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Abstract: For Al-Mg-Si alloys, cooling after homogenisation is a crucial step because the precipitation
of the equilibrium β-Mg2Si phase determines the processing capabilities in subsequent steps, as well
as the subsequent precipitation age hardening potential, and thus, the final properties. It is therefore
important to understand how microstructural variations affect the transformation of β-Mg2Si during
cooling after homogenisation. In the present work, alloys with similar effective solute contents of Mg
and Si, but with different microstructures and a different amount of primary Al-Fe-Si phases, were
produced. Characterisation of the precipitation reaction was performed using interrupted quench
experiments with cooling rates of 1–6 K/min, monitored by light optical microscopy (LOM), scanning
electron microscopy (SEM) and conductivity measurements. Precipitation kinetics for β-Mg2Si was
found to increase in microstructures with shorter secondary dendrite arm spacing (DAS). However,
despite measuring both a higher density and volume fraction of the primary phases, no effect on the
phase transformation from an increased iron content was found in terms of precipitation kinetics or
particle count statistics. Furthermore, comparisons with iron-free high-purity-based alloys revealed
that the precipitation reaction for β-Mg2Si was identical in the two different microstructures both in
terms of onset temperature and overall kinetics. The present results show that nucleation of β-Mg2Si
is not dependent on the larger constituent phases and indicates that overall transformation kinetics is
governed by bulk diffusion rates.

Keywords: aluminium; AlMgSi-alloys; homogenisation; precipitation; Mg2Si; light optical
microscopy; scanning electron microscopy; electrical conductivity

1. Introduction

Advanced processing of aluminium alloys requires control of the secondary phases
that form during thermo-mechanical processing like sheet rolling and extrusion [1,2]. Al-
Mg-Si-alloys (AA6xxx alloys) are the most common Al extrusion alloys. 6xxx alloys are
heat-treatable and precipitate-hardening alloys; the mechanical properties of the alloys are
achieved by the formation of a fine distribution of nano-sized (metastable) precipitates
formed during the final ageing process, after extrusion [3]. The processing route for extru-
sions is direct chill casting followed by homogenisation and then extrusion. The extrusion
step involves three separate steps comprising pre-heating, extrusion, and quenching. The
principle for conventional industrial extrusion of Al-Mg-Si alloys is a combined extrusion
and solution heat treatment, referred to as “press heat treatment”. During extrusion, the
temperature is raised above the solvus by the heat generated by deformation. Appropriate
quenching after extrusion retains the solid solution prior to ageing. Prior to the ageing
step, the goal is to have as much of the alloying elements available for the final artificial
ageing step.

For Al-Mg-Si alloys, cooling after homogenisation is a crucial step because the pre-
cipitation of the equilibrium β-Mg2Si phase determines the processing capabilities in
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subsequent steps, as well as the subsequent precipitation age hardening potential and,
thus, the final properties [2–5]. It is therefore important to understand how microstructural
variations affect the transformation of Mg2Si during cooling.

In the literature [6–10], it is well established that the precipitation reaction during
cooling of Al-Mg-Si alloys consists of two major reactions, a high-temperature reaction
corresponding to the formation of the equilibrium phase, and a subsequent reaction caused
by the formation of the metastable phases β′/B′. The β-Mg2Si phase is well known to form
on grain boundaries and constituent particles [6,9,11–13]. When precipitating in the grain
interior, it forms plate-shaped particles. The metastable phase precipitates below ~400 ◦C,
typically on dispersoids in alloys containing dispersoid-forming elements such as Mn and
Cr [9,14,15]. Therefore, alloys with a high dispersoid density are more quench-sensitive [16–18].
Generally, the situation is more complex at lower temperatures, but the precipitating phase
is usually interpreted as β′ or B′ but has also been shown to be of composite type [19].

However, despite previous thorough investigations and the fact that extensive experi-
ence has been accumulated through decades of industrial practice for the determination of
acceptable process parameters for the extrusion of Al-Mg-Si alloys, our understanding of
how Mg2Si particles evolve during the different processing steps is still unsatisfactory. A
kinetic model may aid this process by increasing the general understanding of the kinetics
and also limiting the number of experiments required to establish a new practice. The main
motivation for the present experimental work was to establish an experimental basis and
understanding of the cooling stage after homogenisation that can serve as a foundation
for the development of a kinetic model, which ultimately can be used directly or as part
of a larger model suite to model the press heat treatment of Al-Mg-Si alloys. Some recent
attempts to model precipitation reactions during cooling of Al-Mg-Si alloys are reported
in [10,20,21].

The purpose of the experimental investigation was to determine the effect of the micro-
structure in terms of the level and distribution of presumed heterogeneous nucleation
sites on the precipitation of β-Mg2Si in balanced Al-Mg-Si alloys during cooling after
homogenisation, with cooling rates comparable to typical post-homogenisation cooling
rates applied in industry. The microstructural variations investigated are (i) the effect
of iron content and alloys with similar effective solute contents of Mg and Si, and with
three different levels of iron, namely 0.12, 0.20 and 0.28 wt.%. (ii) The effect of secondary
dendrite arm spacing (DAS), realised by casting of billets with Ø203 and Ø95 mm, which
results in different cooling rates and, thus, different DAS values. (iii) For comparison with
high-purity alloys, two alloys were cast based on high-purity aluminium and no iron to
produce conditions without primary phases and large grains. The different levels of iron
content and their effects are also highly interesting from a recycling perspective as iron is
an element that typically accumulates during recycling [22].

2. Materials and Methods

As a model alloy for these experiments, an alloy with a balanced Mg2Si composition
was chosen with 0.63 wt.% Mg and 0.36 wt.% Si. To investigate the effect of the number
of primary phases, alloys with 0.12, 0.20 and 0.28 wt.% Fe were cast. Silicon lost to
the primary Al-Fe-Si phases was compensated for according to the formula, in wt.%,
Ceff Si = Cnom Si − 0.25 × CnomFe [1] to keep the effective Si level constant.

The key determining factor for the distribution of the primary phases is the secondary
dendrite arm spacing (DAS), which is highly dependent on the solidification rate [23]. To
create alloys with a smaller DAS and therefore denser distribution of primary phases, the
alloys with different iron content were cast as billets with Ø203 and Ø95 mm. Additionally,
two alloys were cast with high-purity aluminium as a base metal to create a completely iron-
free material. One of the alloys was cast without grain refiner in order to have a material also
free of grain refiner particles. Without iron, there are no primary phases to restrain grain
growth, so the grains will grow to sizes in the order of millimetres during homogenisation
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treatment. The purpose of these alloys was to have precipitation predominantly in the
grain interior and thus to isolate this precipitation reaction.

The alloys were cast using standard direct chill gas-cushioned casting equipment at
the Hydro Aluminium casting laboratory at Sunndalsøra. All alloys except the alloy VIG03
were cast with 0.5 kg/ton grain refiner to ensure a small and uniform grain size throughout
the material. Prior to casting, 0.010 wt.% Ti was added to the casting furnace. All billets
were homogenised at 575 ◦C for 2.25 h and subsequently water-quenched.

The measured chemical compositions of the alloy variants are listed in Table 1. The
measurements were obtained with optical emission spectroscopy (OES) on the billet slices.
Concentrations of trace elements such as Mn, Cu and Cr were all in the order of 10−4 wt.%.
For unknown reasons, a substantially higher Ti content was measured for alloy FE-28-95
with OES on the billet slices, but the casting sample showed a similar value to the other
alloys, and the billet slice OES measurement is therefore assumed to be incorrect.

Table 1. Overview of samples and their chemical composition.

Alloy Ø [mm] Fe [wt.%] Mg [wt.%] Si [wt.%] Ti [wt.%] Al [wt.%]

VIG03 95 0.00 0.62 0.36 0.00 99.00
FE-00-95 95 0.00 0.60 0.36 0.04 98.99
FE-12-95 95 0.12 0.63 0.40 0.02 98.79
FE-20-95 95 0.19 0.63 0.41 0.01 98.71
FE-28-95 95 0.28 0.62 0.43 0.08 98.55
FE-12-203 203 0.11 0.63 0.39 0.02 98.81
FE-20-203 203 0.19 0.63 0.40 0.02 98.73
FE-28-203 203 0.27 0.62 0.42 0.02 98.63

The β-Mg2Si transformation was investigated with interrupted cooling experiments
where the material was solution heat-treated by a 20 min hold at 540 ◦C after heating
~400 ◦C/h and then cooled at a constant cooling rate in the range of 1–6 K/min to different
temperatures. The microstructure was characterised with light optical microscopy (LOM)
and scanning electron microscopy (SEM) in addition to conductivity measurements. All
samples were taken from the half-radius position of both the Ø203 mm and Ø95 mm billets
to ensure the conditions were as equal as possible.

Samples selected for metallographic investigation were prepared with water-free
suspensions and lubricants. For the polishing steps, lubricants with higher viscosity suitable
for soft metals were used (Struers A 3/1 mu). The final polishing step was performed with
ethanol-diluted (1:2) colloid suspension (OP-S). For area fraction measurements, a total
area of 1.18 mm2 was measured. Investigation with SEM was conducted with a Hitatchi
SU6600. An acceleration voltage of 20 kV was used, and the working distance was ~7mm.

As a measurement of the overall precipitation reaction, electrical conductivity mea-
surements were used. The electrical conductivity of aluminium is highly sensitive to the
amount of elements in solid solution [24]. A precipitation reaction removes alloying ele-
ments from solid solution, which is measurable as an increase in electrical conductivity.
The electrical conductivity of the samples was measured using a FISCHER Fischerscope
MMS PC instrument with an eddy current probe. All samples were measured multiple
times on both sides to minimise possible surface effects.

3. Results
3.1. Characterisation of Initial Structure

The grain sizes of the alloys with iron were measured at the centre, half-radius and
outer positions of the billet using the standard line intercept method [25], and the results
are presented in Figure 1. A total of 400 grains was measured for each sample. The grain
size in the centre of the billet seems to decrease with increasing iron content, probably
because of increased constitutional undercooling due to the higher alloying content. At the
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half-radius and outer positions, the grain sizes seem to be less affected by the iron content
and are relatively similar for both the Ø203 and Ø95 mm billets.
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Figure 1. Measured grain sizes with the line intercept method for different casting diameters and
iron levels.

The purpose of casting the smaller diameter, Ø95 mm, was to increase the solidification
rate and thereby decrease the secondary dendrite arm spacing (DAS), which scales with
the cube-root of time [23]. With a shorter DAS, the distance between the primary phases,
which are often located along the secondary dendrite arms, decreases. In the Ø203 mm
billets, typical values for the DAS were measured to be ~30, ~25 and ~20 µm in the centre,
half-radius and outer position of the billet, respectively. For the Ø95 mm billets, the DAS
was found to be ~15 µm in the mid-radius position.

The results from quantification of the amount of primary Al-Fe-Si phases by image
analysis are shown in Figure 2. For a constant iron level, the measured volume fraction
of the primary phases is similar within the experimental uncertainty for both casting
diameters. The particle count statistics show a significantly higher number of primary
phases in the Ø95 mm billets, as expected due to the increased solidification rate. Pores are
common in cast material and arise from the casting process, e.g., the casting temperature.
Micrographs (not shown) show that the all the cast material had a relatively high porosity
level, which is not uncommon compared to industrial alloys. Most importantly, the porosity
level seemed to be relatively similar in all alloys.

The purpose of using iron-free material was to have precipitation predominantly in the
grain interior without the influence of grain boundaries and primary phases. In addition,
this microstructure allows the observation of grain boundaries without the influence of
primary phases. Without a sufficient number of larger particles, there are few obstacles to
restrain the grain growth during homogenisation; thus, abnormal grain growth occurs. The
resulting grain structures for alloys FE-00-95 and VIG03 are shown in Figure 3, showing
millimetre-sized grains.

3.2. Iron Containing Alloys

Interrupted quench experiments for the alloys cast in Ø203 mm with three different
iron levels were performed at cooling rates of 1, 2, 3 and 6 K/min. Quantification of the
overall phase transformation was performed both with electrical conductivity and volume
fraction measurements from quantitative analysis. Quantification based on electrical
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conductivity was carried out by calculating a transformed fraction using the classical
relation [26]

f =
σ1 − σ

σ1 − σ0
(1)

where σ0 is the electrical conductivity of the solution heat-treated material (all Mg and Si
in solid solution). σ1 is the conductivity of the fully transformed material, obtained by
slow cooling. In this experiment, a cooling rate of 10 K/hour (0.167 K/min) was used. For
comparison with volume fraction measurements, quantification via electrical conductivity
of the transformed fraction was calculated as

f =
fv

f max
v

(2)

where fv is the volume fraction of a given specimen, and f max
v is calculated from the

densities of aluminium and Mg2Si in Al.
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In Figure 4, the change in electrical conductivity vs. temperature for the investi-
gated cooling rates is shown. Because the alloys exhibited an increase in conductivity
from 540–500 ◦C during cooling, probably caused by further reduction of the iron solid
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solution level, the zero level for conductivity change is chosen to be the value at 500 ◦C
(solvus temperature).
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In good agreement with well-established results for Al-Mg-Si alloys [6,8,9], two major
reactions are identified. A high-temperature reaction starting slightly above 450 ◦C and a
lower-temperature reaction below 350 ◦C. It is also immediately apparent from Figure 4
that the evolution of conductivity change vs. temperature is nearly identical in the three
alloys. The electrical conductivity measurements show that the major onset of the phase
transformation is around 450 ◦C. By investigating samples cooled to 470 ◦C, it was found
that β-Mg2Si had formed on coarse embedded impurities such as pores, grain refiner
particles and primary phases already at this temperature.

From SEM micrographs of samples cooled to different temperatures (Figure S1), it was
found that down to 420 ◦C, β-Mg2Si particles are only found along grain boundaries and
dendrite arms, often associated with primary phases. Faceted rod- and plate-like precipi-
tates start to become visible in the grain interior at ~400 ◦C. At 380 ◦C, the intragranular
particles have grown such that the bimodal nature of the β-Mg2Si distribution becomes
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apparent, as shown in Figure 5, showing the β-Mg2Si particle distribution in Ø203 mm
billets cooled at 1 K/min to 200 ◦C.
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Figure 5. β-Mg2Si (dark) particle distribution in Ø203 mm billets cooled 1 K/min to 200 ◦C.

From the microstructural investigation, it appears that the β-Mg2Si transformation
occurs in two stages with a minimum of two separate nucleation events. There is, however,
no corresponding significant increase in the transformation rate observed in the electrical
conductivity measurements, likely caused by the overlap of these reactions. Therefore,
the exact onset of the intragranular precipitation reaction is difficult to determine, but the
results suggest a nucleation temperature somewhere above ~400 ◦C, given that they also
need some time to grow to observable sizes.

The results of the quantitative analysis of the optical microscopy images are shown
in Figure 6. One of the major objectives of this experiment was to determine the effect of
increased iron content. As already noted, the electrical conductivity measurements are close
to identical for the three iron levels. A comparison of the transformed fraction calculated
from the area fraction measurement and the conductivity measurement is shown in Figure 6.
The transformed fraction from conductivity is taken from the value at 340 ◦C prior to the
onset of the metastable precipitation reaction. There is a significant difference between the
two values, with almost a factor-two difference for faster cooling rates. In this case, it is
reasonable that the volume fraction β-Mg2Si is underestimated, because the intragranular
particles are hard to measure properly. The absolute values, however, indicate no particular
difference between the three alloys in terms of volume fraction β-Mg2Si (Figure 6). The
particle size and count statistics displayed in Figure 7 also show no significant difference
between the alloys.
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With a more rapid solidification rate, the material cast in Ø95 mm material has a
shorter DAS. As a result, the distance between the primary phases is reduced, leading to an
overall denser distribution of potential nucleation sites for β-Mg2Si. The hypothesis was
that this would lead to more coarse particles forming as a result of an increased nucleation
rate during the high-temperature onset.

Interrupted quench experiments for the Ø95 mm material were performed for the
three iron-containing alloys at cooling rates of 1, 3, and 6 K/min. The evolution of the
increase in electrical conductivity from a 500 ◦C level as a function of temperature for
the different cooling rates is shown in Figure 8. As with the Ø203 mm billets, the onset
of the major precipitation reaction is slightly above 450 ◦C. In this case, the conductivity
measurements exhibited more noise, possibly explained by the fact that samples had to be
taken from several billet slices.
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SEM micrographs of the samples cooled to different temperatures (Figure S2) show
that, compared to the Ø203 mm billets, the β-Mg2Si particles appear coarser. Regions with
intragranular β-Mg2Si can be found, but these regions are much less prominent, indicating
a suppression of intragranular β precipitation as compared to the Ø203 mm billets. Precipi-
tation of the metastable phase is not so evident in the conductivity measurements shown in
Figure 8 due to the increased noise and fewer data points. Still, a closer look at the data
for alloy FE-12-95 (0.12 wt.% iron) cooled at 1 K/min shows an increase in conductivity at
around 300 ◦C, indicating that a new precipitation reaction is triggered. This has also been
confirmed from the SEM micrographs of this alloy.

The results from quantitative image analysis are shown in Figures 9 and 10. In
accordance with the appearance of larger phases, a higher volume fraction of β-Mg2Si is
measured in the Ø95 mm compared to the Ø203 mm billets. They are also larger and there
are fewer of them. In this case, the transformed fraction calculated from conductivity and
volume fraction measurements agrees better, possibly explained by the larger size of the
particles. In this case, there is neither any indication that the iron level has any impact on
the β-Mg2Si phase transformation during cooling, nor is there any significant difference
between the alloys both in terms of volume fraction and particle statistics.
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Figure 10. Particle statistics from quantitative image analysis for the Ø95 mm billets. The left plot
shows the average diameter-converted areas, while the right shows the average number of particles
counted in each frame.

Compared to the Ø203 mm billets, in accordance with the hypothesis formulated
above, a shorter DAS in the Ø95 mm billets leads to a coarser β-Mg2Si particle structure.
However, despite measuring a higher volume fraction and density of primary phases, there
are no indications from these results that the iron level has any impact on the precipitation
of β-Mg2Si phases during cooling.

3.3. Iron-Free Material

The purpose of the iron-free material was to investigate precipitation in the absence of
primary phases and grain boundaries. For alloy FE-00-95, interrupted quench experiments
were conducted for cooling rates of 1, 3 and 6 K/min. Based on the results for alloy FE-00-95,
interrupted quench experiments were performed for alloy VIG03 in a homogenised state,
but only for a cooling rate of 1 K/min. When comparing the results to the iron-free material,
two interesting observations were made regarding similarities with the iron-containing
alloys. Therefore, the results on the evolution of electrical conductivity vs. temperature
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for the FE-00-95 alloy are plotted together with results from the Ø203 mm material in
Figure 11. Evidently, the evolution of electrical conductivity is identical in the β-Mg2Si
transformation region of 350–450 ◦C. The only difference is the absence of the conductivity
increase attributed to the precipitation of the metastable phase below 350 ◦C. A similar
result was observed for the alloy VIG03 (without grain refiner) when comparing to alloys
cast in Ø95 mm. (The electrical conductivity vs. temperature for alloy VIG03 is compared
to alloy FE-12-95 in Figure S3). Also, in this case, the measurements show no significant
difference between the alloys in the β-Mg2Si transformation region.
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Metallographic investigations of the interrupted quench samples of alloy FE-00-95
have identified that β-Mg2Si particles are formed as early as 470 ◦C on the embedded
impurities. Further metallographic investigations (Figure S4) show that at 450 ◦C, β-Mg2Si
particles seemed to have formed exclusively on pores and grain refiner particles. At 430 ◦C,
some plate-like precipitates are visible, and they increase in size and number density
as the temperature decreases. Based on these results, the plate-like precipitates seem to
nucleate at distinctly lower temperatures than particles forming on coarser heterogeneities;
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they do, however, seem to form earlier than the intragranular particles described in the
iron-containing alloys.

Images of the final microstructure (200 ◦C) for samples cooled at 1 K/min are shown
in Figure 12a for alloy FE-00-95 and in Figure 12b for VIG03. In both cases, the precipitates
are a mix of both irregularly shaped and faceted plate/rod-like precipitates in a seemingly
random distribution. In both alloys, however, it is possible to find arrays or strings of
precipitates. Clearly, this indicates that precipitation has occurred on heterogeneities to an
extent much larger than the size of the precipitates. This is most prominent in the alloy
VIG03, where the precipitate strings are indicated with arrows in Figure 12b. Possibly, the
distribution of precipitates may be due to remnants of the underlying dendrite structure.
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The iron-free material allows for the investigation of precipitates forming on the grain
boundaries without the co-location of primary phases. However, careful inspection of SEM
images seems to indicate that the grain boundaries are not a particularly potent nucleation
site compared to heterogeneities found elsewhere in the material.

The results for the volume fraction measurements are shown in Figure 13. In the
absence of primary phases, it is easier to measure the area of individual β-Mg2Si more
correctly. Comparison of the transformed fraction calculated from volume fraction and
conductivity measurements shows excellent agreement for temperatures above 340 ◦C.
Below that, the values start to diverge, as shown in Figure 13c,d, where values are compared
for different temperatures. Thus, it seems that the increase in conductivity below 340 ◦C
is not due to the growth of β-Mg2Si, but is instead an indication of the precipitation of
metastable phases, which are not captured by the quantitative image analysis.
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4. Discussion

In these experiments, several different microstructures in terms of differences in den-
sity and distribution of presumed potential heterogeneous nucleation sites have been
investigated with the purpose of identifying the effect of microstructure on β-Mg2Si pre-
cipitation during cooling. From the standard nucleation theory, one might expect that the
nucleation rate, and thus precipitation kinetics, increases with the number of potential
nucleation sites. On this basis, the hypothesis was that the rate of transformation would
increase with a shorter dendrite arm spacing (higher density of presumed nucleation sites).
Comparing the transformed fraction between these two structures, as shown in Figure 14,
it was indeed found that the transformation rate increases in this order.

However, no effect of increasing the number of constituent Fe-bearing particles on
transformation kinetics was found in the iron-containing alloys. Additionally, the reaction
onset temperatures and overall kinetics for β-Mg2Si precipitation were found to be identical
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in completely iron-free material. This raises many interesting questions regarding how
microstructure impacts precipitation kinetics.

Metals 2024, 14, x FOR PEER REVIEW 14 of 18 
 

 

 
Figure 14. Transformed fraction as a function of temperature during cooling at 1 K/min for material 
cast in Ø203 mm and Ø95 mm with 0.12 wt.% iron. 

However, no effect of increasing the number of constituent Fe-bearing particles on 
transformation kinetics was found in the iron-containing alloys. Additionally, the reaction 
onset temperatures and overall kinetics for β-Mg2Si precipitation were found to be iden-
tical in completely iron-free material. This raises many interesting questions regarding 
how microstructure impacts precipitation kinetics. 

The reason for investigating the effect of iron content is that Fe-bearing constituent 
phases are generally effective nucleation sites for secondary Mg-Si phases. In the compre-
hensive studies by Milkereit et al. [6,18], it was reported that all secondary β-Mg2Si phases 
had seemingly nucleated on a constituent particle, even those located on grain boundaries. 
The presence of Mn- and Cr-bearing dispersoids is reported to refine the distribution of 
various secondary Mg- and Si-containing phases during cooling after homogenisation 
[9,12]. An increase in dispersoid density also leads to an increased quench sensitivity due 
to the promoted formation of non-hardening β’/B’ phases [16–18]. 

However, it is important to note that the relationship between the distance between 
potential nucleation sites and effective diffusion distances changes drastically as the tem-
perature decreases during cooling. Generally, a one-to-one relationship between nuclea-
tion site and nuclei is not a common situation due to site saturation [27]. A significant 
increase in the number of constituent phases resulted from the increased iron content. 
However, their size and density increased in regions that already contain iron. Thus, a 
possible explanation for the lack of effect of iron content is that site saturation has already 
occurred at the lowest iron level (0.12 wt.%). The other possible explanation is that nucle-
ation is not dependent on the larger Fe-bearing constituents. 

The idea behind the iron-free alloys was to isolate intragranular precipitation of sec-
ondary Mg-Si phases. Possibly, different onset temperatures and particle distribution 
would result from the differences in the nucleation and growth conditions. Creating ma-
terial completely free of embedded impurities with normal casting processes is difficult. 
The shared presence of pores, grain refiner particles and other inclusions, which provide 
a surface for substrate nucleation, is a possible explanation for the similar onset tempera-
tures. The microstructure of alloy VIG03 was, in addition to not containing grain refiner 
particles, found to be relatively clean and seemingly free of impurities, which makes this 
explanation unlikely and points to other nucleation mechanisms. The same similarity be-
tween iron-containing and a pure ternary Al-Mg-Si alloy was also reported in [28], but 
explanations for this observation were not discussed. 

In all crystals, an equilibrium level of dislocations is always present, and they are 
well-known nucleation sites for secondary Mg-Si phases [11,19]. Dislocations also develop 

Figure 14. Transformed fraction as a function of temperature during cooling at 1 K/min for material
cast in Ø203 mm and Ø95 mm with 0.12 wt.% iron.

The reason for investigating the effect of iron content is that Fe-bearing constituent
phases are generally effective nucleation sites for secondary Mg-Si phases. In the compre-
hensive studies by Milkereit et al. [6,18], it was reported that all secondary β-Mg2Si phases
had seemingly nucleated on a constituent particle, even those located on grain boundaries.
The presence of Mn- and Cr-bearing dispersoids is reported to refine the distribution of var-
ious secondary Mg- and Si-containing phases during cooling after homogenisation [9,12].
An increase in dispersoid density also leads to an increased quench sensitivity due to the
promoted formation of non-hardening β’/B’ phases [16–18].

However, it is important to note that the relationship between the distance between
potential nucleation sites and effective diffusion distances changes drastically as the tem-
perature decreases during cooling. Generally, a one-to-one relationship between nucleation
site and nuclei is not a common situation due to site saturation [27]. A significant increase
in the number of constituent phases resulted from the increased iron content. However,
their size and density increased in regions that already contain iron. Thus, a possible
explanation for the lack of effect of iron content is that site saturation has already occurred
at the lowest iron level (0.12 wt.%). The other possible explanation is that nucleation is not
dependent on the larger Fe-bearing constituents.

The idea behind the iron-free alloys was to isolate intragranular precipitation of
secondary Mg-Si phases. Possibly, different onset temperatures and particle distribution
would result from the differences in the nucleation and growth conditions. Creating
material completely free of embedded impurities with normal casting processes is difficult.
The shared presence of pores, grain refiner particles and other inclusions, which provide a
surface for substrate nucleation, is a possible explanation for the similar onset temperatures.
The microstructure of alloy VIG03 was, in addition to not containing grain refiner particles,
found to be relatively clean and seemingly free of impurities, which makes this explanation
unlikely and points to other nucleation mechanisms. The same similarity between iron-
containing and a pure ternary Al-Mg-Si alloy was also reported in [28], but explanations
for this observation were not discussed.

In all crystals, an equilibrium level of dislocations is always present, and they are well-
known nucleation sites for secondary Mg-Si phases [11,19]. Dislocations also develop due to
thermal stresses during cooling. Investigation of the distribution of β-Mg2Si phases in alloy
VIG03 shows clear evidence that the equilibrium phase has formed along some forms of
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boundaries in the material. A possible source of these boundaries is the imperfect merging
of dendrite arms during solidification. Due to the mechanical load, the dendrites bend,
and as a result, merge with a small misorientation [29]. In this regard, it is important to
highlight an important difference between the two iron-free alloys FE-00-95 and VIG03. The
former was cast with grain refiner, resulting in a uniform distribution of equiaxed grains of
a relatively small size after casting. In the alloy VIG03, the individual grains and dendrites
were allowed to grow more freely, resulting in longer dendrite boundaries. A speculation is
that the subgrain/low-angle grain boundaries originating from the solidification process are
the predominant nucleation sites for β-Mg2Si in the iron-free alloys. It also possibly explains
the difference between these alloys due to the differences in solidification characteristics.
Only a slight difference in chemical composition was measured between the two iron-free
alloys. In case this difference is responsible for the observed difference in precipitation
kinetics, it indicates a very high sensitivity to variations in chemical composition.

It may be that embedded impurity particles, such as Fe-bearing constituents, are
the most potent sites, but the comparison with the iron-free material in this study shows
that there is obviously not a lack of nucleation sites for β-Mg2Si without them. β-Mg2Si
on grain boundaries forms elongated particles up to 20 µm along the grain boundary
direction, as seen in Figure 15. The presence of grain boundaries, in comparison with
the iron-free material, evidently does not impact precipitation kinetics in the range of
investigated cooling rates, but it does seem to have a significant effect on phase morphology.
The differences in the distribution of β-Mg2Si between the alloys indicate that there are
different routes to the same precipitation kinetics. It therefore seems that precipitation
of β-Mg2Si is not a nucleation-limited reaction, and that the material quickly enters a
stage controlled by volume diffusion (vacancy concentration), which is typical for many
precipitation reactions [30].
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5. Conclusions

In this experimental investigation, alloys with similar effective levels of alloying
elements, but with different microstructures, have been investigated with the purpose of
understanding how the density and distribution of potential nucleation sites affect the
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precipitation of β-Mg2Si during cooling after homogenisation. The main findings are
summarised as follows:

• In the Ø203mm billets, the precipitation of β-Mg2Si was characterised by precipitation
at the grain and dendrite boundaries above 450 ◦C, followed by precipitation of
intragranular β-Mg2Si at a significantly lower temperature.

• With shorter secondary dendrite arm spacing, precipitation of intragranular β-Mg2Si
was suppressed to a large degree, leading to an overall coarser β-Mg2Si structure.

• In iron-containing alloys, no effect of increased iron content on β-Mg2Si precipitation
was found.

• For iron-free alloys, the precipitation of β-Mg2Si was found to be identical in terms of
onset temperature and transformation kinetics to iron-containing alloys. In contrast to
iron-containing alloys, no marked precipitation of the metastable phase was observed.

In agreement with other investigations, this study also identified the constituent Fe
particles as potent nucleation sites for β-Mg2Si. However, the comparison with the iron-free
alloys revealed that nucleation is not dependent on the constituent phases. The results of
this study suggest that site saturation occurs rapidly regardless of the microstructure, and
that the kinetics of β-Mg2Si precipitation is mainly controlled by bulk diffusion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met14020215/s1, Figure S1: SEM micrographs of the β-Mg2Si
particle structure at different temperatures during cooling at 1K/min in alloy FE-20-203 (0.20 wt.%
iron); Figure S2: SEM micrographs showing the evolution of the microstructure during cooling 1
K/min. Alloy FE-12-95 (0.12 wt.% iron). The β-Mg2Si phases are dark, and the primary Al-Fe-Si
phases are bright; Figure S3: Change in electrical conductivity vs. temperature during cooling at 1
K/min for alloy FE-12-95 and VIG03; Figure S4: LOM micrographs of samples cooled to different
temperatures at 1 K/min for the iron free alloy FE-00-95.
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