Scripta Materialia 273 (2026) 117114

o %

ELSEVIER

Contents lists available at ScienceDirect
Scripta Materialia

journal homepage: www.journals.elsevier.com/scripta-materialia

Thermal and athermal nucleation of MgSi co-clusters in Al-Mg-Si alloys

Ya Li*"" ®, Robert Kahlenberg *“®, Philipp Retzl ““®, Ernst Kozeschnik *

? Institute of Materials Science and Technology, TU Wien, Getreidemarkt 9, Vienna 1060, Austria
b State Key Laboratory of Powder Metallurgy, Gentral South University, Changsha 410083, China

¢ Materials Center Leoben Forschung GmbH, Roseggerstrafie 12, Leoben 8700, Austria
4 MatCalc Engineering GmbH, Gumpendorferstrae 21, 1060 Wien, Austria

ARTICLE INFO ABSTRACT

Keywords:

Al-Mg-Si alloy
Quenching

MgSi co-clusters
Thermal nucleation
Athermal nucleation

The interplay between thermal and athermal nucleation of MgSi co-clusters during quenching of solution-heat-
treated Al-Mg-Si alloys is investigated through computer simulations. Thermal nucleation is typically described
by classical nucleation theory, which refers to the formation of supercritical nuclei via the diffusion-controlled
attachment of solute atoms to clusters of critical size. In the process of athermal nucleation, pre-existing
subcritical nuclei become supercritical due to a decrease in critical size, for instance, as a result of increased

undercooling during quenching. In this study, we develop a comprehensive nucleation model that integrates
thermal and athermal contributions, offering new insights into the MgSi co-cluster formation in Al-Mg-Si alloys
during continuous cooling. The results reveal that athermal nucleation is the predominant nucleation mechanism
for MgSi co-clusters during quenching. Furthermore, the dependencies of thermal and athermal nucleation on
cooling rate, temperature, and alloy composition are elucidated.

The process of nucleation marks the beginning of phase trans-
formations. Classical Nucleation Theory (CNT), formulated in the early
20th century, is the most widely used theoretical model to quantitatively
evaluate thermal nucleation kinetics. CNT builds upon the assumption
that the subcritical atomic clusters exhibit a stationary “number density
vs. size” distribution at a given chemical composition and temperature.
The atomic clusters continuously change in size and composition as
atoms attach to or detach from them. A nucleation event requires
overcoming a defined energy barrier and exceeding the corresponding
critical size by thermal and compositional fluctuations. This process is
referred to as thermal activation or thermal nucleation. Although ther-
mal nucleation can describe a wide range of nucleation events in nature
[1,2], it is only strictly valid under conditions of constant temperature
and a constant local chemical environment surrounding the nuclei.

In addition to the thermal nucleation (CNT) path, pre-existing
subcritical embryos can also become supercritical when the critical
size decreases as a result of, e.g., increasing chemical driving force under
continuous cooling conditions. This process does not require thermal
activation because the subcritical embryos are pre-existent and are
“automatically” stabilized. This non-thermal activation of nuclei is
referred to as athermal nucleation. It was first proposed by Fisher et al.
[3] in 1948. Quested and Greer [4] then used it to describe athermal

heterogeneous nucleation during solidification.

During quenching, solute cluster formation in Al-Mg-Si alloys ex-
hibits characteristics of both thermal and athermal nucleation. Howev-
er, models and simulations of cluster formation and precipitation in the
Al-Mg-Si alloys have only considered the thermal nucleation path so far
[2,3,5-9]. To account for the dual nature of the cluster nucleation
mechanism, we propose a nucleation model that contains both the
thermal and athermal characteristics that are present during continuous
cooling. The model is applied to MgSi co-cluster nucleation in the
Al-Mg-Si alloy system because of its imminent relevance to practical
alloy engineering.

According to the quasi-equilibrium assumption of CNT, stationary
subcritical clusters (N(n,T),n < n*) maintain a Boltzmann distribution to
minimize their total free energy [6], as illustrated in Fig. 1(a). n denotes
the number of atoms in a cluster and n* denotes the number of atoms in a
critical cluster. Their equilibrium number density N at a given temper-
ature T is given by [6]

N(n,T) = Noexp< - AkG_(Tn)> (@D)]

where Ny is the number density of potential nucleation sites, AG(n) is
the free energy change when forming a nucleus of size n, and kg is the
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Boltzmann constant.

Fig. 1(a) shows the sketch of a stationary cluster size distribution
N(n, T) up to the critical size n*, which is indicated by the vertical dashed
line. N* is the corresponding number density of equilibrium clusters of
critical size n*. The thermal and athermal nucleation mechanisms are
indicated by right and left arrows, respectively. Thermal nucleation
occurs when critical clusters exceed the critical size n* through atomic
attachment (black arrow in Fig. 1(a)). Athermal nucleation occurs when
the pre-existing subcritical nuclei become stable as the decreasing crit-
ical size passes below their size, e.g., under continuous cooling condi-
tions (red arrow in Fig. 1(a)).

When cooling from temperature T to a lower temperature T — AT,
the lagged actual cluster distribution N(n,t) evolves toward to a new
stationary cluster distribution N(n, T — AT), as shown in Fig. 1(b). This
process occurs due to an increased driving force for cluster formation
caused by increased undercooling. Nonetheless, the transition from
N(n,t) to N(n, T —AT) is not instantaneous but necessitates an incuba-
tion time 7 (blue dashed arrow in Fig. 1(b)). The actual number density
of critical clusters N(n*,t) (orange hollow spot B) is determined by the
equilibrium one N(n*, T —AT) (orange hollow spot A) and the current
incubation time 7. It indicates the incubation time likewise affects both
thermal and athermal transient nucleation, as indicated by the shadow
areas in Fig. 1(b). The black and red shadow areas represent the con-
tributions of thermal nucleation and athermal nucleation, respectively.
Therefore, under continuous cooling conditions, both thermal and
athermal nucleation are treated as non-stationary (transient) processes.

The stationary nucleation rate of clusters is a superposition of ther-
mal (J:h) and athermal (J2') components. It is expressed as

o= J" 4 @

When evaluating the stationary nucleation rate, it is assumed that the
actual cluster distribution always corresponds to the stationary cluster
distribution. Therefore, to a first approximation, the stationary nucle-
ation rate can be formulated as

Jo=N@',T)pZ+Nn", T)n" 3)

The first and second terms on the right-hand side correspond to the
thermal (J™) and athermal (J**) stationary nucleation rates, respectively.
N(n*, T) is the number density of equilibrium clusters with critical size n*
at temperature T, which equals Ny exp( — AG(n*) /ks T) with the number
of potential nucleation sites Ny, and the energy barrier AG(n*) for the
formation of a critical nucleus. ri" is the change rate of the critical nu-
cleus size n*. # is the atomic attachment rate for critical nuclei [5]. For a
multi-component system, it can be written as [5]
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where r* is the critical radius of the clusters, a is the interatomic dis-
tance, V,, is the molar volume of the matrix, ci; and cy; are the average
concentrations of element i in precipitate k and the matrix, respectively.
w is the total number of elements, and Dy; is the effective tracer diffusion
coefficient of element i in the matrix. Z is the Zeldovich factor [8]. For a
spherical cluster, it can be expressed as [9]
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)

where AGy is the chemical driving force and y is the size-dependent
interfacial energy between the matrix and a cluster of critical size [10,
11].
The critical nucleus size n* is expressed as
., 4

1 2
n* = —z(r")®= with r* = !

6
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where Q is the atomic volume.

The first derivative of the critical nucleus size n* with respect to time
tis
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then the rate of the number of atoms in the critical cluster is obtained as

L =321 4 9(dGy) -
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As mentioned above, the equilibrium (stationary) distribution of
clusters requires time to establish under continuous cooling conditions.
Consequently, the actual nucleation rate J(t) is related to the stationary
nucleation rate J; in a semi-phenomenological way. The commonly used
expression is [7,12]

s - a() ) s ().

The first and second terms on the right-hand side correspond to the
thermal (J*) and athermal (J*) non-stationary nucleation rates,
respectively. Further illustrations of the stationary and non-stationary
nucleation mechanisms are provided in the Supplementary file. The
incubation time 7 is largely determined by the diffusion coefficient of
solutes and the chemical potential difference between the nucleus and
the matrix. The expression proposed by Feder et al. [13] is used here as

athermal

(a) A N (b) A N

5
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Fig. 1. Sketch of the possible nucleation mechanisms for atomic clusters. (a) Stationary thermal nucleation (black right arrow, atomic attachment-induced nucle-
ation) and athermal nucleation (red left arrow, critical size reduction-induced nucleation). (b) Transient thermal and athermal nucleation when temperature T
decreases to T — AT. Within the incubation time 7, the actual cluster size distribution (N(n,t), blue solid line) evolves towards the equilibrium cluster distribution at
the reduced temperature (N(n, T — AT), green dotted line). Note that the y-axes in figure (a) and (b) are plotted on a logarithmic scale.
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T= 2/}7 (10)

Practically, the incubation time 7 is evaluated incrementally in each
successive temperature interval during quenching, accounting for the
fraction of the incubation time that has already passed in the simulation.

The thermal and athermal nucleation rates are calculated using Eq.
(9). The present computational framework also considers the evolution
of excess vacancy concentrations according to the vacancy annihilation
kinetics model of Fischer et al. [14], and its impact on the acceleration of
diffusional processes [15]. The interactions of vacancies with atomic
solutes are also considered, as described in Refs. [16,17]. The Gibbs
energy of the early MgSi co-clusters is described as a regular solution
phase, as reported by Povoden-Karadeniz et al. [18]. The thermody-
namics, diffusion kinetics, and interfacial energy (Generalized
Broken-Bond model [9-11]) are automatically evaluated in the MatCalc
software [19]. The average atomic volume of all elements in the
aluminum alloy (Q) is 1.661 x 10~2° m3/atom. Other parameters, such as
the interaction energy of solute atoms with vacancies, were reported by
Peng et al. [20] and summarized by Li et al. [17].

Fig. 2(a) shows the nucleation energy when forming MgSi co-clusters
of various sizes in a model Al-0.65Mg-0.6Si (wt. %) alloy. The alloy is
cooled down from a typical solution annealing temperature of 540 °C to
25 °C. Before reaching the solvus temperature (approximately 210 °C),
the co-cluster is thermodynamically unstable. The nucleation energy of
clusters increases continuously with their size. Below the solvus tem-
perature, the driving force becomes positive, and cluster formation be-
comes thermodynamically possible. At a typical paint-baking
temperature of 185 °C used in automotive production, the critical cluster
radius is approximately 4 nm. Below 100 °C, the nucleation barrier for
critical cluster formation is significantly reduced, and the critical size
falls into the sub-nanometer range. This will strongly promote cluster
formation, in accordance with differential scanning calorimetry (DSC)
and microstructural characterization data reported in the literature
[21-26].

Fig. 2(b) shows the equilibrium cluster size distribution at different
temperatures. At 540 °C, subcritical clusters contain only a few solute
atoms, and their number density decreases rapidly with size (red solid
line). This is expected because such clusters are thermodynamically
unstable and exist only because of frequent compositional fluctuations.
At 185 °C, the number density of subcritical clusters is still extremely
low (blue wide dashed line). At 100 °C, the equilibrium cluster distri-
bution shows a critical size of approximately 75 atoms (green dashed
line), and the corresponding number density is approximately 107 m°.
On further cooling from 100 °C to 25 °C, the number density of potential
nuclei increases rapidly. At 25 °C, the clusters of critical size contain
only about 15 atoms, and the corresponding equilibrium number density
is approximately 1022 m~3,

Fig. 3 shows the key parameters related to the co-cluster formation
when cooling from 540 °C to 25 °C at different rates ranging from 1 K/s
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to 1000 K/s. One major observation is that the athermal nucleation rate
is approximately 4-5 orders of magnitude larger than the corresponding
thermal nucleation rate, as shown in Fig. 3(a) and (b). This indicates that
the majority of clusters form during quenching through athermal
nucleation rather than thermal nucleation. The calculated number
density of clusters (thermal + athermal) decreases with increasing
cooling rate (Fig. 3(c)), because the incubation time exponent exp(—7 /t)
remains much smaller under rapid cooling conditions (Fig. 4(d)). In
addition, the temperature-dependent evolution of the atomic attach-
ment rate #° and the Zeldovich factor Z during cooling is shown in
Fig. S2 of the Supplementary file, while the time-dependent evolution of
the thermal and athermal nucleation rates is shown in Fig. S3.

At very fast cooling rates of 1000 K/s or higher, no co-clusters
nucleation is observed (Fig. 3(c)). At intermediate cooling rates of
100-400 K/s, which are typical for water or liquid nitrogen quenching of
Al alloys, approximately 10%-10'° clusters per cubic meter form during
cooling to 25 °C, with an average of ~15 atoms per cluster. The low
cluster number density would not cause appreciable solute segregation,
given the high number density of available Mg and Si atoms (~8 x 10%°
m~3). This aligns with the observations from the 3DAP measurements of
the Al-0.4Mg-1Si (wt. %) alloy quenched with liquid nitrogen [27].

Fig. 4(a) shows the equilibrium cluster distributions at 90 °C for four
Al-Mg-Si alloys with varying chemical compositions: Al-5Mg-5Si, Al-
6Mg-6Si, Al-7Mg-7Si, and Al-8Mg-8Si (wt. %), which are denoted as
5Mg5Si, 6Mg6Si, 7Mg7Si, and 8Mg8Si, respectively. It shows that
increasing the solute concentration rapidly decreases the critical size
and increases the corresponding equilibrium number density of critical
clusters (potential nuclei). When cooling the four alloys from 540 °C to
25 °C at 1 K/s, the nucleation rate increases rapidly with increasing
solute content (Fig. 4(b)). Note that the nucleation rate depicted in Fig. 4
(b) is the sum of the thermal and athermal contributions, however, the
athermal nucleation contribution is always dominant.

The higher solute concentration causes a higher driving force for
cluster formation and a smaller critical nucleus size. This leads to the
mean radius of the clusters in concentrated alloys being smaller at any
given temperature (Fig. 4(c)). The incubation time exponential term is
significantly larger in concentrated alloys (Fig. 4(d)). This is primarily
due to the increased solute availability in concentrated alloys, which
accelerates the attachment rate of solute atoms to subcritical clusters.
Ultimately, the higher driving force, smaller critical radius, and shorter
incubation time leads to a higher nucleation rate of the clusters.

Fig. 5 illustrates the variation of the athermal-to-thermal nucleation
rate ratio (J2/ J™) with cooling rate and alloy composition. For the Al-
0.65Mg-0.6Si (wt. %) alloy, the athermal nucleation mechanism be-
comes increasingly dominant as the cooling rate increases (Fig. 5(a)).
When alloys of different compositions are cooled from 540 °C to 25 °C at
1 K/s, the simulation shows that J2t/ J% decreases with increasing solute
composition (Fig. 5(b)). Nevertheless, the athermal nucleation path re-

mains dominant. Note that the rapid variations in J/J" at high
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Fig. 2. Cooling of Al-0.65Mg-0.6Si (wt. %) alloy from a typical solution annealing temperature (540 °C) to room temperature (25 °C). (a) Nucleation energy of MgSi
co-clusters of different sizes, and (b) calculated equilibrium distribution of MgSi co-clusters at different temperatures.
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Fig. 3. The evolution of the (a) thermal nucleation rate, (b) athermal nucleation rate, (c) number density (thermal + athermal), and (d) incubation time exponential
term of MgSi co-clusters while cooling the Al-0.65Mg-0.6Si (wt. %) alloy from 540 °C to 25 °C at different rates.
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Fig. 4. Dependence of nucleation parameters on alloy concentration during cooling. (a) The equilibrium subcritical cluster distributions of four Al-Mg-Si (wt. %)
alloys at 90 °C. When cooling the four alloys from 540 °C to 25 °C at 1 K/s: the evolution of the (b) nucleation rate, (¢) mean radius, and (d) incubation time

exponential term over temperature.

temperatures are of minor importance, given that the nucleation rates
are extremely low in this regime.

The ratio of the athermal to thermal nucleation rates is calculated
using Egs. (3) and (9), which is

Jt i

BFZ an

Inserting Egs. (4), (5) and (8) delivers
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which consists of five main terms. C = 16zaNa(ks)"/?y>% can be
considered as a roughly constant term, where Ny is the Avogadro con-
stant. The second last term depends mainly on the chemical driving force
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Fig. 5. Dependence of the ratio of athermal to thermal nucleation rates J*/ J% on the (a) cooling rate and (b) alloy composition. (a) Cooling of the Al-0.65Mg-0.6Si
(wt. %) alloy from 540 °C to 25 °C at different cooling rates. (b) Cooling of the four alloys from 540 °C to 25 °C at 1 K/s.

and it reflects the inverse correlation between the ratio J* / J* and the
chemical driving force. This explains the decreasing dominance of
athermal nucleation with increasing solute composition (Fig. 5(b)). The
last term T indicates the increasing dominance of athermal nucleation
with increasing cooling rates (Fig. 5(a)).

The ratio J%¢/ J® increases as the temperature decreases, as shown in
Fig. 5(a) and (b). This is because of the rapid exponential decline in the
solute diffusion coefficient Dy;(T) as the temperature T decreases. It also
indicates that the athermal nucleation becomes increasingly dominant
as solute diffusion diminishes.

In summary, the concept of “athermal nucleation” refers to a non-
classical nucleation pathway where subcritical clusters evolve into su-
percritical ones as a result of the decreasing critical nucleus size, rather
than through the attachment of monomers to critical clusters. A general
model that integrates both thermal and athermal nucleation is devel-
oped. The model is used to investigate the MgSi co-cluster nucleation in
Al-Mg-Si alloys under continuous cooling conditions. The simulations
demonstrate that athermal nucleation is the dominant nucleation
mechanism for MgSi co-clusters during quenching. And the dominance
increases with increasing cooling rate, decreasing solute concentration,
and decreasing solute diffusivity. Besides atomic cluster nucleation, the
general nucleation model applies equally well to other nucleation events
which were previously described only in terms of thermal nucleation.
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