
La Metallurgia Italiana - n. 5  2017 5

Pressocolata

INTRODUCTION
The alloys of the Al-Si-Mg system are commonly employed in 
many industrial fields because of their good specific mechani-
cal properties, their good corrosion resistance and their excellent 
castability. [1-3]. 
Substantial improvements in the mechanical properties of the 
abovementioned alloys can be induced by suitable heat treatments 
(solution heat treatment followed by aging), thanks to the pre-
cipitation of nanometric strengthening intragranular particles that 
hinder the motion of dislocations [4-6]. The exposure to high tem-
peratures of these alloys is not only responsible of the evolution 
of strengthening particles, but also acts on other microstructural 
characteristics, like the fragmentation and spheroidisation of eu-
tectic Si, partial or complete dissolution of primary precipitates and 
homogenization of the alloy chemical composition. The reported 
phenomena can be identified to occur in different moments of the 
thermal treatment: the dissolution of primary precipitates, the mor-
phological modification of Si and the homogenization of chemical 
composition take place during solution heat treatment (SHT), while 
the precipitation of nanometric particles occurs during the subse-
quent aging treatment. The type and amount of precipitates are 
affected by aging temperature, but are also related to parameters 
of the SHT such as temperature, time, and cooling rate. As a result, 
the mechanical properties of age-hardenable Al-Si-Mg casting al-
loy should not be related solely to aging but also to the previous 
stages of the thermal treatment.

The possibility to have an a priori estimation of the mechanical 
properties of a component, knowing only the chemical composi-
tion of the alloy, the characteristics of the casting and of the 
following heat treatment, could help in the optimization of the 
overall manufacturing process of cast parts. This is made pos-
sible using physically-based thermodynamic models, such as the 
Kampmann-Wagner-Numerical (KWN) [7, 8], able to predict mi-
crostructural variations (like solid state precipitation and phase 
dissolution) and linking them to the mechanical properties useful 
for the designer, such as the yield stress (YS).
Within this frame, the aim of this work is to check the potentiali-
ties of thermodynamic models to predict the microstructure and 
mechanical properties evolution of an Al-7Si-0.4Mg alloy dur-
ing the complex processing route of cast and multistage heat 
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treatment. The modelled results were compared to those deriving 
from literature works and with experimental tests performed on 
A356 alloy.

MATERIALS AND METHODS
Among casting alloys based on the Al-Si-Mg system, the at-
tention was here focused on A356, with its chemical composi-

tion reported in table 1, together with the ranges in chemical 
composition prescribed by ISO 3522 standard [9]. A model alloy 
containing only Al, Si and Mg was used in this work due to the 
limited amount of other alloying elements (especially Fe, which 
can induce the precipitation of Fe-containing intermetallics) in 
the chemical composition of A356. Its chemical composition is 
given in table 1, where it is referred as Al-7Si-0.4Mg.

Tab. 1 - Chemical composition of A356, intervals in chemical composition prescribed in ISO 3522 standard and chemical 
composition of the model alloy.

CHEMICAL COMPOSITION OF THE STUDIED ALLOYS

Si Mg Fe Cu Mn Zn Ti B Al

A356 7.02 0.41 0.07 - 0.006 0.07 0.14 <0.001 bal.

ISO 3522 6.5-7.5 0.25-0.45 max 0.19 max 0.05 max 0.10 max 0.07 max 0.25 max 0.03 bal.

Al-7Si-0.4Mg 7.02 0.41 - - - - - - bal.

The use of MatCalc simulation software [10] allowed to char-
acterize all the processing steps from casting to aging pass-
ing through SHT of the model Al-7Si-0.4Mg alloy, highlighting 
microstructural features and resulting mechanical properties. 
Results of simulations were always compared to experimental 
evidences, to validate numerical findings.
MatCalc uses a physically-based thermodynamic model referred 
as Kampmann-Wagner-Numerical (KWN), described in [7, 8]. In 
this model, nucleation, growth, and dissolution processes are 
assumed to occur for spherical precipitates, due to the simplic-
ity of describing atomic diffusion in a spherical field. Thus, care 
must be taken when comparing the modelled and experimental 
results, since usual strengthening particles in Al alloys are needle 
or plates.
One of the strength of this model is the ability to describe the 
evolution of precipitates dimensions during thermomechanical 
processes considering a particle size distribution (PSD), instead 
of describing only the evolution of the average particles size. PSD 
interaction and evolution during growth/dissolution of precipi-
tates are modelled using an Eulerian multi-class approach, de-
scribed by Perez et al. in [11].
The alloy used to experimentally validate the simulation results 
was melted in an induction furnace at 800 °C under inert atmo-
sphere, to reduce melt oxidation. The molten metal was hold at 
the same temperature for 30 min and subjected to magnetic stir-
ring to homogenize its chemical composition. The melt was then 
poured in a stainless steel mould, pre-heated at 200 °C. The cast 
had cylindrical shape with 40 mm diameter and 120 mm height.
Three sets of samples with approximate dimensions of 10x10x10 
mm3 were extracted from similar positions of the cast cylinders; 
two were used for microstructural observations, while the third 
for microhardness tests. Of the first two sets, one was analysed 
in the as-cast state, while the other was solution heat treated at 
540 °C for 5 h, water quenched in room temperature water (with 

an average cooling rate of 250 °C/s, as reported in [12]) and im-
mediately aged at 200 °C for up to 168h.
The preparation of samples for microstructural observations with 
optical and SEM microscopes followed the standard metallo-
graphic route, with a final etch with Keller’s reagent. 
Samples in the peak aged condition were also analysed by 
means of STEM; analyses were performed with a probe corrected 
FEI Titan G2 60–300 (S/TEM) microscope operating at 300 kV. 
Samples for microhardness tests were polished and tested with 
an indenter load of 2.94N in different stages of the thermal 
treatment; each microhardness test reported is the average of 
10 measurement.
Tensile tests were performed at room temperature in displace-
ment control mode, with a displacement rate of the crosshead 
of 0.017 mm/s. Tensile specimens were extracted from the cen-
tral part of the cast cylinder and machined in accordance to 
ASTM E8M-REV A specifications [13]. In particular, they were 
characterized by a gauge length of 30 mm and a gauge diam-
eter 6 mm.

RESULTS AND DISCUSSIONS
Casting
The first part of this work was devoted to the estimation of 
the phase formed during solidification of the model alloy. To 
reach this goal, solidification according to equilibrium phase 
diagram was compared to that in the case of negligible dif-
fusion in the solid phase (Scheil-Gulliver approach [14]), both 
derived by MatCalc software, as reported in figure 1. The analy-
sis of solidification using Scheil-Gulliver approach is known to 
give reliable information for Al-based casting alloys, specifically 
in the case of relatively efficient heat extraction [15]. Studies 
reported elsewhere [16] using the equation described in [17], 
allowed to estimate a cooling rate during solidification for this 
alloy of 2 °C/s.
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Three events can be recognized from figure 1a and figure 1b: 
- T = 614.0 °C: starting of solidification, with the formation of 

α-Al dendrites,
- T = 574.5 °C: starting of eutectic reaction Là α-Al + Si,
- T = 559.5 °C: end of solidification with the ternary eutectic 

reaction L à α-Al + Si + Mg2Si.

Figure 1a shows that the last event is not found following equi-
librium conditions, for which solidification would be completed 
at about 567 °C.
The fraction of phases formed following Scheil-Gulliver approach 
can be directly simulated by the software up to the ternary eu-
tectic reaction (figure 1b).

Fig. 1 - a) Solidification of the model alloy using Scheil-Gulliver equation (green line) and assuming equilibrium (red line); b) volume 
fraction of liquid (red line), Si (blue line) and α-Al (green line) during non-equilibrium solidification up to tertiary eutectic reaction.

To estimate the phases deriving from the final step of solidifica-
tion, an alloy with the composition of the remaining liquid at 
559.5°C was considered (5.5 wt% Mg, 13.3 wt% Si and 81.2 
wt% Al) and equilibrium calculations were carried out. Since the 
amount of liquid of tertiary eutectic composition was 5.6 vol %, 
the calculated fraction of phases at the end of solidification were: 

fSi = 5.57%; fMg2Si = 0.48%, f
α-Al = 93.95%. The composition of 

this latter phase is not homogeneous, as shown in figure 2, both 
in primary α-Al grains and in in the surrounding α+ Si eutectic 
structure, due to the assumption of no back-diffusion at the solid 
state. The maximum amount of solute atoms in α-Al grains is 
that of α-Al in the ternary eutectic. 

Fig. 2 - Enrichment of alloying elements in solidifying α-Al grains (considered as homogeneous) as a function of temperature during 
non-equilibrium solidification up to tertiary eutectic reaction.
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During the cooling stage following the completion of solidifica-
tion, the amount of Mg2Si and Si particles can change due to the 
reduced solubility of Mg and Si [18]. This will lead to fine Mg2Si 
or Si particles adding up to the corresponding coarse particles 
formed during solidification. In α-Al regions richer of solutes, the 
amount of Mg2Si and Si particles formed during cooling was es-
timated numerically, modelling an alloy with the chemical com-
position of α-Al at the ternary eutectic temperature. The fraction 
of fine Mg2Si and Si in this case, with cooling rate of 2°C/s was 
in the order of 10-7 vol%, with average size of 115 nm and 13.9 
nm respectively. The low amount of fine Mg2Si and Si particles 
allowed to consider that during cooling after solidification the 
microstructure remains substantially unaltered. Further, in the 
case a following solution treatment is performed, these fine pre-
cipitates rapidly disappear. 

The volume fractions of the phases previously estimated for the 
model alloy are very close to those numerically predicted in liter-
ature for an Al-Si-Mg-based alloys with similar chemical compo-
sition [19, 20]. The results reported in literature took into account 
also Fe-containing phases (namely Al5FeSi and Al8FeMg3Si6), for 
which it was found that fAl5FeSi = 0.6 vol% and fAl8FeMg3Si6 = 0.25 
vol% at the end of solidification. The reduced amount of Fe in 
the alloy under investigation with respect to the one described in 
literature would result in an even lower fraction of Fe-containing 
intermetallics, that thus can be neglected.
The microstructure of A356 in the as-cast state is reported in 
figure 3. It is characterized by the presence of α-Al dendrites, 
Al-Si eutectic and Fe-, Si- and Mg-containing intermetallics. In 
particular, plate-like β (Al5FeSi), Chinese-script π (Al8Mg3FeSi6) 
and Mg2Si were found, in limited amount. 

Fig. 3 - Optical (figure 3a) and SEM (figure 3b) micrographs of A356 alloy in the as-cast state.

As it is seen from figure 3a), eutectic Si is characterized by acicu-
lar morphology that, acting as a stress intensifier, reduces the 
ductility of the alloy. 
Generally, software for thermodynamic simulations are not able 
to directly describe the size of phases formed during solidifica-
tion, which in this specific case and under the above assumption 
of neglecting small particles, are coarse eutectic Si and Mg2Si. 
To overcome this limitation, following an approach proposed 
in literature for similar cases [21], a virtual pre-treatment was 
performed to induce the precipitation of the abovementioned 
phases, in an alloy having the chemical composition reported 
in table 1. 
The temperature and time of this pre-treatment (20 °C and 
1020 s) were calibrated to induce the precipitation of Mg2Si with 
sizes consistent with the ones determined from experimental 
evidences for the alloy under investigation and from literature 
review, which reports usual sizes of Mg2Si for permanent mould 
cast A356 in the 6-8 µm range [19, 20]. The resulting particles 
size distribution (PSD) is reported in figure 4, showing a Lifshitz-
Slyozov-Wagner-like behaviour, typical of diffusion controlled 
particle growth [8].

Further, the heterogeneity of the α-Al phase, not accounted 
during the numerical simulation of heat treatments, prevents an 
accurate description of the actual composition, phase and size 
distribution within α-Al during the solution heat treatment. 

Fig. 4 - Particle size distribution of Mg2Si derived from the 
virtual pre-treatment.
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The solution treatment followed by aging was modelled in Mat-
Calc by a multi-stage thermal treatment reported in figure 5. 
The effects of some heat treatment parameters such as solution 
treatment temperature and time, cooling rate from SHT, aging 
time and temperature were examined, comparing results with 
some experimental data available. 
The different stages of thermal treatment will be examined sepa-
rately in the following paragraphs. 

Fig. 5 - Representative multistage thermal treatment 
implemented in MatCalc.

Solution heat treatment 
The coarse Mg2Si formed during non-equilibrium solidification 
are known to dissolve during SHT [22], with a consequent en-
richment in Mg and Si in α-Al, available for precipitation during 
aging. During solution treatment, coring effects and thus chemi-
cal inhomogeneities in α-Al composition reduces. This latter 
feature is not directly modelled by MatCalc software; the dis-
solution of the coarse Mg2Si was calculated for a homogeneous 
α-Al alpha phase. Thus, the simulation of Mg2Si dissolution in the 
model alloy during SHT can be faster than the actual one. This is 
related to the fact that the homogeneous α-Al is poorer in solute 
atoms than the actual α-Al surrounding the coarse particles, for 
which Mg2Si solvus temperature is initially higher than the SHT 
temperature and progressively decrease due to homogenization. 
Considering the chemical composition of the model alloy, the cal-
culated solvus temperature for this phase is 511°C. The solution 
heat treatment parameters suggested by ASTM B917 for A356 
alloy are of 4-12 h at 540°C; 5h SHT at 540 °C was chosen 
and simulated in MatCalc, importing the amount and sizes of 
Mg2Si precipitates obtained from the virtual pre-treatment de-
scribed above. The predicted time for complete solubilisation of 
the Mg2Si particle is of about 1 h. 
The capability of the software to describe the material response 
to changes in thermal treatment characteristics was assessed by 
imposing SHT temperatures of 530, 540 and 550 °C. Figure 6 
reports the evolution of Mg2Si volume fraction as a function of 
time at the different SHT temperatures, displaying faster changes 
as SHT temperature increases.

Fig. 6 - Evolution of Mg2Si volume fraction during SHT at 530, 540 and 550 °C for up to 5 hours.

Microhardness tests on A356 samples subjected to interrupted 
SHT at 540 °C were performed, and used as an indication of 
changes occurring in the microstructure of the alloy. Results of 

these tests, reported in figure 7, show a monotonic decrease in 
hardness that can be connected to Mg2Si dissolution and other 
microstructural modifications. 



La Metallurgia Italiana - n. 5  201710

Diecasting

Fig. 7 - Microhardness evolution of A356 
as a function of SHT time at 540 °C.

The actual microstructural changes are slower than those simu-
lated in the homogeneous α-Al. In addition to the abovemen-

tioned inhomogeneity of α-Al, this difference between simu-
lated and actual microstructural or mechanical properties could 
partly be related to the other intermetallics present in the as-
cast state in A356 alloy, specifically the π (Al8Mg3FeSi6) phase. 
According to some authors, in alloys with Mg contents lower 
than 0.6-0.7 wt%, π transforms during SHT into smaller β (Al-

5FeSi) plates and releases Mg in solid solution [22, 23]. This 
process was claimed to be slower than Mg2Si dissolution [22], 
possibly contributing to account for the discrepancies emerged 
from figure 6 and figure 7.
Figure 8 shows the microstructure of the A356 alloy after 5h 
SHT at 540 °C. As it is visible from figure 8a), eutectic Si 
underwent fragmentation and partial spheroidisation, due to 
coarsening at high temperature. As far as intermetallics are 
concerned, the representative SEM micrograph reported in 
figure 8b) highlight the absence of Mg2Si particles and the 
presence of elongated and fragmented particles, which could 
be transformed π or β intermetallics that underwent fragmen-
tation during SHT [23].

Fig. 8 - Optical (a) and SEM (b) micrographs of A356 showing the morphology 
of eutectic Si and Fe-containing intermetallics after 5h SHT at 540 °C.

Aging
The response to aging at 200°C of the investigated alloy is re-
ported in figure 9 in terms of microhardness evolution as a func-
tion of aging time. Peak aging was reached after 3h, with a mi-
crohardness of 97 HV. After this point, the microhardness of the 
alloy monotonically decreased, due to coarsening and evolution 
of strengthening precipitates.

Fig. 9 - Aging curve of A356 alloy during aging at 200 °C.
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The precipitation sequence during aging for this alloy has often 
been described in literature to be the one of Al-Mg-Si alloys with 
excess Si [24] and it is described as follows:

Al SSS à Mg/Si co-clusters à GP-II + β’’ à β’ + Si à β + Si

where SSS stands for supersaturated solid solution. In the peak 
aged condition literature studies reported that the main strength-
ening precipitates are β’’ (Mg5Si6) needles and GP-II [25]; if aging 
proceeds further, β’’ evolve to β’ (in rod-shape particles for which 
different compositions are given in literature [26]) and finally to 
the equilibrium β (Mg2Si) phase. Concurrently to the β precipita-

tion sequence, in the late state of aging Si nanometric particles 
form.
Since A356 was found to be highly sensitive to the cooling rate 
from SHT, as reported in [12], the effects of this important pa-
rameter on aging response of A356 was analysed: cooling rate 
from SHT, which was performed at 540 °C, was varied from 1000 
°C/s to 20 °C/s, describing different quenching characteristics. 
The results of the simulations are reported in figure 10, in terms 
of the evolution of the volume fraction of β’’ (Mg5Si6) particles 
precipitating during aging at 200 °C up to 3h, of their average 
radius and of their strengthening effect, estimated by the soft-
ware considering that particles are sheared by dislocations.

Fig. 10 - Effect of the evolution of β’’ (Mg5Si6) during thermal treatment; a) volume fraction (%), b) average particle radius, 
c) contribution to the alloy YS during thermal treatment up to 3h aging at 200 °C.

Figure 10 clearly shows that, during the SHT step (up to 18000s), 
no Mg5Si6 forms. 

As the cooling rate from SHT is reduced, the volume fraction of β 
particles precipitated during quenching increased, from 0.0008 
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vol% at 1000 °C/s to 0.013 vol% at 20 °C/s. These precipitates 
reduced the amount of Mg and Si in solid solution available for 
following precipitation during aging, as reported in [12]. This is 
in agreement with what is reported in figure 10a), in which the 
volume fraction of β’’ particles decreased as the cooling rate de-
creased. The same trend was observed for the particles average 
radius (figure 10b). For coherent particles, like β’’, both volume 
fraction and dimensions are important in characterizing their 
strengthening effect, with higher mechanical properties as the 
two abovementioned quantities increase; it is thus straightfor-
ward that, for lower cooling rates, the mechanical properties of 
the alloy decreased, as reported in figure 10c).
STEM micrographs on samples quenched in room temperature 
water (250 °C/s cooling rate) and aged at 200°C for 3 h were 
taken (reported in figure 11) and the volume fraction of Mg5Si6 
measured. The resulting volume fraction is 0.66 vol%, very close 
to the predicted one (0.67 vol%), showing the consistency of the 
modelling approach to describe age hardening of the studied alloy. 
STEM micrographs were also useful to validate the modelled size 
of precipitates present in α-Al. Mostly, particles are β’’ needles 
and, from their length and diameter, a radius for spheres of cor-
responding volume was derived. Thus, a meaningful comparison 
between experimental and simulated average size was possible, 
being these of 4.1 and 3.3 nm, respectively. These sizes are in a 
fairly good agreement, the smaller modelled particles being pos-
sibly related to the simplified geometry assumed, which could 
affect their growth, as reported in literature [27]. 
In the volume visible in figure 11 few isolated β rods of about 70 
nm in length can also be noticed. Their low amount and density 
prevented any reliable estimation of volume fraction amount.

Fig. 11 - STEM micrograph along the [1 1 2] zone axis, show-
ing strengthening precipitates in α-Al. 

Circled precipitates are possible β particles precipitated during 
quenching from SHT.

The total yield strength of the alloy can be estimated as the 
sum of different contributions. In the present case, up to 3h 
aging, they are: intrinsic strength of Al, Mg and Si solid so-
lution strengthening and β’’ precipitate strengthening. The 
contribution of β incoherent precipitates was estimated by 
Orowan model to range from 0.5 to 3.3 MPa as the cooling 
rate decreased from 1000 °C/s to 20 °C/s. Further, the contri-
bution of coarse Si, that fragmented and spheroidised during 
SHT, is reasonably negligible. 
The most important contribution to the alloy YS during artifi-
cial aging was reported to be related to the evolution of β’’ 
particles. MatCalc simulations allowed to estimate the con-
tribution of these particles to YS during thermal cycle, tak-
ing into consideration different cooling rates from SHT and 
aging at 200 °C (figure 10c). This contribution ranged from 
about 100 MPa to more than 200 MPa as the quenching is 
faster. Further, it can be noticed that aging at 200°C the alloy 
quenched from SHT at 1000 and 500 °C/s led to a monotonic 
YS increase while, for the slowest quenching rate, the dissolu-
tion of β’’ took place in shorter times, and a corresponding 
anticipated reduction of YS can be observed.
It is worth mentioning that a change in the strengthening 
mechanism related to coherency loss and evolution of β’’ 
to β’ should be taken into account in simulations for longer 
times, since the strengthening mechanism changes: from par-
ticles shearing to Orowan bowing. 
In the experimental case, with 250 °C/s cooling rate from 
SHT and 200°C aging for 3 h, the different YS contributions 
as well as the total YS were evaluated and listed in table 2, 
where they are compared to results from experimental ten-
sile tests. The contributions of Mg and Si in solid solution are 
related to their amount in α-Al: traces of Mg and ~0.1 wt% 
Si, which will be available for precipitation in the advanced 
stages of aging (where it forms together with β’) as reported 
in literature [24, 26]. 
The experimental YS is lower than the total predicted one; this 
could be possibly explained by a non-constant heat extraction 
during quenching from SHT, which could make the effective 
cooling rate different from the average one, or by the fact that 
β’’ are not spherical, but have needle-like shape; this could 
affect their growth during aging and lead to lower strength-
ening action, as already described previously.
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Tab. 2 - Different calculated contributions to room-temperature YS for the modelled alloy quenched in room temperature water (250 
°C/s). The modelled YS, sum of the contributions, is compared to the experimental YS, obtained from tests after 3 h aging at 200 °C.

CONTRIBUTIONS TO YS OF THE ALLOY AND COMPARISON WITH EXPERIMENTAL DATA

Intrinsic Al 
strength [MPa]

Mg solid solution 
strengthening 

[MPa]

Si solid solution 
strengthening 

[MPa]

β’’ strengthening 
[MPa]

Modelled YS 
[MPa]

Experimental YS 
[MPa]

18.9 0 10.6 196.9 226.4 213.2 ± 5

The reliability of the proposed approach in a wider range of heat 
treatment conditions was tested by comparing YS obtained by 
Zhang et al. in [12] after different quenching rates from SHT at 
540°C and 6h aging at 170 °C, to the results predicted using 
MatCalc, implementing the same thermal treatments. Results 

of this comparison are listed in table 3 and visualized in figure 
12. A good agreement is evident, even if the modelled values 
are always slightly higher than the experimental ones. As men-
tioned before, this could be related to actual cooling rates during 
quenching and to the assumption of spherical β’’ precipitates.

Tab. 3 - Comparison between experimental YS obtained by Zhang et al. in [12] and YS values modelled with MatCalc.

COMPARISONS BETWEEN EXPERIMENTAL YS FROM LITERATURE AND MODELLED VALUES

Cooling rate from SHT Experimental YS [MPa] [12] Modelled YS [MPa]

250 °C/s (25 °C water) 276.3 284.2

110 °C/s (60 °C water) 264.6 278.6

20 °C/s (95 °C water) 240.3 242.1

0.5 °C/s (air) 187.6 195.8

Fig. 12 - Graph reporting the relation between YS modelled by 
MatCalc and experimentally measured by Zhang et al. in [12].

CONCLUSIONS
The present work was aimed at modelling the complex process-
ing route of an age-hardenable casting alloy based on Al-Si-Mg 
system using thermodynamic software including kinetic features 

(MatCalc), validating the results by comparisons with experimen-
tal tests. The analyses of solidification, solution heat treatment 
and aging revealed that:

- The use of Scheil equation to describe solidification of the 
studied alloy gives results in agreement with those reported 
in literature,

- Dissolution of Mg2Si during SHT is predicted; dissolution 
curves are qualitatively similar to hardness tests performed 
on samples subjected to interrupted SHT but with faster ki-
netics, due to the simplified assumption of homogeneous 
α-Al at the end of solidification,

- The evolution of microstructural features in terms of volume 
fractions of phases formed during quenching from SHT and 
aging is well described and, correspondingly, the YS of the 
alloy at room temperature. The model was experimentally 
validated after 3 h aging at 200°C following SHT at 540°C 
for 5h, with an average quenching rate of 250°C/s, 

- Further test of the model comparing predicted YS with lit-
erature data obtained in a wider range of cooling rates from 
SHT, aging times and temperatures confirmed the reliability 
of the approach.
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