculates the exiting time directly. We
denote the current state as k, the previous state as j, the next state as
i, and the second next state as /. The exit time of state k using the first-
order algorithm is 7 “> —=—, and that of state i is 7 '(1) o —=—. Here, we
denote the normallzed probablhty for a vacancy to Jump Tom k to state
i is p;;, and the probability the vacancy jumps directly back to k from
i as p;., both of which can be calculated by applying the first-order
algorithm. Hence, the probability of this flicker jump is ﬂ}(". = Priliks
where the letter ‘b’ denotes that the vacancy jumps backward. The
probability the vacancy does not jump back is ﬂii = pyi(1 = py,), where
the letter ‘" denotes that the vacancy jumps forward. Correspondingly,
the probability that a flicker happens is ﬂk > ﬁk and the probability
that a flicker does not happen is ﬁk > ﬂk: A jump from k to j is also
considered a flicker, hence, we denote the jump from k to i = j as an
indirect move, and k to i # j as a direct move. The probabilities of the
indirect move and the direct move are:

f
Lo By for i =j
2 L=pij B
P,(- ) = ﬂ,ikj ¥ y}(’v 3
L (1+ =) fori#j
( i ) 7
where 7)3] = Y,.; Bp.- Similar to the first-order algorithm, a uniformly

generated random number between 0 and 1, denoted as &, ~ U(0, 1), is
applied The vacancy jump to the site m is selected at this kMC step if
> p(z) <& <YL p(z) The ensemble expectation of a single jump’s
timestep is

b
1 B
= ey (0o ) ?
J

k

where y,fj = Zi# ﬂ,ii, ty = Vi’, Zl;e, [({1) {1)>ﬂk ]’ and 1, = % 3
i;(l) + iﬁl) ﬂ]'(’i]. It is noteworthy that applying the second-order algo-
rithm significantly reduces the possibility of the vacancy returning to
the previous site, pfi) , in comparison to the first-order possibility p
Moreover, the average timestep in the second-order algorithm, Af(z)
is substantially greater than its first-order counterpart A7!). It suggests
that the second-order algorithm bypasses flicker events stochastically
by reducing backtracking and generating a larger timestep, thereby

significantly enhancing the efficiency of the kMC algorithms

Here, all kMC simulations were performed using the second-order
algorithm in a supercell with 30 x 30 x 30 FCC unit cells (108000
lattice sites) with a lattice constant of 4.046 A. The side length of the
supercells is 12.138 nm. There are 3090 Mg atoms, 2573 Zn atoms,
and 1 vacancy in the supercells at a composition of Al-2.86 at.%Mg-
2.38 at.%Zn-0.001 at.%vacancy. The solute concentrations are within
the range of compositions of the 7075 Al alloys. The initial configura-
tions were randomly distributed representing the solid solution at high
temperatures. Hence, before kMC simulations, the configurations were
annealed at 800 K (a typical solutionizing temperature for Al alloys)
using the Canonical Monte Carlo (CMC) method for ~10° simulation
steps. For the system of 30 x 30 x 30 FCC unit cells, the total energy
usually converges within 107 simulation steps at 800 K. After this con-
vergence, the average fluctuation of the total energy of the system with
respect to the simulation step is approximately ~ 1.9 x 10~ eV/atom.

2.3. CNT for Mg-Zn-based clusters

The steady-state nucleation rate of precipitation in the solid state is
generally defined by the equation [69-75]:

St = Zf* exp <— 2G;> 5)
B

where Z is the Zeldovich factor, AG* is the nucleation barrier at the
saddle points that depends on the free energy difference of solute atoms
between the matrix and the precipitate phases, p* is the rate at which
a critical nucleus grows, which depends on the diffusivity of solutes
that is the rate-determining species of precipitation. See Supplementary
Note 3 for details to quantify the value of g* and Z of a two-element
nucleating phase [76,77].

To obtain the value of AG*, we estimated the cluster formation free
energy profile AG as a function of the number of Mg atoms, ny,, and
Zn atoms, ny, at different temperatures by

AG (nyig, nzn) = AH (myg, nzn) — TAS (nyg, nizy) (6)

where AH and A4S are the cluster formation enthalpy and entropy,
respectively.

For the calculation of AH, we ignore the effects of temperatures
and external pressure to obtain the minimum energy of a solute cluster
(AH =~ AE) based on the Monte Carlo simulations. Here, we ap-
plied the simulated annealing heuristic [78] (an adaptation from the
Metropolis-Hasting algorithm [79]) to search for the optimal struc-
tural and formation enthalpy of solute clusters, AH. Although DFT
calculations can provide a good energetic estimation of clusters and
GP zones in Al-Mg-Zn alloys, it is difficult to get the most stable
structures of clusters with the given ny; and ngz;, because the possible
configurations of solute clusters explode with an increase of ny, and
nz,- The simulated annealing heuristic is performed with a decreasing
temperature as the simulation step proceeds to find the global minimum
configuration at 0 K. We chose a simulation supercell with a size of
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10 x 10 x 10 FCC Al unit cell, with 4000 atoms in total. ny; Mg and
nz, Zn solute atoms were placed randomly in the supercell. Each solute
atom was set far from one another by at least a third nearest neighbor
distance, 5.3 A, which is the cutoff distance of our surrogate model for
solute cluster energetics described in Section 2.1. In this way, we can
estimate the enthalpy of the final solute clusters without calculation of
any energetic contributions of the initial solid solution state. We ran
51 x 86 = 4386 simulated annealing calculations in total with different
numbers of solute atoms involved (ny, from 0 to 50 and nz, from 0 to
85). For each simulated annealing calculation, the initial temperature
was chosen as 800 K, and the cooling rate is 10~/ K/step until the
temperature reaches 0 K.

For the calculation of A4S, as a simple approximation, we only
consider the configurational entropy contributions when solute atoms
from dilute solid solutions to form a single cluster. The formation
entropy as a function of nyg and ng;, is:

AS ("Mg’ nz,) ® kg ["Mg In (ng) + ngy In (xZn)] 7

where xy;; and xz, are the atomic concentrations of Mg and Zn in the
model alloy.

2.4. CMC algorithms

The CMC algorithms are based on Monte Carlo methods that enable
the exploration of equilibrium properties of a Canonical ensemble
(fixed numbers and types of atoms at a constant temperature). CMC
simulations apply canonical ensembles, which quantify the system’s
equilibrium behavior under controlled conditions of fixed tempera-
ture, a set volume of the simulation supercell, and a specific number
of each type (chemical element) of occupants within the simulation
system. The CMC simulations adopt the standard Metropolis—Hastings
algorithm [79]. The probabilities of observing a state ¢; with energy
E(o;) in a system follows the Boltzmann distribution, which can be
expressed as P(0;) « exp(—E(c;)/kpT). Here E(o) represents the total
energy Hamiltonian of the system which can be described by the
surrogate model. This allows for the determination of the probability
of a state o; with the total energy E(o;) existing in the system. In the
algorithm, a new state is proposed by swapping the position of a pair of
atoms. The candidate pairs are chosen randomly with equal probability.
However, for the simulation efficiency, the swaps between the same
type of atoms are omitted since this type of swap does not result in
any configurational or energetic evolution. When the new state o; with
the total energy E(o;) is proposed, the energy difference between the
two states, AE = E(o;) — E(0;), is used to determine the probability of

accepting the new state compared to the old one, P;; = exp (—k‘%),
where the value of P;; ranges from 0 to oco. If P; 2 1 (i.e. 4E <0,
this attempt would decrease the total energy of the system), o; would
be accepted. If P; <1 (i.e. AE > 0), o would be accepted with
probability P;. A uniformly distributed random number ¢ between 0
and 1 is generated and compared with P;;. The new state o; is accepted
when ¢ < P;. This algorithm enables the probability of an increase in
the total energy, which ensures that the system is not trapped in a local
minimum. As the temperature increases, there is a higher likelihood of
the system having higher energy.

2.5. Revised kMC algorithm to simulate quenching processes

In all of the kMC simulations performed at constant temperatures,
we utilized the initial configurations that were annealed at 800 K using
CMC methods. Nevertheless, starting from the very first step, we apply
the vacancy diffusivity at lower temperature conditions onto the state
generated at higher temperatures (800 K). This always indicates that
the simulations start with an infinitely fast cooling rate dropping from
800 K. Thus, the simulation at a constant temperature, especially that
performed at 300 K using the 800 K equilibrium state as the initial
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configuration, might not accurately represent the precipitation kinetics
that occur during quenching. Hence, by revising the kMC algorithm
to update the temperature at each step, we can more closely mimic
the actual temperature change during quenching, thus enhancing the
accuracy of solute clustering of the simulation.

To implement the revised kMC algorithm, we first need to simulate
the temperature curve for quenching using the finite element analysis
method in the COMSOL Multiphysics simulation software [56]. In the
simulation, we considered Al-Mg-Zn alloy samples in the form of
wafers with a radius of 0.1 m and varying thicknesses ranging from
0.1 pm to 0.5 pm. These samples were then subjected to quenching
within a cylindrical water tank, which has a radius of 0.5 m and a
height of 0.5 m. The initial temperature of the alloy sample is set to
800 K. Simultaneously, the initial temperature of the water tank is
at 300 K (room temperature). During the water quenching process,
the primary heat transfer mechanism taken into account is convective
cooling occurring at the interface between the alloy and the water.
Although heat conduction and radiation also play a role in the over-
all heat transfer process, their effects are less significant relative to
convection. To simplify the simulation and reduce the computational
complexity, thermal insulation boundary conditions are applied to the
external surfaces of the water tank, which assumes that no heat is
exchanged between the water tank and the surrounding environment.
This is less important for the temperature change of the alloy during
the rapid quenching process.

After computing these temperature profiles, we integrated them into
the revised kMC simulations to more accurately quantify the quenching
process compared with kMC simulations at constant temperatures.
The key difference lies in the temperature update at each step. The
temperature is updated based on the temperature evolution profile T'(r)
shown in Fig. 1(d) and the current simulation time ¢, using the equation
T,.1 = T(t, + Ar). In this equation, T, represents the temperature at
the next step (step n + 1), and ¢, denotes the time at the current step
(step n). 4t is the incremental time obtained from Eq. (4) applied at
the current temperature 7,,. In the original kMC algorithm [65,80-82],
one of the underlying assumptions is that the simulation is conducted
at a constant temperature throughout the simulation process. How-
ever, the revised kMC simulations would remain valid as long as the
temperature remains nearly constant for numerous consecutive kMC
steps (the number of steps comparable to the number of lattice sites
in the supercell). This quasi-constant temperature criterion suggests
that the temperature changes are gradual and do not significantly
impact the overall simulation process. As long as this quasi-constant
temperature condition is satisfied, we can confidently utilize the revised
kMC algorithm to simulate quenching processes with greater accuracy
and reliability. In all of the revised kMC simulations conducted for this
study, at least ~ 10* to ~ 107 simulation steps are required to make
a one-degree Kelvin change in the simulation temperature (details in
Fig. 10 and the related discussions). These values are substantially large
when compared to the number of atoms present in the supercell, which
is 1.08 x 10°. Consequently, the quasi-constant temperature criterion is
adhered to, ensuring that the revised kMC algorithm remains a reliable
approach for simulating quenching processes in Al-Mg-Zn alloys.

3. Results
3.1. KMC simulations at constant temperatures

The time evolution of the average energy per atom E of the whole
simulation supercell for kMC simulations at different constant temper-
atures is shown in Fig. 3(a). E is expressed as E = (E;o; — Ego10)/ Neot
where E, is the total energy of the system obtained from the afore-
mentioned surrogate model and E, denotes the total energy at the
first frame that was generated by CMC simulations at 800 K. N, is the
number of atoms in the supercell. For each curve, the initial zero energy
corresponds to the solid solution state of the first frame. Initially, the
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Fig. 3. Time evolution of the average energy per atom E of the whole supercell in the constant-temperature kMC simulations at 300 K (blue), 500 K (orange), and 650 K (green).
(a): Evolution based on the stochastic time according to the original kMC algorithm. (b): The same evolution based on the scaled time using Eq. (8) due to the difference between
the fixed vacancy concentration in the simulation supercell and the temperature-dependent equilibrium vacancy concentrations calculated from different approximations (dilute
solution approximation, solute binding approximation, and local binding approximation [83-88]). In the figures that follow, only the stochastic time according to the original kMC
algorithm is used. All kMC simulations in this study start from a random solid solution state obtained by CMC simulations at 800 K, whose energy is defined as the zero reference.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

values of E stay almost zero, indicating the system still stays in the
solid-solution state without the nucleation of solute clusters. As the time
increases to a critical point, the values of E start to drop, corresponding
to the initiation of solute cluster nucleation and growth. This critical
time for the energy drop can be regarded as the incubation time of so-
lute nucleation, which is on the scale of 1072, 103, and 10~ second for
the kMC simulations of 650 K, 500 K, and 300 K, respectively. Among
these cases at different temperatures, the case of 500 K has the smallest
incubation time because both the thermodynamic driving force for the
solute clusters and the diffusivity of the vacancy are relatively high
at intermediate temperatures. Too high or too low temperatures can
result in a small thermodynamic driving force (due to entropic effects
at high temperatures) or a vacancy diffusivity that is too low (due to
large vacancy migration barriers at low temperatures), respectively. In
addition, the energy changes of the whole kMC simulations supercell
shown in Fig. 3(a), which start from the solid solutions obtained at
800 K as the zero-energy reference states, are at the scale of several
meV per atom, which are typical values of thermodynamic driving
forces for phase transformation in metallic alloys. These results suggest
that our kMC simulations can present reasonable descriptions of solute
clustering thermodynamics and kinetics in metallic alloys at constant
temperatures with constant vacancy concentrations.

It is important to note that the value of the vacancy concentration
used in kMC simulations remains constant and can be considerably
greater than the vacancy concentration in the actual alloy during the
aging process. In realistic cases, as the temperature drops, the vacancy
concentration can decrease greatly due to its interactions with solute
clusters, dislocations, and grain boundaries. The concentration varies
the effective solute diffusivity and the expectation of a time step in
the kMC simulations. In extreme cases, if the vacancy concentration is
always equal to the value determined by thermodynamic equilibrium,
the single-step time evolution can be scaled:

conf

b vac T
Alsealed = mAt (8)
vac

Here, cf,gf:‘f = 107> denotes atomic vacancy concentration in the simula-

tion supercell, c},‘;ccal represents the local equilibrium vacancy concentra-

tion at different temperatures. The value of c‘l,‘;ial can be determined by
different estimations. The energy evolution profiles with the scaled time
of the kMC simulations using Eq. (8) and different corrected c‘l;;ccal (from
the dilute solution approximation, the solute binding approximation,
and the local binding approximation) are shown in Fig. 3(b). See
Supplementary Note 4 for details of different approximations [83-88].
For the kMC simulation at 300 K (represented by blue lines in both
Fig. 3(a) and (b)), the time evolution curve exhibits different required
time lengths for the energy drop in Fig. 3(a) and (b). This is attributed
to the equilibrium vacancy concentration at 300 K being significantly
lower than in the supercell, which leads to a considerable scaling in
the energy-time curve. Nevertheless, we can still find that it takes at
least a few seconds or a few days for a noticeable energy decrease to
occur based on Fig. 3(a) and Fig. 3(b), respectively, no matter which
scaled method is applied. For the kMC simulation at 500 K (indicated
by orange lines), the time evolution curve in Fig. 3(b) displays a less
pronounced scaling effect relative to its counterpart in Fig. 3(a) due
to the higher equilibrium vacancy concentration at this temperature.
Here, a significant energy decrease is rapidly observed due to the fast
kinetics at higher temperatures, which takes about 102 ~ 10! seconds
based on Fig. 3(a) and Fig. 3(b). In the kMC simulation at 650 K
(represented by green lines), the energy—time curve is not significantly
scaled since the equilibrium vacancy concentration at 650 K is close
to that in the supercell. A rapid and significant energy decrease is also
observed at 650 K, within approximately 10~2 seconds. The fast energy
drops at both 650 K and 500 K suggest that the kinetics of solute
clustering can be quite fast at higher temperatures, much less than 0.1 s
according to Fig. 3(a) and (b).

Snapshots visualized by OVITO [89] of gathered solute atoms in
supercells with the same value of E (-3 x 10~3 eV/atom) generated by
kMC simulations at different temperatures are shown in Fig. 4(a)-(c)
(Fig. 4(a) at 650 K, Fig. 4(b) at 500 K, and Fig. 4(c) at 300 K). For
each configuration shown in the snapshots in Fig. 4, a solute cluster
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Fig. 4. Snapshots and analyses of the constant-temperature kMC simulations at 300 K, 500 K, and 650 K show the changes in solute cluster structural features. (a)-(c): Snapshots
of solute clusters when the supercell average energy E = —3 x 1073 eV/atom relative to the initial solid solution state in kMC simulations at 300 K (a), 500 K (b), and 650 K (c),
respectively. Only clustered atoms (solute atoms (Mg (green) or Zn (orange)) that have at least 2 other solute atoms as their 1st nearest neighbors and their neighboring Al (blue)
atoms that have more than 6 clustered solute atoms as their first nearest neighbors) are plotted and counted. These criteria for clustered atom identifications are also applied to
all other figures. (d)—(f): Analyses of the kMC simulation snapshots at different temperatures. (d): Histograms of the cluster size defined by the number of clustered atoms based
on the above cluster identification criteria. (e): Correlations between Zn/Mg ratio in clusters and the cluster sizes. (f): Kernel density estimations of the Zn/Mg ratio of atoms in
clusters. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

has at least 3 solute atoms (Mg or Zn) that can be connected together
by first-nearest neighbor bonds and also Al atoms that have more than
6 solute atoms (from the same cluster) as their first-nearest neighbors.
The distributions of cluster size, which are quantified by the number
of atoms belonging to this cluster, are shown in Fig. 4(d). For the
kMC simulation at 300 K, numerous clusters exhibit sizes under 80
atoms, with diameters falling within 1 nm (by assuming the cluster is a
sphere). The snapshot reveals that these clusters are evenly distributed
throughout the entire supercell, suggesting a uniform nucleation be-
havior at this temperature. For kMC simulation at 500 K, larger clusters
appear but the overall number of these clusters decreases relative to the
low-temperature case (300 K). This suggests that a higher temperature
may cause a shift in the cluster size distribution, yielding fewer but
larger clusters. As the temperature of the simulation increases to 650
K, a distinctive shift in cluster distribution occurs. A single prominent
cluster with a size exceeding 1000 atoms, and a diameter of ~ 4 nm,
emerges while the rest of the clusters remain comparatively smaller,
with sizes not exceeding 30 atoms for each cluster. With respect to
small clusters such as atomic triplets and quartets, which are likely be-
low the critical size of nuclei [3,4,90], increased temperatures enhance
the kinetics for the diffusivity of solute atoms, resulting in more rapid
and efficient Mg-Zn bonding, ultimately leading to an increased number
of these sub-critical clusters.

Besides the sizes of clusters, the chemical concentration of solute
clusters is also greatly affected by simulation temperature. The Zn/Mg
ratios of the stable precipitates in 7XXX series Al alloys, such as the 5
phase MgZn,, are typically around 2:1. But this ratio can vary depend-
ing on the specific composition, heat treatment, and aging time [33].
Fig. 4(e) shows the correlation between the size of clusters (X-axis) and
the Zn/Mg ratio in clusters (Y-axis) at different simulation temperatures
(blue cross signs for 300 K, orange plus signs for 500 K, and green
stars for 650 K). Since there are many clusters with sizes smaller than
10 atoms in all simulations with different temperatures, these small
clusters can exhibit a wide range of Zn/Mg ratios from 0 (Mg-only
clusters) to infinity (Zn-only clusters). Thus, we need to pay more
attention to the clusters with larger sizes, such as those with more than
10 atoms. From the simulations at 300 K to 500 K, we observe a trend in

the Zn/Mg ratio of data points becoming more narrowed as the average
size of the clusters increases. In Fig. 4(f), the kernel density estimations
of the Zn/Mg ratio of clusters are presented, with the weight of the
cluster size measured in its number of atoms. These estimations reflect
all aggregated atoms on a smooth and continuous distribution of Zn/Mg
ratios in the clusters. The peaks in the plot can be used to describe the
most representative Zn/Mg ratio of solute clustering in the supercell.
The peak values in the plot are 1.26, 1.43, and 1.63 for the kMC
simulations at 300 K, 500 K, and 650 K, respectively. This shows that
as the simulation temperature increases, the peak value, or the most
representative Zn/Mg ratio, also increases.

The average Zn/Mg ratio for clusters with sizes greater than 10
atoms can also be used as another indicator to evaluate the chemical
concentration of solute clusters. The evolution of the averaged Zn/Mg
ratio in clusters with respect to time and energy change is shown in
Fig. 5(a) and Fig. 5(b). For the simulation at 300 K in Fig. 5(a), the
Zn/Mg ratio reaches around 1.4 at approximately 1 s (which is at the
same scale as the incubation time we discussed in Fig. 3(a)). After this
point, the Zn/Mg ratio undergoes a slight decrease, settling around 1.25
as the time ¢ and energy E continue to evolve. This behavior suggests a
thermodynamic driving force for the formation of clusters with a lower
Zn/Mg ratio at room temperature. For the simulations at 500 K, the
ratio almost remains constant at around 1.4. For the simulation at 650
K, there is a noticeable increase in Zn/Mg ratios to 1.8 after it reaches
the incubation time (10~2), suggesting that higher Zn/Mg ratio clusters
are preferred at increased temperatures. As shown in Fig. 5(b), when
the energy change (the value of E on the X-axis) is at the same value,
we can still see the trend that clusters formed at higher simulation
temperatures tend to have higher Zn/Mg ratios. For example, when the
energy change is E =—1.5 eV/atom or more negative, the averaged
Zn/Mg ratio stays ~1.6, ~1.4, and ~1.3 for simulations at 650 K, 500
K, and 300 K, respectively. These results indicate that there could
be different internal structures of solute clusters formed at different
temperatures due to thermodynamic factors, which will be discussed
in the next section.

The time-dependent cluster distributions in terms of the cluster
radius defined by the size (number of atoms) at different tempera-
tures are investigated in Fig. 6(a)-(c), while the analysis of individual



Z. Xi et al.

—_
=
e}

Acta Materialia 269 (2024) 119795

=
(o))
M BT BT

=
~

A

v

=
N

Average Zn/Mg ratio2

=
—o
o

10°°

107*

1073

—6 10—2

=
co

107!

10°

10!

10?

10°

Ly
o

=
~
TR BRI BT AT

=
N

Average Zn/Mg ratioZ

[y

o

E (eV/atom)

T T T T T T T T T T

-5
%1073
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simulations, shown as a cluster size-weighted probability distribution function. (e)-(h):

Analyses for individual clusters across all time frames in the revised kMC simulations showing the correlations between the radius of clusters and simulation time. The color of
the dots indicates the temperature (defined by the color bar at the bottom) at the corresponding simulation time. The size of the dots in the plots denotes the size of the clusters.
Red crosses highlight the clusters that contain the vacancy at the corresponding simulation time. These subfigures share the same Y-axis ticks. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

clusters extracted from different time frames of the simulation results
is presented in Fig. 6(e)-(h). The size of the dots in Fig. 6(e)—(h)
represents the size of the corresponding cluster. Some of the clusters
are highlighted by red crosses in the figures, meaning these clusters
contain a vacancy at that time point. Fig. 6(a)—(c) shows the changes
in cluster distribution by radius throughout simulations at constant
temperatures. Here, the distributions of selected times are presented as
a cluster size-weighted probability function, ranging from single solute

atoms to the largest clusters found in each simulation. The distribution
reflects how solute atoms aggregate to form clusters of varying sizes.
At the beginning of the simulation at 300 K, we observe a small peak
with a radius of approximately 5 A emerge within 1 s in Fig. 6(a),
signifying a low density of nuclei at the initial state. As the simulation
progresses, the peak not only shifts to larger radii but also increases
in magnitude, suggesting that the clusters are not only growing in size
(shown in Fig. 6(d)) but also becoming more densely populated. At the
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at the critical size (saddle point). (g) The averaged Zn/Mg ratio for clusters of different sizes during the steady nucleation stage from the constant-temperature kMC simulations.
The shaded regions indicate the standard deviations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

end of the simulation, around 1000 s, the maximum size of clusters
reaches ~7 A in radius. As shown in the final distribution curve, about
half of the solute atoms have coalesced into clusters with radii in the
range of approximately 5-6 A. Similar trends can be observed in the
simulations of 500 K and 650 K. In the simulation of 500 K, the initial
peaks of Fig. 6(b) are broader and located at larger radii compared
to the 300 K simulation, implying that the clusters start larger at this
temperature. As time advances, these peaks also move towards larger
radii and increase in height. However, the clusters here reach even
greater sizes; by the end of the simulation, a significant concentration
of solute atoms is found in clusters with radii greater than 12 A. At
an even higher temperature of 650 K, the clustering phenomenon is
fast. Within 0.1 s, about one-half of the solute atoms have merged into
the single, largest cluster as shown in Fig. 6(c). The remainder of the
solute atoms exist as smaller and less stable nuclei. We can see from
Fig. 6(f) that many smaller clusters are consumed for the growth of the
largest cluster. From the red crosses denoted in Fig. 6(d)—(f), we observe
that the vacancy jumps among those larger clusters in the simulation
at 300 K. In the simulations of 500 K and 650 K, vacancy shows higher
mobility caused by the higher temperature.

3.2. CNT model

The results from our CNT model also confirm the differences in Mg—
Zn-rich clusters of size, density, and compositions during the nucleation

stage. Conventionally, the nucleation barriers of clusters are attributed
to the contributions from the volumetric and interfacial free energies.
However, for small clusters with only a few atoms, it is difficult to
distinguish the volumetric and interfacial contributions. Hence, we
adopted a method that evaluates AG by considering both enthalpic
and entropic factors as Eq. (6) [4,90-94]. As described in Section 2.3,
due to the structural complexity of multi-component clusters and GP
zones in Al-Mg-Zn alloys [34,95,96], it is difficult to directly estimate
the stable structures of the cluster composed of specific numbers of
nyg and nz,. Therefore, we employed a Monte Carlo-based simulated
annealing heuristic to search for the most stable structures of clusters
and corresponding AH, while the AS is quantified by Eq. (7).

The free energy landscape maps at 300 K, 500 K, and 650 K
are presented in Fig. 7(a)-(c), respectively. Contour maps at more
temperatures can be found in Supplementary Note 5. These maps are
constructed based on ny, and nz, within clusters. The black lines
in each plot trace the minimum free energy pathways, which signify
the most energetically favorable routes for cluster growth at these
temperatures when the diffusivity of solute atoms is sufficient. The
white star marks the critical cluster which is at the saddle point
(nyg = ”K/{g and nz, = n; ) of the free energy profile. This critical
point is mathematically characterized by the conditions where the first

L ] A
derivatives of AG with respect to ny, and ny, are zero: 24¢ = ¢
8 n Inyg

and 904G
on;

Zn

= 0. Fig. 7(d) illustrates the free energy change along these
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minimum energy pathways from 300 K to 800 K. In this plot, the
black line interconnects the critical cluster at different temperatures,
highlighting the significant temperature dependency of the critical
cluster. At the lower temperature of 300 K, the critical cluster size, n*,
is approximately 3 atoms, with a critical free energy barrier, AG* of
about 0.07 eV. As the temperature rises, there is a notable increase in
both the critical cluster size and the energy barrier. Specifically, at 500
K, the critical size n* escalates to 9 atoms, and the energy barrier G*
climbs to 0.30 eV. Further, at 650 K, n* reaches 49 atoms, and AG* is
about at 1.19 eV. It is notable that both the n* and AG* start to increase
rapidly when the temperature goes beyond 650 K (Supplementary Note
6), which indicates that it is thermodynamically difficult to form stable
clusters at these elevated temperatures.

The investigation into the nucleation rate, J, and the chemical
composition of clusters during the steady-state nucleation stage was
conducted using both the CNT model and kMC simulations. Jt is
calculated at different temperatures and plotted in Fig. 7(e). The esti-
mations of J*t from the kMC simulations at the corresponding constant
temperatures are also marked in Fig. 7(e). J®, as computed by Eq. (5)
reaches its peak within the temperature range of approximately 500
to 600 K, which is in agreement with the results from the kMC sim-
ulations, as depicted in Fig. 7(e). Furthermore, Fig. 7(f) presents an
analysis of the Zn/Mg ratio relating to cluster size along the minimum
free energy pathway across a spectrum of temperatures. As indicated
by this figure, both cluster size and temperature would affect the
Zn/Mg ratio. Clusters of the same size exhibit a higher Zn/Mg ratio at
increased temperatures. Similarly, at the same temperature, the Zn/Mg
ratio increases with cluster size. These results explain the composition
differences of clusters observed in the KMC simulations, where clusters
formed at higher temperatures tend to be larger compared to those
formed at low temperatures. They exhibit a higher Zn/Mg ratio due to
the combined effects of size and temperature. Additionally, the Zn/Mg
ratio of clusters during the steady-state nucleation state was analyzed
through kMC simulation results, as shown in Fig. 7(g). Here, smaller,
low-temperature clusters possess a lower Zn/Mg ratio, aligning with the
results calculated from the CNT model as in Fig. 7(f).

3.3. CMC simulations at constant temperatures

To further investigate the chemical concentration and the short-
range ordering of clusters at different temperatures at the equilibrium
states after the nucleation stage, we set up a series of CMC simulations
across a temperature spectrum, with decrements of 5 K from 800 K
to 275 K, utilizing the identical supercell configuration as in the kMC
simulations. We choose to use CMC simulations as supplementary to
take advantage of both the CMC and the kMC methods. While kMC
simulations enable the time evolution study of the system, CMC simu-
lations can provide a more thorough revealing of (meta)-stable states at
(quasi-)equilibrium that cannot be easily accessed by kMC simulations.
The choice of temperature range was motivated by the desire to capture
both the low-temperature domain, where cluster formation is largely
driven by thermodynamics, and the high-temperature domain, where
high entropy effects prevent the clustering of solutes. To ensure the
accuracy and reliability of our CMC simulations, and to lessen the
likelihood that the system gets trapped in a local minimum, we utilize
the final configuration from a higher temperature as the starting point
for the subsequent lower temperature simulations. At each temperature,
we carried out 10° CMC simulation steps to achieve (quasi-)equilibrium
of the system. This number is sufficient relative to the total lattice sites
of 1.08 x 10° in the supercell. Typically, CMC simulations of the system
converge within 10® steps.

During the CMC simulations, we analyzed the evolution of con-
verged E at different temperatures 7" and plotted the results in Fig. 8(a).
The total energy E remains almost constant and close to zero when
the temperature is above 700 K. At these high temperatures, the
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increased atomic mobility effectively cancels out solute-solute inter-
actions, and only atomic pairs and small clusters exist within the
supercell. However, as the temperature drops below 700 K, the ther-
modynamic driving forces of solute clustering begin to dominate, and
E decreases significantly as a large cluster forms. As the temperature
continues to decrease, E keeps dropping with the size of the formed
cluster increasing. It is notable that there is a change in the slope of
the E - T curve at approximately 400 K. This change may signify a
possible structural transition or phase change of the cluster.

Besides the energetic information, we conducted additional analyses
including the chemical concentration of solute clusters for the CMC
simulations. At each temperature, 100 configurations sampled from
the last 10® steps are uniformly selected. The results are plotted as
Fig. 8 (b)-(d), where the lines with shaded error bars are the averaged
results of data at the same temperature. The evolution of the Zn/Mg and
(Al+Zn)/Mg ratios in all relatively large solute clusters (each cluster has
at least 10 atoms) at various temperatures are displayed in Fig. 8(b),
the fractions of elements (Al, Mg, or Zn) in aggregated clusters are
shown in Fig. 8(b), and the evolution of Mg and Zn atoms remaining
in the Al matrix are shown in Fig. 8(c). When the temperature is above
700 K, only a small amount of Mg and Zn atoms are aggregated in
clusters of at least 10 atoms. Almost no Al atom can be found in the
clusters. The Zn/Mg ratio in the clusters is around 1.25 with a large
fluctuation, while the ratio in the whole alloy is roughly 0.83. This
observation indicates that even small Mg-Zn clusters tend to have more
Zn atoms compared to Mg atoms [39,40], which is also close to the
value estimated from the CNT model for small clusters of 1.3 (Fig. 7(f)).
As the temperature is reduced below 700 K, the large clusters start
to appear as denoted by a significant energy drop (Fig. 8(a)) due to
the formed Mg-Zn bonds. The Zn/Mg ratio quickly increases as shown
in Fig. 8(b). This increase in the Zn/Mg ratio is accompanied by the
incorporation of more Zn atoms than Mg atoms into large clusters as
indicated by the drops of solute remaining in the Al matrix shown in
Fig. 8(d). At the same time, a great amount of Al atoms also goes into
the formed clusters as shown by the Al curve from Fig. 8(c). As the
temperature continues to drop from 700 K to ~ 400 K, although the
fractions of both Mg and Zn atoms in the matrix in Fig. 8(d) keep
decreasing as the clusters grow, the average Zn/Mg and (Al+Zn)/Mg
ratios in all clusters drop smoothly with decreasing temperature as
shown in Fig. 8(b). In this stage, more Mg atoms go into the cluster
compared with Zn or Al (Fig. 8(c)). This trend continues until the
temperature drops below 400 K. At this point, almost all of the available
Zn atoms have been aggregated into solute clusters as indicated by
Fig. 8(c), and the Zn atoms within the matrix are nearly consumed.
Starting from here, as the temperature keeps decreasing, more Mg
atoms join the cluster, leading to a sudden transition of the slope
of the Zn/Mg ratio curve at ~400 K as indicated by Fig. 8(b), also
corresponding to a possible structural transition of the cluster. It is
also notable that as the temperature drops, the fraction of Al in the
cluster keeps dropping as shown in Fig. 8(c), which is also suggested
by Fig. 8(b) where the (Al+Zn)/Mg ratio changes faster compared to
the Zn/Mg ratio.

To further validate our findings, we examined the internal structures
of the clusters produced from CMC simulations at two different tem-
peratures: 650 K and 300 K. As depicted in Fig. 9, these clusters were
sliced along {100} planes for analyses alongside the atomic structures
in unit cells extracted from the cluster. The high-temperature cluster
exhibits translational symmetry along the (001) direction, consisting
of two layers as shown in Fig. 9(a): the first layer is made up almost
entirely of Zn atoms, while the second layer consists of a combination
of both Mg and Zn atoms. As the temperature is relatively high, there
are a great number of substitutional Al atoms in the cluster on the
Zn sites. This type of structure closely resembles the L1, structure,
illustrated in Fig. 9(b). Alternatively, the low-temperature cluster in
Fig. 9(c) also exhibits translational symmetry along the (001) direction,
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Fig. 10. Results of the normal (constant-temperature) and revised kMC simulations of the quenching processes following different temperature evolution profiles. Here, C300
means the constant-temperature kMC simulations at 300 K as plotted in Fig. 3(a). WQ100, WQ200, WQ300, and WQ500 correspond to different temperature evolution profiles
shown in Fig. 1(d). (a): Time evolution of the average energy per atom E of the simulation supercell relative to the initial solid solution state. In each evolution curve, the
time evolution of the simulation temperature is denoted by the colors defined in the right color bar. (b): The number of kMC simulation steps required to change the simulation
temperature by one-degree Kelvin as a function of the simulation temperature during water quenching (WQ), indicating the revised kMC simulations can be approximated as the
normal constant-temperature kMC simulations in a large number (10* ~ 107) of simulation steps.

featuring two layers. In this instance, one layer is comprised exclu-
sively of Zn atoms, while the other layer contains only Mg atoms.
There are fewer point substitutions due to the lower temperature. This
type of structure features the L1 structure of MgZn as displayed in
Fig. 9(d). The transition from the L1,-like to L1,-like structures explains
the aforementioned change of chemical concentration. For the high-
temperature L1, structure of MgZns, the Zn/Mg ratio for the cluster
of perfect bulk compounds is 3:1 (in reality, the Zn/Mg ratio is always
less than 2 because of the substitutional Al atoms and some anti-site
occupations illustrated in Fig. 9(a)). However, for the low-temperature
L1, structure, the Zn/Mg ratio is 1:1. This difference can explain the
trend in the Zn/Mg ratio in kMC simulations at different temperatures
as shown in Fig. 5, where the high Zn/Mg ratio at high-temperature
kMC simulations is driven by the thermodynamic effects revealed by
our CMC simulations.

3.4. Revised kMC simulations with different cooling rates

As mentioned in Section 2.2, the initial configurations were an-
nealed at 800 K using the CMC method for the kMC simulations at con-
stant temperatures. However, this always implies that the simulations
start with an infinite cooling rate from 800 K, which may not reflect
what really happens during a quenching process. Thus, we applied the
revised kMC simulation algorithm as described in Section 2.5 to study
solute clustering with the different cooling temperature profiles plotted
in Fig. 1(d).

Fig. 10(a) displays the time evolution of the average energy per
atom E of the whole simulation supercell with different cooling temper-
ature profiles. The energy-time curve ‘WQ100’ represents the energy
change with the cooling rate of an Al alloy sample with a thickness
of 100 pm that has undergone water quenching. Similarly, other ‘WQ’
curves are from the sample with a thickness in pm of the number
following ‘WQ’, while the ‘C300’ curve denotes the kMC simulation
at a constant 300 K temperature, which can be viewed as an infinite
cooling rate because it is a sudden change from the 800 K equilibrium
to 300 K. It is notable that during such rapid quenching processes of WQ
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and C300 simulations, vacancy concentrations would be far from the
equilibrium states and remain almost unchanged until several minutes
after quenching according to a recent study [83]. Hence, in the WQ and
C300 simulations, the time correction is not necessary since our initial
vacancy concentration is close to the 800 K equilibrium. As shown in
Fig. 10(a), significant energy drops are observed when the temperature
reaches around ~ 650 to ~ 620 K for all WQ cases. Although our
CMC simulation results in Fig. 8(a) suggest that solute clustering may
occur at 690 K, an overcooling of several tens of Kelvin is necessary
for nucleation of solute clustering under such rapid cooling conditions.
It requires a longer time to reach this point as the thickness of the
samples increases (~ 2 x 1073 seconds for WQ100, ~ 5 x 10~3 seconds
for WQ200, ~ 1 x 102 seconds for WQ300 and ~ 2 x 10~2 seconds
for WQ500) because the cooling rate gets slower. This phenomenon is
also supported by Fig. 10(b), which shows the simulation steps required
to make a one-degree Kelvin change in simulation temperature. As
discussed in Section 2.5, Fig. 10(b) demonstrates that it always requires
10* ~ 107 kMC simulation steps to make a one-degree Kelvin change
in simulation temperature for all WQ cases, so these quasi-constant
temperature conditions make the revised kMC algorithm a reliable
approach for simulating quenching processes in Al-Mg-Zn alloys. At
the temperature where E greatly drops, the simulation steps required
are also remarkably increased around ~ 650 to ~ 620 K. It is because
more low-barrier vacancy migration events would happen at these
temperatures during the simulation as the cluster forms. These clusters
create local lattice distortions as well as lower-barrier MEPs. As a
result, the transition rates r; increase, and average simulation timesteps
decrease greatly according to Eq. (2) and Eq. (4). After that, the energy
curves in Fig. 10(a) exhibit a steep decline, suggesting more cluster
nucleation and the growth of clusters driven by vacancy diffusion over
time and an increased thermodynamic driving force due to decreasing
temperature.

When the temperature falls below 400 K, the energy evolution of
all WQ cases in Fig. 10(a) is almost frozen, where the diffusion of
the vacancy is considerably suppressed and the vacancy gets trapped
within large solute clusters (detailed analyses of vacancy trapping
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Fig. 11. Snapshots and analyses of the normal and revised kMC simulation results with different temperature evolution profiles defined in Fig. 1(b): C300 (infinite fast cooling
from 800 K to 300 K), WQ100, WQ200, WQ300, and WQ500. (a)-(f): Snapshots of revised kMC simulation results showing solute clustering in cases of C300 at 7 = 10 s (a), C300
at + =460 s (b), WQ100 at 7 =10 s (c), WQ200 at =10 s (d), WQ300 at =10 s (e) and WQ500 at 7 = 10 s (f). (g)-(i): Analyses of the revised kMC simulation results at specific
time snapshots defined in (c)-(f). (g): Histograms of the cluster size, which is defined by the number of clustered atoms according to explanations in the caption of Fig. 4. (h):
Correlations between Zn/Mg ratio in clusters and cluster sizes. (i): Kernel density estimations of Zn/Mg ratio of clustered solute atoms in all clusters.

are described in Figs. 13 and 14 and the corresponding discussions).
This occurs because these solute clusters grow rapidly and become
more ordered at medium temperatures, creating huge basins in the
energy profile. With the temperature dropping, the system becomes
less capable of overcoming the energy barriers of these energy basins,
and the energy curves are converged as shown for all the WQ cases in
Fig. 10(a). Since the medium temperatures (~ 500 K) are more suitable
for cluster nucleation and growth suggested by kMC simulations at
constant temperatures (Section 3.1), the WQ simulations with lower
cooling rate and more time near 500 K tend to reach a lower E plateau.
The WQ500 simulation reaches the lowest ~—4.4 meV per atom when
its energy curve converges compared to ~—2.5 meV for WQ100, ~—3.1
meV for WQ200, and ~—3.5 meV for the WQ300 case. However, for
the C300 case, the kinetics (vacancy diffusivity) becomes significantly
hindered due to the low temperature, while the initial thermodynamic
driving force (overcooling) is larger than in the WQ cases. Thus, it takes
about 1071 seconds until a drop of E can be observed. In the case of
C300, the energy keeps dropping without showing any convergence
similar to the WQ cases. This is a result of the temperature remaining
constant and all the clusters are nucleated and formed at the same
temperature, and all of these clusters from C300 have small sizes as
shown in Fig. 4(a) and the following Fig. 11(a) and (b). Hence, there
is no significant vacancy trapping effect of these clusters compared to
larger clusters from the WQ cases.

Snapshots of aggregated solute atoms generated by revised kMC
simulations with different cooling rates are shown in Fig. 11(a)-(f)
(Fig. 11(a) of C300 at 7 = 10 s, Fig. 11(b) of C300 at t = 460 s, Fig. 11(c)
of WQ100 at ¢t = 10 s, Fig. 11(d) of WQ200 at r = 10 s, Fig. 11(e) of
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WQ300 at 7 = 10 s, and Fig. 11(f) of WQ500 at 7 = 10 s). We applied the
same criteria to identify clusters as we did for Fig. 4. The distributions
of the size of clusters are shown in Fig. 11(g). For the WQ100 case,
clusters with sizes around 100 atoms can be observed. In the WQ200
case, the supercell contains an abundance of clusters that exceed 200
atoms, with the largest cluster comprising up to 400 atoms. For the
WQ300 case, several clusters with more than 400 atoms exist, and in
the WQ500 case, the largest cluster identified contains approximately
800 atoms. In addition, the overall number of clusters continues to
decrease in this case. This observed trend of cluster size distributions
with decreasing cooling rate shows similarities to the trend of cluster
size distribution changes in the constant-temperature kMC simulation
cases with an increasing simulation temperature changing from 300
K to 500 K, as shown in Fig. 4(d). This correlation occurs due to the
rapid growth of solute clusters at medium temperatures, approximately
around 500 ~ 600 K. When the cooling rate is slower, the material
spends more time at these medium temperatures, allowing solute clus-
ters to grow and evolve more extensively. When the temperature drops
below 400 K, the vacancy gets trapped by these large clusters, and the
evolution of cluster configurations and the total energy almost stops.
As a result, the distribution of cluster sizes in the case with a slower
cooling rate is more likely to resemble that of the constant-temperature
kMC simulations conducted at higher temperatures.

The same situations happen to the distribution of the chemical
concentration of solute clusters as well. Fig. 11(h) shows the correlation
between the cluster size (X-axis) and the Zn/Mg ratio in clusters (Y-
axis) for different cooling rates (red markers for WQ100, purple for
WQ200, brown for WQ300 and gray for WQ500 cases, respectively).
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Fig. 12. Evolution of the average Zn/Mg ratio for clusters with a size larger than 10 clustered atoms in revised kMC simulations with different temperature evolution profiles
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references to color in this figure legend, the reader is referred to the web version of this article.)

Clusters with sizes smaller than 10 atoms show a wide range of Zn/Mg
ratios. For larger solute clusters (sizes greater than 10 atoms), most
of the clusters exhibit a Zn/Mg ratio from approximately ~1.0 to
~2.0. The Zn/Mg ratio distributions fall within more narrow ranges
as the cooling rates get slower. This change implies that the slower
cooling rate promotes the average size of solute clusters as well as
a more uniform and consistent Zn/Mg atomic ratio of the clusters.
Fig. 11(i) shows the kernel density estimations of the Zn/Mg ratio of
clusters with the weight of cluster size for different cooling rates (red
curve for WQ100, purple for WQ200, brown for WQ300, and gray for
WQ500 cases, respectively). In this figure, the estimation curve of the
WQ100 case shows a wider distribution with a peak value situated
at approximately 1.39, with a standard deviation of ¢ = 0.5. This
indicates that a majority of the aggregated atoms are clustered within
this specific range. In the WQ200 cases, the peak becomes sharper
with a smaller width, and the value for the peak of kernel density
estimations is situated at approximately 1.48. As the cooling rates
decrease, such as those in the WQ300 and WQ500 cases, the peaks are
more evident, situated at approximately 1.51 and 1.60, respectively.
This analysis also highlights a consistent trend in which the peak value
of the curve (i.e. the most representative Zn/Mg ratio) increases as
the simulation cooling rate declines, showing the characteristics of
solute clustering kinetics observed in the constant-temperature kMC
simulations at higher temperatures.

The averaged Zn/Mg ratio for clusters comprising more than 10
atoms in the revised kMC simulations for all time frames is shown in
Fig. 12. The evolution of this ratio in relation to time is illustrated
in Fig. 12(a), while Fig. 12(b) shows the ratio with respect to the
total energy change. As shown in Fig. 12(a), the Zn/Mg ratio for
all cases undergoes significant oscillations within the range of 1.0 to
1.4 during the initial stages (before + = 1073 s). Concurrently, aside
from these random fluctuations, no significant upward or downward
trend has emerged. The underlying reason for this behavior is that the
temperature remains high at this point in the simulation (above 650
K), so the solute clustering has not yet taken place to a substantial
degree due to strong entropic effects. At these moments, only a few
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large clusters can be found in the supercell and hence the ratio shows
more oscillations due to fewer atoms. After the initial stages, the Zn/Mg
ratios begin to rise, eventually reaching a value around ~ 1.4 for the
WQ100 and WQ200 cases. It achieves higher values of ~ 1.5 for the
WQ300 case and ~ 1.6 for the WQ500 case. During these growth stages,
many clusters nucleate and grow until the simulation temperature
gradually decreases towards 400 K, which also causes a reduction in
the degree of oscillation observed in the Zn/Mg ratios. After these
growth stages (~ 1 x 1072 seconds for the WQ100 case, ~ 5 x 1072
seconds for the WQ200 case, ~ 5 x 10~! seconds for the WQ300 case,
and ~ 5 x 107! seconds for the WQ500 case, respectively), the Zn/Mg
ratio values appear to cease evolving in the final steady-state stages.
This observation corresponds to the same stage in the energy profile
illustrated in Fig. 10(a), where the average energy per atom E of the
whole supercell stops its evolution.

Fig. 12(b) provides more insightful information regarding the av-
eraged Zn/Mg ratio during the intermediate growth stages in the
revised kMC simulations. The values oscillate in the beginning when
the average energy per atom E of the whole supercell is high, which
corresponds to the initial stage of the quenching process. Then the aver-
aged Zn/Mg ratio remains almost constant as the E values become more
negative during cluster nucleation and growth. At these stages, the
Zn/Mg ratio remains approximately ~ 1.4 for the WQ100 and WQ200
cases. This ratio, as observed in the revised kMC simulations, exhibits
similarities with the outcomes of the kMC simulation conducted at a
constant temperature of 500 K, as depicted by the orange curve in
Fig. 5(b). Similarly, for WQ300 and WQ500 cases with slower cooling
rates, the ratio reaches higher values of ~ 1.5 and ~ 1.6, respectively,
which lies between outcomes of kMC simulations at constant tempera-
tures of 500 K and 650 K shown in Fig. 5(b). These observations suggest
that despite the rapid cooling processes from 800 K to 300 K according
to our simulated temperature profiles in Fig. 1(d), the average Zn/Mg
ratio bears a closer resemblance to the results obtained above 500 K
in constant-temperature kMC simulations rather than those at 300 K,
indicating the major events of cluster nucleation and growth occur
when the temperature is between ~ 500 K and ~ 650 K.
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Fig. 13. Analyses for cluster size in terms of cluster radius in the revised kMC simulations with different temperature evolution profiles defined in Fig. 1(d). (a)-(d): Evolution of
cluster radius at selected time points during WQ simulations, shown as a cluster size-weighted probability distribution function. Distribution curves are labeled and color-coded
to indicate the simulation temperature at each time point. (e)—(h): Analyses for individual clusters across all time frames in the revised kMC simulations showing the correlations
between the radius of clusters and simulation time. The color of the dots indicates the temperature (defined by the color bar at the bottom) at the corresponding simulation time.
The size of the dots in the plots denotes the size of the clusters. Red crosses highlight the clusters that contain the vacancy at the corresponding simulation time. These subfigures
share the same Y-axis ticks. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The primary difference between the C300 simulation of infinite
cooling rate and the WQ simulations lies in the behavior of the rapid
nucleation kinetics at medium temperatures. Fig. 13 details the analysis
results of the cluster radius defined by the size (number of atoms) on
the Al lattice. Fig. 13(a)-(d) present the distributions of size-weighted
probability function in different WQ simulations, ranging from single
solute atoms to clusters larger than 10 A in radius. The distribution
reflects how solute atoms are aggregated into clusters of different
sizes. Several distributions at selected times of different temperatures
are plotted and colored based on the temperature. During the initial
stage of the quenching, where the temperature is still high (>700 K),
solute atoms mostly remain in the solution matrix. Occasionally, one
or two small unstable clusters are observed (as the small peak of
~5 A in Fig. 13(c) at 700 K), but these clusters are not stable and
tend to dissolve quickly. Starting from ~650 K, the nucleation rates get
accelerated. Stable nuclei can be observed in the simulation WQ500 of
the slowest cooling rate (Fig. 13(d)). As the temperature decreases to
600 K, we begin to observe the formation of clusters around ~8 A radius
in WQ100 and WQ200 and clusters larger than 10 A radius in WQ300
and WQ500. Notably, as the temperature further declines (<500 K), the
size distribution in all simulations shows minor changes, likely due to
the vacancy trapping effect within the clusters.

Despite this rapid cooling, which decreases from 800 K to 350 K at
rates of approximately 2500 K/s for WQ100, 737 K/s for WQ200, and
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346 K/s for WQ300, respectively, our observations distinctly capture
the fast kinetics of cluster formation at intermediate temperatures. Due
to rapid nucleation kinetics at medium temperature, the formation of
precipitates in Al-Mg-Zn alloys possibly starts as early as during the
quenching process. Different cooling rates, however, can lead to diverse
distributions in the clustering of solute atoms after quenching. The
simulation of WQ100 (Fig. 13(a)), which experiences the most rapid
cooling, shows a final distribution of clusters that is quite similar to
that observed in the 300 K constant temperature simulation (Fig. 6(a)).
The largest size in WQ100 reaches ~9 A radius. This implies that at
the quickest cooling rate, the clusters do not grow significantly larger
after they form, resulting in a final cluster size distribution with smaller,
more numerous clusters. The cases with slower cooling rates, such
as WQ200, WQ300, and WQ500, present a final distribution of large
solute clusters (>~10 A radius), similar to those from higher tempera-
tures of 500 K and 650 K. This trend indicates that the slower cooling
rate permits the solute atoms more time to migrate and form larger
clusters, resulting in fewer but larger clusters. However, compared
with constant-temperature kMC at higher temperatures, the cases of
WQ200 and WQ300 show higher peaks in the regions of small clusters
(<~10 A radius), similar to the peak of small solute clusters of 300 K
kMC in Fig. 6(a)). Thus, the cluster size distributions of these quenching
cases behave as mixtures of those from constant-temperature kMC
simulations at both low (~300 K) and high (> 500 K) temperatures.
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To investigate the underlying vacancy-trapping mechanisms, the
analysis of individual clusters extracted from different time frames of
the simulation results derived from the WQ simulations is presented
in Fig. 13(e)—(h), respectively. The color of each dot corresponds to
the simulation temperature at the corresponding time frame according
to the temperature evaluation profiles in Fig. 1(d), and the size of
the dots represents the size of the corresponding cluster. In addition,
some of the clusters are highlighted by red crosses in the figures,
meaning these clusters contain a vacancy at that time. Fig. 13(e)-(h)
display the relationship between the time when the clusters appear
(X-axis) and the size of each cluster (Y-axis). During the initial stage
of the quenching processes, the clusters remain relatively small until
the temperature descends to around ~ 650 K: this is in alignment with
the previous observations. This trend is evident in all WQ simulations.
As the temperature continues to decrease, solute atoms increasingly
tend to be aggregated and form larger clusters. In the WQ100 case, the
largest cluster observed reaches ~9 A radius, comprising approximately
200 atoms. In the WQ200 and WQ300 cases, the largest cluster is
approximately ~12 A radius, consisting of roughly 400 atoms, and the
WQ300 case generates more large clusters than the WQ200 case. For
the WQ500 case, the largest cluster found contains about 800 atoms
and is about ~15 A radius. We also observe that prior to reaching the
aforementioned temperature threshold for the steady states (~ 400 K
shown in Fig. 10(a)), the red crosses are not consistently present for all
time frames in the figures. This implies that at higher temperatures, the
diffusivity of the vacancy remains considerably high, and the vacancy
may be situated within the Al matrix when the time frame is analyzed.
However, once the simulation temperature descends to 400 K, the
vacancy appears in nearly every subsequent time frame, indicating that
it has been captured by the clusters. It is also worth noting that there
are instances where the vacancy may escape from one cluster, but it is
still highly likely to be captured again by another cluster shortly after
the escape. The clusters that contain the vacancy (highlighted by red
crosses) are not necessarily the ones with the largest cluster sizes as
shown at the steady states in all WQ cases.

To further explain the vacancy trapping effect of clusters, we con-
ducted a comprehensive analysis of clusters in Al-Mg-Zn, particularly
regarding the clusters’ vacancy binding energy, Egl‘mer and migration
barriers E,. The results, derived from kMC simulations and evalu-
ated by surrogate models, are summarized in Fig. 14. Fig. 14(a)-(c)
illustrate an example cluster extracted from the WQ500 simulation,
sliced to show its internal structure. The color-coding within the cluster
in Fig. 14(a) reveals the internal structure of Al, Mg, and Zn. This
precipitate, clustered from the medium temperature, shows a similar
atomistic structure as shown in Fig. 9(a), which is close to L1, but with
numerous substitutional defects.

In Fig. 14(b), the spatial distribution of the local binding energy of
each site, denoted as Ellj"cal, is depicted. This parameter is calculated
from the following formula:

Elc@l = (E (Vac) - E (Aly_,Vac))

(EX) - E (Aly_X)) ©

- min

X=AlMg.,Zn
Here, E(Vac) denotes the energy of the supercell cell that contains a
cluster with a vacancy at a particular local site in this cluster, E(X) is
the energy of the same supercell with an additional atom X to fill up
the previous local vacancy site, E(Aly_,Vac) is the energy of a large Al
supercell with one vacancy, and E(Aly_,X) is the energy of the same
Al supercell with extra atom X to fill up this vacancy, respectively.
Here the additional atom X can be Al, Mg, or Zn. The minimization
in Eq. (9) following semi-grand canonical ensembles determines which
atom type, among Al, Mg, and Zn, results in the lowest energy when it
occupies the local site, regardless of the chemical potential of the atoms
involved. This process reflects a thermodynamic preference of the site.
The value of E]I;’C"‘l quantifies the binding energy of a vacancy at a
specific site in comparison to the most thermodynamically preferred
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element for that site. When the vacancy is in the dilute Al matrix,
Ell;’cal ~ 0, indicating no additional binding for the vacancy. However,
when the vacancy is within a cluster, E%;’Cal typically shows a negative
value which indicates that the vacancy is more likely to be bound
or ‘trapped’ within the cluster compared to being in the Al matrix. It
serves as an indicator of the energetic difference between a given site
and that of pure aluminum. The radial distribution of this energy of
atoms in the cluster and surrounding Al atoms in the matrix is shown in
Fig. 14(d). As shown in Fig. 14(b) and (d), there are some sites (mostly
Zn sites) inside the cluster that show quite negative E}J‘ml, which
signifies a relatively stronger binding effect of the sites, indicating a
site’s propensity to attract a vacancy. There are also some positive Ell)‘Jcal
sites around the precipitate-matrix interface (dashed line in Fig. 14(d)),
indicating less tendency to attract vacancies.

Fig. 14(c) and Fig. 14(e) show, respectively, the spatial and radial
distribution of the local average migration barriers of each site, Eg’cal,
of the cluster. To obtain Erlfl’c"‘l, we assume that a vacancy occupies the
local lattice site. This parameter represents the arithmetic mean of the
12 individual vacancy migration barriers, AE,, which are computed
using our surrogate model, to each of its 12 first nearest neighbor
sites. The analysis indicates a prevalence of low-barrier sites within the
cluster. Mg sites inside tend to have a lower value around ~ 0.3 eV. This
is due to the fact that Zn atoms frequently constitute the first nearest
neighbors to Mg in the Mg-Zn clusters. Given that Zn atoms generally
exhibit a lower AE, within Al-Mg-Zn alloys [9], this lower value
significantly influences the energy landscape for migration barriers.
Moreover, when accounting for the Arrhenius factor, exp (—Jf; ), the
effective migration barriers within the cluster become even lower.

To conclude the information from Fig. 14(b)-(e), we illustrate the
energy profile of the binding effect in terms of the vacancy migration
coordinate in Fig. 14(f). The energy basin shows the vacancy-trapping
potential of a cluster. The landscape illustrates that the average vacancy
migration barriers E,,, are lower within the cluster’s domain, and
exhibit higher values in the matrix as indicated by Fig. 14(c) and (e).
The binding energy of the cluster to the vacancy, EI‘;l‘mer is determined
by the energy difference between the lowest energy state (vacancy
trapped by the cluster) and the untrapped state (vacancy in the matrix).
It is noteworthy that while certain sites at the cluster-matrix interface
present positive local binding energies, the true vacancy migration
energy profile should be multi-dimensional and inclined to traverse
along paths of minimum energy.

To obtain a coarse-grained picture and reveal the general capacity of
vacancy trapping in different clusters, the binding energy of a cluster,
El’jl‘ls‘“, can be defined as the lowest energy state among all sites:

Egluster = min E]l)ocal(i)
iecluster

(10

where the site i iterates over all sites in a cluster. Values of Eghmer for
clusters of varying sizes are thoroughly studied. The clusters are derived
from kMC simulations at constant temperatures (Fig. 14(g)) and from
the simulations incorporating various cooling rates (Fig. 14(h)). No
matter from which type of simulation the cluster formed, the evolving
of Eglu“er primarily follows the same trend. As indicated by these two
figures, the evolution of E]gl““er is characterized by two distinct stages.
In the first stage, corresponding to the formation of small solute clusters
with less than approximately 150 atoms, we observe that the clusters’
capacity to trap vacancies (Egh‘s‘er) increases fast as the cluster size
grows. Transitioning to the second stage, which occurs once clusters
surpass a critical size threshold of approximately 150 atoms, the clus-
ters begin to exhibit more ordered atomic structure. At this mature
stage of cluster growth, we find that the vacancy trapping ability
(Eﬁh‘s‘er) becomes relatively insensitive to further increases in cluster
size. Besides the correlation with clusters’ size, the cluster binding
energy, E]gl““er, has a strong correlation with the average formation
energy of cluster E;. See Supplementary Note 7 for more details.
Averaged E, is defined as the arithmetic mean of the vacancy
migration barriers, AE,, of some specific types for the cluster. As
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Fig. 14. Analyses of the vacancy trapping mechanisms by cluster vacancy binding energy Egl“s‘er and migration barriers E,,. (a)-(c) An example cluster formed from the WQ500
simulation showing the inner structures. The cluster is colored to show the spatial distribution of element type (a), the local vacancy binding energy of each site E‘l)Ocal (b), and
the local average vacancy migration barrier E}T‘,’“al (c). (d)-(e): The radial distribution of the E‘lf‘“‘1 (d) and E}T“’“‘l (e) of the cluster and surrounding Al matrix. Each dot represents
a local lattice site, colored by the chemical type of atom that occupies this site. The black dashed line represents the radius of the cluster. (f): The conceptual illustration of the
energy landscape in terms of vacancy migration coordinate inside and near a solute cluster. The dashed line connects local minima while the curved line connects both minima and
transition states. Egl“s‘e' is defined by Eq. (10) as the difference from the lowest energy state (vacancy trapped by cluster) to the untrapped state (vacancy in matrix). E, denotes
the averaged migration barriers. (g)—(h): Averaged Egl“s‘er for clusters of different sizes from the kMC simulations at constant temperature (g) and the revised kMC simulations
during quenching with different cooling rates (h). (i) Averaged vacancy migration barrier E, of different type for clusters of different sizes. Yellow stars mark the vacancy migration
event inside clusters. Light blue stars denote the event vacancy jumping from the surface of the cluster to the nearest neighbor shell. Dark blue stars represent the event vacancy
jumping out of the nearest neighbor shell. The horizontal dashed line denotes the vacancy migration barrier in pure Al of 0.58 eV. The shaded regions in (g)-(i) indicate the
standard deviations. (j) Estimated vacancy escape time from a solute cluster, 7., calculated by Eq. (11). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

shown in the subfigure of Fig. 14(i), three types of vacancy migration
events are presented, namely, vacancy migrating inside clusters, va-
cancy jumping from the surface of the cluster to the nearest neighbor
shell, and vacancy jumping out of the nearest neighbor shell. Here,
different types of averaged E,, for clusters of different sizes are studied.
The evolution of E,, is also characterized by two stages. During the
first stage, E,, drops slightly as cluster size grows. This trend stabilizes
when the cluster size reaches a threshold of approximately 150 atoms,
beyond which E, remains relatively constant. Further, we analyzed
three different types of vacancy migration events related to clusters
as shown in the subfigure in the upper right. The first category is
the type of vacancy migration within clusters (marked by yellow stars
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and shaded regions). Although this type shows a very large standard
deviation of 0.18 eV, it has a low average of 0.37 eV. The second type
colored by light blue denotes the event in which a vacancy jumps from
the surface of the cluster to the nearest neighbor shell. It has a higher
converged average of 0.50 eV and a smaller standard deviation of 0.13
eV. The third category is denoted by dark blue, representing the event
in which a vacancy jumps out of the nearest neighbor shell. Notably,
the vacancy is still affected by the cluster since it is still near the cluster.
This type has an average of 0.54 eV and a standard deviation of 0.07
eV. This gradation of E, of different types, shows a similar trend as
shown in Fig. 14(e), that is an increase of E, from the interior of the
cluster to the surrounding Al matrix. It is important to note that once
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a vacancy escapes the cluster’s effective domain entirely, E_, should
have a typical value of 0.58 eV, which is the value of AE, in the Al
matrix [97].

Finally, Fig. 14(j) displays the estimated vacancy escape time at
T =300 K by the equation:

cluster
barrier

kT

fese = V1 exp( an

esc
Within this equation, v is the attempt frequency, set at 10'> Hz, the same

as the value we applied in the kKMC simulations. EﬁlusFer =E, - Eglus“’r

is the overall barrier as shown in Fig. 14(f). Note the negative sign
is due to the negative value of Eglus“" when a vacancy is trapped by
the cluster. Here, Egl““e‘ is obtained from the analysis presented in
Fig. 14(g) and (h). E,, is specified as 0.58 eV, indicating the state
in which vacancy escapes the cluster’s effective domain entirely. As
shown in Fig. 14(j), the general trend of 7., as a function of cluster
size can also be divided into two stages. In the initial stage, as cluster
size increases, there is a sharp increase in vacancy escape time at a
logarithm scale from 10~3 seconds to 1 s. Most of the clusters from
the simulation C300 are within this stage, with a size smaller than 100
atoms. Vacancy escape time from these clusters is less than 1 s. As the
cluster size reaches the threshold, a much slower increase is observed.
During this stage, the vacancy escape time does not significantly change
with increasing cluster size. As the size increases from 200 to 2500,
fesc 8rows much slower compared to the first stage. This implies that
the vacancy trapping mechanism in the second stage becomes size-
insensitive, and would finally converge to the value estimated from
Egl““e‘ of the pure precipitate phase.

4. Discussion and conclusions

Our kMC framework represents a sophisticated approach for sim-
ulating the intricate dynamics of solute clustering, particularly focus-
ing on the nucleation processes under various temperatures and the
quenching rates based on real-world temperature evolution profiles.
It has the capability to provide comprehensive insights into the size,
density, chemical composition, and structural configurations of solute
clusters throughout both the aging and quenching processes. Moreover,
it is also capable of capturing the complex mechanisms of solute cluster
nucleation and growth mechanisms at an atomic level. In addition, we
adopted a Monte Carlo-based simulated annealing heuristic to evaluate
the free-energy profile of Mg-Zn-rich clusters for Al-Mg-Zn alloys. We
have successfully applied these free energies to the CNT model. As
illustrated in Fig. 7, there is a great consistency and complementarity
between the constant-temperature kMC simulation and CNT models,
especially in describing solute clusters in terms of size, density, and
Zn/Mg ratio during the nucleation stages. Furthermore, both the kMC
and CNT have identified rapid nucleation kinetics when aging occurs
at medium temperatures.

Due to the fast nucleation at medium temperature, we observed
a rapid formation of large solute clusters at 500-600 K during the
quenching from our revised kMC simulations. This observation is in
line with our recent TEM study that captured solute clusters with ~
2 nm diameters immediately after quenching [13]. Our study also
highlights the significant influence of quenching rates on the formation
and characteristics of solute clusters. We have discovered that the
nucleation and early growth stages of precipitation in Al-Mg-Zn alloys
are highly sensitive to the thermal history of the alloy. Specifically,
slower cooling rates result in the formation of larger, less densely
distributed clusters with higher Zn/Mg ratios. Conversely, rapid cooling
rates lead to smaller, more densely distributed clusters with lower
Zn/Mg ratios. The difference in Zn/Mg ratio of solute clusters and GP
zones may lead to different final precipitates [98]: when the Zn/Mg
ratio is higher, GP zones are mainly transformed into ' and » phases
(MgZn,). When the Zn/Mg ratio is lower, GP zones may transformed
into 77 or T phases (Mg3,(Al, Zn),g or Mg;Zn;Al,) [99]. This insight
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is invaluable for alloy designers and manufacturers to achieve specific
microstructural characteristics in age-hardened alloys by controlling
the cooling rate of a 7XXX Al alloy.

There have been many studies on vacancy-trapping mechanisms to
affect solute clustering and aging kinetics [10-12,100]. For example,
some trace solute elements, such as Sn [11,12,100], can have appro-
priate binding strengths with vacancies suggested by DFT calculations
to effectively impede the solute diffusion and natural aging at room
temperature. However, these vacancy-solute binding energies were
calculated based on the direct interactions between a vacancy and
one or several Sn atoms without considering the effects of large-size
solute clusters as shown in Fig. 11. To consider this size effect, Zurob
et al. [10] proposed a mechanism that suggests the binding strengths
to a vacancy is proportional to the cluster size (the number of solute
atoms in a cluster n): fo,. exp(%), where E, is the solute vacancy
binding energy and « is a fitted constant.

The evaluation of the vacancy-trapping effect of an ordered precip-
itate, such as Cu clusters in a-Fe, should be based on the difference be-
tween the vacancy formation energy in the matrix (E;*“™*™) and the
vacancy formation energy in the bulk precipitate phase (E;'ac’p recipitate,
[87,88]. However, this evaluation method of the vacancy-trapping
effect becomes particularly challenging when dealing with precipitates
that have complex structures and varying non-stoichiometric compo-
sitions during solute clustering kinetics. To overcome this challenge,
Jain et al. [101] estimate the cluster binding energy by examining
the difference in cluster formation energy between clusters with and
without a captured vacancy based on cluster configurations obtained
directly during kMC simulations. This direct method inspired us to
propose the vacancy binding energies defined by Eq. (9) and Eq. (10)
for a particular cluster obtained directly from our kMC simulations.

In our work, we utilized static methods and established a correla-
tion between the size of solute clusters and their binding effects, as
illustrated in Fig. 14. We show the general tendencies of two different
stages of vacancy trapping mechanism from the simulations. In the first
stage, when the solute clusters are small (< 150 atoms), the trapping
energy increases almost linearly with the cluster size. This observation
aligns with the findings of Zurob et al. [10]. Specifically, single Zn and
Mg atoms exhibit vacancy binding energies of —0.05 eV and —0.01 eV,
respectively, in the Al matrix [102], but the vacancy binding energy
of one solute cluster is just ~—0.2 eV when the cluster size reaches
~100 atoms, suggesting a relatively modest value for the parameter «
in Zurob’s model [10]. In the second stage, once the cluster reaches
a critical size (> 150 atoms), clusters begin to exhibit more ordered
atomic structures. At this mature stage of cluster growth, the trapping
ability becomes relatively insensitive to further increases in cluster size.
The vacancy binding energy gradually converges to ~-0.3 eV. This
value could be determined by the structures and compositions of the
bulk precipitate phase at equilibrium states [87,88]. Most of the clus-
ters formed from the simulation C300 are small and in the first stage,
their ability to trap vacancies is extensive to the cluster size. Hence
the vacancy tends to jump among those largest clusters (Fig. 6(d)). On
the other hand, numerous clusters from the WQ simulations are within
the second stage, and their vacancy-trapping ability is more intensive.
Thus, as clearly shown in Fig. 13, the vacancy is not necessarily trapped
in those largest clusters.

At the next steps, our simulation framework based on the combina-
tion of the surrogate models of vacancy migration energetics (4E,/AE)
and the revised kMC algorithm can be directly used to investigate how
the alloying compositions and temperature evolution profiles can affect
the solute clustering during quenching and the early stages of natural
aging when all the solute clusters are sill in the coherent lattice [13].
For example, it is important to investigate how the vacancy trapping
mechanism would vary under the influence of a third solute element,
such as Sn showing a solute-vacancy binding energy of —0.24 eV [102],
which is regarded as a solute element that can effectively bind vacan-
cies to impede the clustering kinetics at room temperatures in 6XXX
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series Al-Mg-Si alloys [11,12,103]. The vacancy binding energy of
small Mg-Si clusters in Al-Mg-Si are typically around —0.3 eV and
may reach up to —0.5 eV for large clusters [101]. By comparison, the
binding energy of Mg-Zn-rich clusters in Al-Mg-Zn atoms converges
only up to —0.3 eV for clusters larger than 150 atoms. Hence, it
suggests that Sn may have a different performance to affect natural
aging in 7XXX series Al-Mg-Zn alloys since the Sn-vacancy binding
is relatively stronger compared with most solute clusters in Al-Mg-Zn
alloys. In addition, using the solute cluster configurations generated
in our simulations and the appropriate interatomic potentials [104—
106], it is possible to investigate how the heterogeneous distributions of
solute clusters generated during quenching under different temperature
evolution profiles can affect the dislocation activities by interactions
with these solute clusters and the related mechanical properties.

Furthermore, the revised kMC simulations should be further im-

proved to accurately capture the events that occur after the vacancy be-
comes trapped, where the mean vacancy migration barriers are lower,
requiring a greater number of simulation steps to achieve the same
time progression. The large energy basins created by these low-energy
clusters demand more attempts for the vacancy to escape. There are al-
ready several advanced kMC algorithms that can potentially accelerate
the simulations by addressing these challenges. For instance, the local
super basin method [107,108] and hybrid kMC [109] can accelerate the
process by solving the Markov chain more efficiently. Simulations with
larger temporal and spatial resolutions, such as phase-field simulations,
could also benefit from incorporating the heterogeneous distribution
of size and chemical composition of clusters as inputs for studying
natural aging processes. By accounting for the non-uniform distribution
of clusters that arise from rapid quenching, these simulations can better
capture the complex dynamics and interactions between solute atoms,
vacancies, and clusters during natural aging.

In summary, the major conclusions of this study are:

1. KMC simulations at constant (aging) temperatures, following an
infinite cooling rate quench after solutionizing, were performed
using the above surrogate models of AE, and AE to simulate
solute clustering starting from a random solid-solution state in
an Al-Mg-Zn alloy. These simulations reveal that rapid solute
clustering occurs at medium temperatures, ranging from 500 K
to 650 K. At 500 K, the diameter of clusters reaches around 2 nm
in approximately 1 ~ 10 s. At a higher temperature of 650 K, the
diameter increases to approximately 4 nm within a time span
of 0.1 s. The results indicate that early-stage phase transitions
already occur during the fast quenching process.

2. KMC simulations at constant (aging) temperatures, following an
infinite cooling rate quench after solutionizing, also reveal that
relatively large-size and high-density solute clusters are gener-
ated at a medium temperature (500 K) relative to those obtained
from either high-temperature (650 K) or room-temperature (300
K) kMC simulations. In addition, solute clusters formed at higher
temperatures exhibit higher Zn/Mg ratios. Our time-independent
CMC simulations confirm that clusters formed at different tem-
peratures thermodynamically prefer two different phases of
Mg-Zn compounds of different structures and compositions,
namely: L1,-like high-temperature structure of MgZn; (with a
great amount of substitutional Al atoms on Zn sites) and L1,-like
low-temperature structure of MgZn. This leads to the preference
for cluster compositions at the various temperatures investigated
in the kMC simulations.

3. Free energy landscapes of Mg-Zn-rich solute clusters as a func-
tion of the numbers of Mg and Zn atoms in the Al-Mg-Zn alloys
are estimated by the Monte Carlo-based simulated annealing
method. The energetics are applied to the models based on
the classical nucleation theory (CNT). The CNT predictions are
generally in good agreement with the kMC simulation results in
terms of the nucleation rate and the size-dependent solute cluster
compositions (the Zn/Mg ratio).
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4. KMC simulations at constant temperatures cannot fully capture
the complicated kinetics of processes involving temperature gra-
dients such as quenching. Hence, a revised kMC algorithm that
can update the time-dependent temperature was engaged to
study fast solute clustering during quenching processes, whose
temperature evolution profiles are obtained from COMSOL Mul-
tiphysics simulations. The proposed algorithm offers a more
rigorous approach to studying temperature-changing processes,
providing a better understanding of the complex kinetics of
solute clustering during fast quenching.

5. Number, sizes, and compositions of solute clusters strongly de-
pend on quenching rates determined by the quenching tempera-
ture evolution profiles. Clusters generated during slower cooling
rates tend to exhibit characteristics associated with larger clus-
ter sizes, lower formation energies per atom, and narrower
distributions of Zn/Mg ratios. In addition, the average Zn/Mg
ratios in these clusters formed in these simulated quenching pro-
cesses are always similar to the Zn/Mg ratio obtained from con-
stant temperature kMC simulations conducted at higher temper-
atures (500 ~ 650 K), indicating the main cluster nucleation and
growth occurs rapidly at the intermediate temperature ranges.
These distinct statistical features of the number, sizes, and com-
positions of solute clusters, depending on the quenching rates,
provide different types of solute clusters as starting points (such
as the heterogeneous nucleation sites) for subsequent natural
aging processes.

6. Our revised kMC simulations demonstrate that the kinetics of
solute clustering is significantly hindered in the quenching pro-
cess as the temperature drops below ~400 K. This occurs because
of the trapping of vacancies by clusters exhibiting high absolute
values of average formation energy per atom, rather than being
solely influenced by clusters with the largest sizes. The solute
clusters after the vacancy trapping reach steady states without
significant changes in their structures, energies, or chemical
compositions. The configurations of these steady-state clusters
(average sizes and densities) are similar to the solute clusters
we observed experimentally in 7XXX series Al alloy samples
immediately after quenching [13], supporting the accuracy of
our revised kMC simulations.

7. A vacancy trapping mechanism of two different stages is re-
vealed. For small clusters, trapping energy rises nearly linearly
with the cluster size [10]. Beyond a critical size (~150 atoms),
the vacancy trapping ability of clusters converges to ~0.3 eV,
insensitive to further size increases.
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