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Abstract: Heat treatment has a significant impact on the microstructure and the mechanical proper-
ties of Al-Mg-Si alloys. The present study presents a first Phase-Field modelling approach on the
recrystallisation and grain growth mechanism during annealing. It focuses on the precipitate fraction,
radius, and Mg-Si concentration in the matrix phase, which are used as input data for the calculation
of the yield strength and hardness at the end of different ageing treatments. Annealing and artificial
ageing simulations have been conducted on the MultiPhase-Field based MICRESS@ software, while
the ThermoCalc@ software has been used to construct the pseudo-binary Al-Mg phase-diagrams
and the atomic-mobility databases of MgxSiy precipitates. Recrystallisation simulation estimates the
recrystallisation kinetics, the grain growth, and the interface mobility with the presence/absence
of secondary particles, selecting as annealing temperature 400 ◦C and a microstructure previously
subjected to cold rolling. The pinning force of secondary particles decelerates the overall recrys-
tallisation time, causing a slight decrease in the final grain radius due to the reduction of interface
mobility. The ageing simulation examines different ageing temperatures (180 and 200 ◦C) for two
distinct ternary systems (Al-0.9Mg-0.6Si/Al-1.0Mg-1.1Si wt.%) considering the interface energy and
the chemical free energy as the driving force for precipitation. The combination of Phase-Field and
the Deschamps–Brechet model predicted the under-ageing condition for the 180 ◦C ageing treatment
and the peak-ageing condition for the 200 ◦C ageing treatment.

Keywords: Al-Mg-Si alloys; phase-field; heat-treatment; recrystallisation; ageing; precipitation
hardening; micress; thermocalc

1. Introduction

Nowadays, the demand to reduce the overall automobile weight as a prerequisite for
improved fuel efficiency has increased the interest for the lightweight aluminium alloys,
which combine a high strength to weight ratio, an excellent response to mechanical and
chemical corrosion, and superb formability and weldability [1]. Among the different series
of aluminium alloys, vital is the role of the heat-treated 6XXX alloys, with Mg and Si
as the main alloying elements, which are used in a wide range of technological sectors,
including the automobile for automotive skins, the naval industry for marine vessels,
and the aerospace industry for missiles, as well as extrusion profiles and pipelines [1–3].
The conventional processing of AA6XXX aluminium alloys consists of a thermomechan-
ical treatment, usually rolling or extrusion, and a subsequent heat treatment including
annealing and isothermal artificial ageing. The annealing treatment includes successive
and competitive stages of recovery, static recrystallisation, and grain growth resulting
in microstructures consisting of un-deformed equiaxed fine grains. The difference in
stored volume energy between the deformed non-recrystallized and undeformed recrystal-
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lized grains acts as a driving force for the annealing, while nanoparticles, primarily iron
intermetallic particles, retard recrystallisation through the Zener pinning action [4].

The artificial ageing leads to the successive precipitation of MgxSiy intermetallic
particles, which improve the yield strength and hardness of Al-Mg-Si alloys impeding the
dislocation movement by shearing or bypassing (Orowan Loop) mechanism [1].

The optimization of AA6XXX alloys processing requires the development of fast,
precise and versatile modelling techniques for both the annealing and the isothermal
artificial ageing treatment. For both processes, the semi-empirical JMAK equations, which
rely on randomness, have extensively been used [5]. However, Lan et al. [6] and Jou et al. [7]
have shown that the Phase-Field modelling more accurately approached the analytical
solution of recrystallisation in comparison to the JMAK model. For the isothermal artificial
ageing process, numerous models have been proposed, considering the alloying elements
concentration and the ageing conditions (time and temperature) in order to predict the
precipitation volume fraction and radius, and their contribution to the overall strengthening
of the alloy. These models lie on both the atomistic scale, as the Kinetic Monte Carlo
approach [8], and the mesoscale, like the Kampman–Wagner [9] and the KiNG model [10],
while the thermodynamic approach of CALPHAD has also been taken into account [11].

One of the most prominent numerical approaches for the evolution of precipitation
mechanism is the mesoscale based MultiPhase-Field modelling, which incorporates the
thermodynamic equations of Gibbs–Thompson that describe the dissolution/growth—of
precipitates—and the Onsager equations, which describe the dissipation of free energy [12],
while it can be coupled with the CALPHAD approach. In the MultiPhase-Field approach,
microstructure is represented continuously using an order parameter ϕ, as a function of
position and time, with a specific order parameter attributed to every single phase or even
every grain of the system taking the value 0 for the matrix and the value 1 for precipitates.
The interfaces are set as narrow regions, whose phase-field variables vary gradually be-
tween their values in the neighbouring grains, in the range 0 < ϕ < 1, so that the model is
described as a diffuse-interface approach, which secures an accurate and computationally
flexible description of interfaces and their importance for the precipitation phenomena. The
MultiPhase-Field models can insert, concurrently, the reduction of chemical free energy, the
interface energy, and the elastic energy as driving force for the evolution of microstructure
during ageing, while they can beneficially deal with phenomena, which are character-
ized by the overlap between the diffusion fields of particles which grow from different
locations [13,14]. Phase-Field modelling has been used for various phase transformation
simulations including solidification [15], martensite transformation [16], the α→ γ transfor-
mation [17], and the ageing of nickel superalloys [18,19] and 2XXX aluminium alloys [20].
The use of Phase-Field approach for numerical simulation and microstructure evolution
of the aged Al-Mg-Si alloys is an innovative and demanding procedure considering the
absence of literature and the time consumable simulation.

The current work is divided into the annealing and the ageing simulation. The anneal-
ing simulation focuses on the recrystallisation and grain growth mechanism, identifying
the impact of secondary particles-pinning force on the recrystallisation kinetics and the
average radius of recrystallized grains. The ageing simulation examines the evolution
of the volume fraction and the radius of precipitates for varying ageing conditions and
chemical compositions, while estimating the yield strength and hardness by the end of
every single ageing simulation.

2. Materials and Methods
2.1. Al-Mg Phase Diagrams

The row of the simulation’s steps is depicted in Figure 1. Al-Mg pseudo-binary
phase diagrams are constructed with constant Si wt.% with the use of the ThermoCalc®®

software (version 2019b, Royal Institute of Technology-KTH, Stockholm, Sweden) based
on the TCAL4 thermodynamic database of aluminium alloys. Based on literature [2,4], two
distinct chemical compositions are selected, Table 1, attributed to AA6061-AA6063 (1st
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case) and AA6082 (2nd case), respectively. The constructed phase diagrams are illustrated
in Figure 2.
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2.2. Phase-Field Modelling

For the simulation of Al-Mg-Si alloys heat treatment, the MultiPhase-Field based
MICRESS®® software (version 6.402) has been used, a computational tool developed by
ACCESS e.V. research centre at the RWTH Aachen University in Germany. The equation
of the phase-field variable (ϕ) of the recrystallisation mechanism is given in Equation (1),
where τ is the kinetic parameter, e is the energy gradient coefficient, g(ϕ) is a double-well
function with heigh h, p(ϕ) is the interpolation function, while the difference between
the free energy of the deformed and the undeformed-recrystallized microstructure (fDef
− fRex) acts as the driving force for the recrystallisation mechanism [6]. The evolution of
precipitate phase order parameter (

.
ϕp) is given in Equation (2), based on the modification of

Steinbach’s proposal [21] for the solid–liquid systems, where µpm, σpm, lpm, ∆Gpm describe
the interface mobility, interface energy, interface width, and the driving force, respectively,
while ϕm is the order parameter of the matrix phase.

∂ϕ
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=
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1
τ

)
[e2∇2 ϕ− h
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)
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.
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l2
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1

lpm

)
ϕp ϕm

]
(2)

2.3. Annealing Treatment Simulation

For the annealing treatment simulation, through MICRESS®® software, a suitable file
has been created including the necessary parameters (Table 2) that describe the recrystallisa-
tion and grain growth mechanism, while the recovery mechanism is not taken into account.
The estimation of the energy threshold (∆E), as a driving force of recrystallisation, is given
in Equation (3), where µ is the shear modulus, b the burger vector, and pi the dislocation
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density, attributed to cold rolling of Al-Mg-Si alloys [22]. The simulated microstructure
consists only of the matrix aluminium phase, whereas the impact of the secondary iron
phase and MgxSiy nanoparticles is taken into consideration via their pinning action. Cube
texture [22,23] appears to be the most important crystallographic component of Al-Mg-Si
alloys rolling and extrusion, and consequently its respective Miller indices have been in-
serted to the deformed microstructure. For the avoidance of a possible overlapping among
the initial grains, the Voronoi tessellation has been enacted. Seeds of the recrystallized
grains are set to nucleate on both the interior of the deformed grains and the interfaces.
Two simulations have been conducted: One with the presence of pinning action, and one
without the pinning action.

∆E = 0.5µb2pi (3)

Table 2. Principal parameters of annealing simulation.

Parameter Value

Annealing Conditions 400 ◦C/5 min [22]
Interface Energy 0.32 J/m2 [22]

Interface Mobility 3.8 × 10−5 cm4/Js [24]
Shear Modulus Equation (84.8–4.06 × 10−2 × T)/(2 × (1 + v)) [22]

Poisson Ration (v) 0.33 [22]
Burger Vector 0.286 nm [22]

Dislocation Density (pi) 0.5 × 1014 1/m2 [22]
Energy Threshold 4.42 × 10−2 MPa

Pinning Force 0.18 1/µm [25]
Miller Indices (hkl) and (uvw) 001 and 100 respectively

Number of Cells (x × z) 500 × 500
Cell Dimension 0.5 µm

Maximum Rotation Angle 15◦

Prefactor of Interfacial Energy for Low-angle
Grain Boundaries 0.2

Prefactor of Interfacial Mobility for Low-angle
Grain Boundaries 0.1

2.4. Isothermal Artificial Ageing Simulation

For the case of isothermal artificial ageing simulation, mesh analysis is conducted, con-
sidering the importance of high resolution in depicting the nanoscopic size of precipitation
particles and in calculating their critical curvature. The main parameters of mesh analysis
are given in Table 3. For both the mesh analysis and the subsequent ageing simulations,
the overall microstructure has been set equal to 20 × 20 µm2. In order to insert a sufficient
number of matrix phase grains, they are set to have a quite low average diameter, between
7.7 and 10 µm, which lies in the lower price range [26–28], while the ageing temperature
does not permit recrystallisation to take place. It is worth noting that the applied values of
the Al matrix grain diameter are not the same as the grain size estimated in the recrystallisa-
tion simulation. The reason for this variation is the necessity to insert a quite large number
of Al grains (13) in the overall microstructure so as to be able to have a representative
depiction of the spatial distribution of precipitate particles. As in the case of annealing,
the Voronoi tessellation has been used for the improvement of the initial microstructure.
An equal and quite large number of seeds are set to precipitate on both the interior of the
matrix phase grains and the interfaces (3.75 particles/µm2), while a shield distance (1 µm)
and shield time have been set (1 s) for the nucleation and the initial growth or precipitates.
It is worth noting, that the incubation time is considered to be negligible. For the ageing
simulation, the ternary Al-Mg-Si system is used, as Mg and Si are the alloying elements
which participate in the β-series particles (MgxSiy).
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Table 3. Principal parameters of mesh analysis.

Parameter Value

Ageing Conditions 220 ◦C-4 h [29]
Number of Cells (x × z) 500/800/1100/1400/1700/2000

Cell Dimension (nm) 40/25/18.2/14.3/11.8/10
Composition wt.% Al-0.9Mg-0.6Si

Using ThermoCalc®®, the necessary thermodynamic (TCAL4) and mobility (MOBAL3)
databases of MgxSiy phase have been constructed and inserted to MICRESS file, through
TQ interface. Precipitate particles are considered to have spherical morphology, with
constant chemical formula (Mg2Si). The main parameters of ageing simulations are given in
Table 4. The mobility pre-factors were adjusted, after trial-and-error sequences, to stabilize
the matrix phase grains. The prices of molar volumes were taken from ThermoCalc@.
Given that precipitates are assumed to have spherical morphology, the elastic driving force
has not been considered, as according to studies [30] it appears to have insignificant effect
on the overall volume fraction of precipitates. Overall, 4 ageing simulations have been
conducted, considering the ternary systems Al-0.9Mg-0.6Si and Al-1.0Mg-1.1Si (wt.%) for
each of the following conditions: 180 ◦C-8 h [1,5,31], 200 ◦C-8 h [1,32].

Table 4. Principal parameters of ageing simulation.

Parameter Value

Microstructure dimension 20 × 20 µm2

Interface energy (Al phase/Al phase-Mg2Si) 0.26 J/m2 [1]/0.18 J/m2 [33]
Interface mobility (Al phase/Al phase-Mg2Si) 3.2 × 10−13 m4/Js/2 × 10−13 m4/Js

Matrix Phase molar volume 10.1 × 10−6 m3/mol
Mg2Si Phase molar volume 12.9 × 10−6 m3/mol

2.5. Yield Strength and Hardness estimation

The outputs of MultiPhase-Field analysis are used so as to estimate the yield strength
and hardness, calculated via Equations (4) and (9), respectively [9,34]. The value of yield
strength (σys) is calculated as the sum of the grain-boundary strengthening (∆σgb), the solid
solution strengthening (∆σss), the modulus strengthening (∆τms), and the precipitation
strengthening (∆τppt), based on Deschamps–Brechet model [34]. In Equation (5), kj and ci

j

are the scaling factor and the weight % concentration, respectively, of j solute elements,
where j = Mg and Si. In Equations (6)–(8), r is the radius and f the volume fraction of
precipitates, b is a parameter equal to 0.5, while rc is the transition radius from shearing
(Equation (6)) to bypassing mechanism (Equation (8)). The term G expresses the shear
modulus of Al matrix phase, whereas the term ∆G describes the difference of shear modulus
between the matrix phase and the precipitates. The basic parameters for the yield strength
and hardness calculation are given in Table 5.

σys = ∆σgb + ∆σss + M
√

∆τ2
ms + ∆τ2

ppt (4)

∆σss = ∑
j

kjCj
i
2/3 (5)

σppt =
1
br

(
2βGb2

)− 1
2
(

3 f
2π

)
1/2

[
(

2βGb2
)
(

r
rc
)]

3/2
(6)

∆τms = 0.9
√
(r f )(

Γ
b
)(

∆G
G

)
3/2

(2bln(
2r

b
√

f
) )
−3/2

(7)

σppt =
1
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(
2βGb2

)− 1
2
(

3 f
2π

) 1
2 (

2βGb2
)3/2

(8)
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HV = 0.33σy + 16 (9)

Table 5. Input parameters for yield strength and hardness calculation.

Parameter Value

kSi 66.3 MPa/wt%
3 [1]

kMg 29.0 MPa/wt%
3 [1]

∆σgb 16 MPa [1]
Taylor Factor M 3.1 [1]

rc 5 nm [9]
GAl 26.5 GPa [33]

GMg2Si 37.4 GPa [33]
Γ = (GAlb2)/2 1.1025 × 10−14 GPa ×m2 [33]

3. Results
3.1. Al-Mg Phase Diagrams

Figure 2 illustrates the binary Al-Mg phase diagrams, with constant Si concentra-
tion (wt.%) equal to 0.6 and 1.1. In both cases, for temperatures above 650 ◦C, the mi-
crostructure includes only the liquid phase while, during undercooling, the formation
of iron-intermetallic phases has been observed at 620 ◦C. For the lower Si concentration
(0.6 wt.%), the iron intermetallic phase has a general chemical formula of Al8Fe2Si, at-
tributed to the general category of α-AlFeSi particles, having spherical morphology and
cubic crystal structure. After the end of solidification and about the range 620–580 ◦C,
Al8FeSi will be transformed to Al9Fe2Si2, attributed to the general category of β-AlFeSi
particles, needle-shaped, having a hexagonal crystal structure [35,36]. On the contrary, for
a higher Si concentration (1.1 wt.%) the transformation α-AlFeSi to β-AlFeSi is achieved
before the completion of solidification. For each case, β-AlFeSi remains thermodynamically
stable until room temperature. For the β-phase (Mg2Si), the temperature range of formation
depends on the Mg and Si concentration. For Mg concentration equal to 0.45%, Mg2Si is
thermodynamically stable from 450–500 ◦C, for Mg concentration equal to 0.9%, Mg2Si
is thermodynamically stable from 500–550 ◦C, while for Mg concentration equal to 1.0%,
Mg2Si is thermodynamically stable from 550–600 ◦C, just after the solidification.

The constructed phase diagrams confirmed the importance of Si content for the com-
position and temperature stability of iron-intermetallic phases. It is worth mentioning,
that the microstructure phases, depicted in the constructed diagrams, are attributed to
equilibrium conditions, far beyond those appearing during the conventional processing,
as infinite time is given for the formation of phases like AlMn and diamond Si. Conse-
quently, the aforementioned phases are not anticipated to participate during the ageing
treatment. On the other side, the equilibrium conditions of phase diagrams reason the
absence of metastable MgxSiy phases. The quenching, after the end of annealing, prevents
the formation of Mg2Si phases at low temperatures, as described by the phase-diagrams.
Consequently, it is imperative to conduct the ageing treatment above 150 ◦C for precipitates
being able to nucleate, grow, and coarsen, but lower than 300 ◦C so as to prevent the
recrystallisation of the matrix phase.

3.2. Recrystallisation and Grain Growth Simulation

The temporal evolution of recrystallized fraction is illustrated in Figure 3. It can
be seen that the presence of pinning action affects recrystallisation kinetics, causing a
slight deceleration of the mechanism as the fully recrystallized microstructure is achieved
after t = 150 s, while the fully recrystallized microstructure is achieved without the action
of nanoparticles after t = 100 s. Similarly, a slight deviation is noticed for the average
radius of the recrystallized grains, Figure 4, where the action of pinning force causes an
average reduction of about 1 µm. The difference between the two cases is noticed for the
overall number of recrystallized grains. For both cases, the initial deformed microstructure
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consists of 230 grains. During the simulation, the number of grains is reduced, as the most
developed grains move competitively through the interface of their neighbouring grains
and grow at the expense of the smaller ones that shrink.
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The presence of the secondary particles, through their pining impact, results in a
lower decrease of the overall number of grains, the number of which is stabilized between
150–200 s. The evolution of the grain’s number is depicted in Figure 5. The aforementioned
differences between the two simulations can be explained by their difference in the average
value of interface mobility, as illustrated in Figure 6. As anticipated, the pinning action
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causes lower values of interface mobility with the deviation of the two cases remaining
constant throughout the simulation.
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3.3. Isothermal Artificial Ageing Simulation

Figure 7 depicts the mesh analysis for the 220 ◦C-4 h simulation of the Al-0.9Mg-0.6Si
ternary system. For the lower values of cells (500–800–1100), severe deviation is estimated
among the successive simulations, for the precipitate fraction, in the range between 20–30%.
On the contrary, the analysis with 1700–2000 cells, appears to provide much more similar
results, with a slight deviation, lower than 2%. Such a deviation can be thought of as
acceptable, and consequently, between the two analyses, the 1700 × 1700 is selected due
its lower overall simulation time. The analysis of 1700 × 1700 cells, with cell dimension
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equal to 11.8 nm and interface width equal to 35.4 nm (3 × 11.8), will be implemented for
the subsequent ageing simulations. Choosing the 1700 × 1700 cells, Figure 8 presents the
precipitate fraction for the 180–200 ◦C ageing simulations.
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For the 180 ◦C ageing, the estimated wt.% of Mg2Si is quite low, equal to 0.21 for the
ternary Al-0.9Mg-0.6Si and 0.29 for Al-1.0Mg-1.1Si. For the higher ageing temperature of
200 ◦C, a significant increase is recorded as the precipitate fraction reaches the value 0.87
for the ternary Al-0.9Mg-0.6Si and the value 1.25 for the ternary system Al-1.0Mg-1.1Si.

As illustrated by Figure 9, the precipitate average radius records its lower values
for the 180 ◦C ageing simulation, equal to 16.4 nm for Al-0.9Mg-0.6Si and 17 nm for Al-
1.0Mg-1.1Si. For 200 ◦C ageing, the average radius significantly increases, reaching the
value 32.2 nm for the ternary Al-0.9Mg-0.6Si and 37.9 nm for Al-1.0Mg-1.1Si system. For
constant ageing temperature, the two compositions record similar values, with a slightly
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higher price achieved by the Al-1.0Mg-1.1Si system. From both Figures 9 and 10, it can
be seen that for the 180 and 200 ◦C simulations, precipitates and their average radius are
rapidly grown, while their increasing rate reaches a plateau after 4 h of ageing. Given that
all simulations begin with the same number of Mg2Si grains and the same overall study
surface, Figure 10 depicts the evolution of precipitate’s density.
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It can be seen that, in every simulation, a slight decrease of precipitate density is
recorded as the thermodynamically unstable precipitates are dissolved providing Mg and
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Si content for the growth of the thermodynamically stable precipitates. It is also observed
that for the lower ageing temperatures (180 ◦C), with the lowest precipitate fractions,
precipitate density appears to have its highest values. On the other side, the 200 ◦C ageing
simulations, attributed to the maximum precipitate fraction, have the lowest values of
precipitate density. This contradiction between the precipitate fraction and density is
explained by the fact that the rise of ageing temperature results in the increase of the
average precipitate radius, although the overall number of precipitates is reduced.

Figure 11 depicts the variation of Mg and Si concentration in the matrix. Mg and Si
concentrations in Mg2Si are constant, 63% and 37%, respectively. The conducted simula-
tions do not consider the iron intermetallic particles, which restrict the available Si, based
on Equation (10), as long as the presence of iron intermetallic phases reduces the available
Si for the Mg2Si precipitation.
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A posteriori, Equation (10) is implemented, taken the composition of Mn kai Fe from
Table 1, so as to identify if the absence of iron particles resulted in an overestimation
of available Si, and consequently, an overestimation of precipitate fraction and radius.
Figure 12 presents the availability of Si for precipitation based on the restriction of Equation
(10). As anticipated, Mg and Si concentrations in the matrix decreased, as the volume
fraction of precipitates increased, with the most significant reduction estimated in the
200 ◦C ageing simulation, where the highest value of precipitates is recorded. The variation
of Mg concentration in the matrix phase is most significant in comparison to Si, as Mg has
higher concentration in Mg2Si phase, rather than Si. Based on Figure 12, it can be estimated
that the absence of iron phases in simulation microstructure does not lead to overestimation
of precipitate volume fraction as Si concentration has a surplus in the matrix.

cSi
e f f = cSi

o − 0.25
(

cFe
o + cMn

o

)
(10)

Figure 13 presents the microstructure simulation by the end of each ageing simulation.
It can be seen that there is a mutual distribution of precipitates, both on the bulk region
of the matrix phase grains, the interfaces, and the triple junctions. At the initial ageing
steps, particles precipitated primarily in the bulk region, while some precipitate free zones
were present in the microstructure. Around the triple junctions, some precipitation-free
zones have been noticed, as the formation of particles in the triple junctions depletes
the availability of Mg and Si for further precipitation. Figure 14 presents the interface
mobility, and Table 6 the diffusion coefficients of Mg and Si in matrix phase calculated by
ThermoCalC@. The interface mobility records its highest values for the lower temperature
of 180 ◦C, and its lower value for the highest ageing temperature of 200 ◦C. On the



Metals 2021, 11, 241 13 of 19

contrary, diffusion coefficients of Mg and Si in the matrix phase are increased for higher
ageing temperatures with the Si coefficient having a slightly higher value than its Mg
counterpart. As the ageing temperature is increased, the diffusion mechanism is getting
more important, while for lower ageing temperatures, the interface mechanism is of greater
importance. Diffusion coefficients in precipitates are considered equal to zero, as Mg2Si
are stoichiometric intermetallic compounds with standard chemical composition and
minimum solubility.
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Figure 13. Spatial distribution of precipitates. The left column depicts the ternary system. Al-0.9Mg-0.6Si and the right
column the Al-1.0Mg-1.1Si. Cases (a,b) are for the 180 ◦C-8 h simulation, while cases (c,d) for the 200 ◦C-8 h simulation.
In the colour scale, number 1 depicts the matrix phase, number 2 depicts precipitates, while number 1 is attributed to
the interfaces.
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Table 6. Diffusion coefficients of Mg and Si in the matrix phase.

Simulation Mg Diffusion Coefficient
(cm2/s)

Si Diffusion Coefficient
(cm2/s)

180 ◦C (Al-0.9Mg-0.6Si) 2.40 × 10−15 3.77 × 10−15

180 ◦C (Al-1.0Mg-1.1Si) 2.35 × 10−15 3.66 × 10−15

200 ◦C (Al-0.9Mg-0.6Si) 9.08 × 10−15 1.42 × 10−14

200 ◦C (Al-1.0Mg-1.1Si) 9.14 × 10−15 1.37 × 10−14

Figure 15 depicts the virtual EDX analysis, provided by the MICRESS®software,
where the red curve represents the Si concentration and the black curve represents the
Mg concentration, in both matrix phase and precipitates. The virtual EDX analysis has
been considered for the horizontal line on the centre of the microstructure. The vertical
axis represents the % concentration of Mg and Si, while the horizontal axis represents
the position in the microstructure. For the lower ageing temperature, of 180 ◦C, a sparse
dispersion of both Mg and Si curves has been recorded, because of the low volume fraction
of precipitates. It is worth mentioning that the peak of Si curve is equal to 37% and the
peak of Mg curve is equal to 63%, both attributed to Mg2Si precipitates. For the 200 ◦C
simulations, intense distribution is recorded, due to the increase of precipitate fraction,
while some peaks have been noticed, lower than 63% and 37%. These peaks are attributed
to precipitate particles, which have not received their final chemical composition of Mg2Si.
Figures 16 and 17 depict the estimated values of yield strength and hardness, based on
Equations (4)–(9), for the final ageing conditions. For the 180 ◦C ageing, lower values of
yield strength and hardness are recorded, due to the relatively low volume fraction of
precipitates. More precisely, for the ternary Al-0.9Mg-0.6Si system, the values of yield
strength and hardness are equal to 139 MPa and 62 HV, respectively, while for the ternary
Al-1.0Mg-1.1Si, the corresponding values are 176 MPa and 74 HV. The increase of the
precipitate fraction results in the enhancement of yield strength and hardness for both
ternary systems. At 200 ◦C, yield strength is 223 (Al-0.9Mg-0.6Si) and 291 (Al-1.0Mg-
1.1Si) MPa, while hardness is 89 and 112 HV, respectively.
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Figure 16. Yield strength estimation. Experimental data (AA6061-AA6063-AA6082) from [1,4,37].
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4. Discussion

The predicted kinetics of recrystallisation, by the phase-filed simulation, satisfactorily
approaches the experimental data of Poletti et al. [22] for the recrystallisation of AA6XXX
aluminium alloys, with the same level of previous deformation and similar impact of
secondary particles. The insignificant impact of secondary particles can be explained
by their relatively small volume fraction and the fact that only a small proportion of
these particles is nanoscopic, retarding the recrystallisation mechanism, while the larger
particles, in the range of some µm, enhance recrystallisation kinetics, through precipitation
stimulated nucleation (PSN).

Regarding the ageing simulation, the particularly high number of cells in the mi-
crostructure analysis proves the difficulty in accurately illustrating nanoscopic particles
as part of the overall microstructure. For the 180 ◦C ageing simulation, the 8h treatment
does not secure the maximum expected value of precipitate fraction. However, there is
a severe deviation, in literature, about the time required for the peak ageing conditions
in 180 ◦C. Although the majority of works report an ageing time between 6–10 h [33,38],
some reports refer to prolong ageing treatments [11], while ASTM [38] predicted 70 h of
treatment for lower ageing temperatures, 170–180 ◦C. On the other side, the 200 ◦C simula-
tion was in good agreement with the expected duration of the treatment. The variation
of ageing kinetics between the 180 ◦C and 200 ◦C simulations can be explained by the
increasement of diffusion rates of Mg and Si in 200 ◦C, which resulted in the increase of
growth rate for the precipitates. The maximum values of the precipitate fraction agree,
generally, with the ones expected by the literature. For the ternary Al-0.9Mg-0.6Si, which is
within the Mg and Si concentration range of AA6061 and AA6063 alloys, the precipitate
fraction lies on the range of 0.7 to 1.4% [1,4]. On the other side, the ternary Al-1.0Mg-1.1Si
system is attributed to the AA6082 aluminium alloy, where the precipitate fraction can
reach higher peaks, even nearby 1.4 to 1.9% [1,39]. The increased diffusion coefficients
of 200 ◦C explain the significant increase of the average precipitate radius, as depicted in
Figure 9. The gradual reduction of the overall number of precipitates is explained by the
Ostwald ripening mechanism. Precipitates, whose radius is close to interface width, are
unstable for the saturated matrix phase, where the elements tend to leave the lattice, so as
to create more stable particles.

It is worth noting that the predicted values of precipitate radius appear to have a
significant variation than those recorded for the Kampman–Wagner simulations, where the
average precipitate radius is about 3 to 10 nm [1,9].
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This deviation can be explained by the different approach toward the nucleation-
growth-coarsening/dissolution of precipitates, the different values of critical ageing param-
eters, like the interface energy and the molar volume of the matrix phase and precipitates,
the different approach toward the concentration gradient at the matrix phase-precipitates
interfaces, and the fact that the applied Phase-Field model inserts atomic and mobility
databases through CALPHAD modelling (ThermoCalC@). It is worth mentioning that
the final average radius of precipitates in the applied Phase-Field modelling is affected
by the competitive relationship between particles, created during different ageing time
steps [40–42]. The deviation of the average radius, between models, may result from the
difference in the estimated values of activation energy for Mg and Si diffusion rates, as
Bahrami [1] has shown that the reduction of the considered activation energy results in the
increment of mean radius, due to the rise of the diffusion rates. According to literature,
the average size of the metastable particles lies between 40–130 nm, depending on the
morphology of precipitates and ageing conditions (temperature and time). Therefore, the
simulated results are within the expected spectra [43,44].

The predicted values of hardness and yield strength for the 180 ◦C are far lower than
those anticipated for the peak-ageing condition (T6) and agree with the under-ageing
condition for the ternary Al-0.9Mg-0.6 and Al-1.0Mg-1.1Si system, while the 200 ◦C val-
ues approach the peak ageing condition. More precisely, the peak-ageing strength is
about 214 (AA6063)-250(AA6061) [1,2,4] MPa for the ternary Al-0.9Mg-0.6Si system and
300–310 (AA6082) MPa [37,41,45] for the ternary Al-1.0Mg-1.1Si system. The peak age-
ing value of hardness is equal to 73–94 HV [2,4,9] for the ternary Al-0.9Mg-0.6Si, and
100–110 HV [37,41] for the ternary Al-1.0Mg-1.1Si system. The root causes of the lower
values of hardness and strength in the 180 ◦C ageing treatment can be attributed to the
lower diffusion rates in the specific temperature resulting in lower chemical driving force
for the precipitation. It is worth noting that in the yield strength and hardness model, a
rather conservative value for the annealing-intrinsic yield strength (16 MPa) has been used
so as to primarily emphasize the importance of precipitation procedure for the enhance-
ment of the mechanical properties. The value of the intrinsic strength combined with the
absence of alloying elements contribution to the solid solution strengthening, beyond the
contribution of Mg and Si, may result in a slight underestimation of the peak ageing yield
strength and hardness.

Finally, the estimation for the uniform distribution of precipitates both in the bulk
region of matrix phase, the interfaces and the triple junctions agree with the theory of
heterogeneous nucleation and it is desired for the final microstructure, as the exclusive
precipitate in the interfaces would made them intensively brittle, while the presence of
Precipitate-Free-Zones (PFZ) [46] is connected with the lower corrosion resistance of the
aged alloy, the rise of the chemical heterogeneity and the intergranular cracking, due to the
variation of strength between the interior of the grains, which are enriched in particles, and
the depleted interfaces.

5. Conclusions

The simulation of Al-Mg-Si alloys heat treatment through MultiPhase-Field based
MICRESS@ software, led to the following conclusions:

1. The 400 ◦C/5 min annealing simulation accurately predicted the recrystallisation
kinetics proving a slight impact of secondary nanoparticles on the deceleration of
recrystallisation mechanism and the average radius of recrystallized grains. This
deceleration is explained by the lower values of the interface mobility.

2. The ageing simulation predicted the under-ageing condition for the 180 ◦C-8 h treat-
ment and the peak ageing condition for the 200 ◦C-8 h ageing simulations.

3. For lower ageing temperatures, the interface mobility has more significant impact on
the precipitation mechanism. On the contrary, the rise of temperature results in severe
increase of diffusion mechanism, causing the coarsening of precipitate particles, which
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nucleate and grow both on the interior of Al matrix phase grains and the interfaces
and triple junctions.
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