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The evolution of the microstructure of an AlMg4.7Si8 alloy is investigated by scanning electron
microscopy and ex situ synchrotron tomography in as-cast condition and subsequent solution treatments
for 1 h and 25 h at 540 1C, respectively. The eutectic Mg2Si phase, which presents a highly interconnected
structure in the as-cast condition, undergoes significant morphological changes during the solution heat
treatment. Statistical analyses of the particle distribution, the sphericity, the mean curvatures and
Gaussian curvatures describe the disintegration of the interconnected seaweed-like structure followed
by the rounding of the disintegrated fractions of the eutectic branches quantitatively. The ternary eutectic
Si resulting from the Si-surplus to the stoichiometric Mg2Si ratio of the alloy undergoes similar changes.
The morphological evolution during solution heat treatment is correlated with results of elevated
temperature compression tests at 300 1C. The elevated temperature compressive strength is more
sensitive to the degree of interconnectivity of the three dimensional Mg2Si network than to the shape of
the individual particles.

& 2013 The Authors. Published by Elsevier B .V. Open access under CC BY-NC-SA license.
1. Introduction

Cast AlMgSi alloys are potential candidates for application in
the automotive and aerospace industries [1]. They contain α-Al
dendrites, primary Mg2Si particles, α-Al/Mg2Si eutectic, and alu-
minides originating from Fe and Mn casting impurities [2]. These
phases are complemented with a ternary eutectic, formed by α-Al,
Mg2Si and Si in case of a Si surplus to the stoichiometric Mg:Si
ratio (1.74:1) in the alloy [2,3].

Several experimental methods have been utilized to characterize
the microstructures in alloys of this system, such as calorimetry [4],
crystallography [5,6], and imaging [7]. Two-dimensional (2D) metal-
lographic investigations revealed that the Mg2Si phase exhibits a so-
called ‘Chinese-script’ morphology, while the Fe- and Mn-
intermetallics appear needle-like on the images [3]. On the other
hand, three-dimensional (3D) metallography shows that the eutectic
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Mg2Si has a spatially extended, highly interconnected coral-like
structure, while the shape of the Fe- and Mn-aluminides ranges
from needle- to platelet-like [8,9] depending on the space available
in the interdendritic region during solidification [10,11]. The internal
architecture of multiphase alloys, i.e. the volume fraction and spatial
arrangement of the microstructural phases, plays a vital role in
determining their strength [12]. Therefore, the quantification of
morphological parameters such as interconnectivity of phases or
contiguity between them [13] is essential to understand the macro-
scopic behaviour of these alloys [14]. Although the extrapolation
from 2D to 3D is restrictively possible by assuming statistically
uniform distribution of phases [15], 3D imaging methods are
necessary if the phases are non-uniformly distributed, have complex
morphologies, form interconnected structures and/or contiguity is
present between those structures [16,17].

Synchrotron-based microtomography is a unique non-destructive
tool in materials science. Due to the high brilliance of the source and
the transversal coherence of the beam [18], a wide range of multi-
phase materials can be imaged [8,9,12,19–22]. The transversal
coherence of the beam can be exploited to produce phase contrast
in cases when different constituting phases have similar X-ray
attenuations [23]. Furthermore, phase retrieval (e.g. holotomography
[24]) can be performed for accurate quantitative analysis.

The aim of this study is to describe the internal architecture of
an as-cast AlMg4.7Si8 alloy, to follow the changes of the
 license.
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Fig. 1. BSE micrographs of AlMg4.7Si8 in (a) as-cast condition, (b) after 1 h at
540 1C and (c) after 25 h at 540 1C.
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microstructural morphology in 3D after subsequent 1 h and 25 h
at 540 1C solution heat treatments of the same samples and to link
these changes to the elevated temperature strength determined by
compression tests.
2. Experimental methods

2.1. Material

An AlMg4.7Si8 alloy produced by gravity die casting was
investigated. The Mg:Si ratio for this composition is 0.58:1, which
is lower than that of the stoichiometric Mg2Si compound [2,3]. The
microstructure consists of α-Al dendrites, a binary α-Al/Mg2Si
eutectic, a ternary α-Al/Mg2Si/Si eutectic and Fe-aluminides origi-
nating from Fe impurity (Fe �0.5 wt%) [3]. This is shown for the
alloy in as-cast condition in the backscattered electron (BSE)
micrograph in Fig. 1(a). The indicated phases were identified by
energy dispersive X-ray spectroscopy. Cylindrical specimens with
a length of 10 mm and 1 mm diameter were used for synchrotron
tomography.

2.2. Elevated temperature compression tests

Elevated temperature compression tests were carried out at
300 1C, controlled by a type K thermocouple, using a Gleeble 1500
servo hydraulic system machine at an initial strain rate of 1.25�
10−3 s−1. The alloy was tested in as-cast condition, after 1 h and
25 h at 540 1C, respectively, using the same samples with cylind-
rical geometry of 10 mm length and 5 mm diameter. Prior to the
tests, the samples were subjected to an overaging heat treatment
at 300 1C during 2 h to stabilize the precipitation condition and to
minimize the overlapping strengthening effect of Mg2Si precipi-
tates. This overaging heat treatment does not alter the morphol-
ogy of the eutectic Mg2Si and Si particles [9].

2.3. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed with a
Philips XL30 device and a FEI Quanta 200 Field Emission Gun SEM
(FEG-SEM). Deep etching of the Al was performed for 5 min using
a 1:10 NaOH/H2O solution to reveal the spatial architecture of the
other phases.

2.4. Tomography

The samples were imaged at the ID19 beamline of the
European Synchrotron Radiation Facility [18] using a beam energy
of 29 keV and a sample-to-detector distance of 29 mm. 1500
Radiographies were acquired between 01 and 1801 during the
scans. The ESRF FReLoN (Fast Readout Low Noise) camera [25]
with an effective pixel size of 0.28 mm was used to acquire the
radiographies. The exposure time was 1 s/projection for the same
sample at different conditions. After the first tomography of the
alloy in as-cast condition the sample was subjected to a solution
heat treatment of 1 h at 540 1C before the second tomography, and
subsequently to 24 h at 540 1C before the tomographic scan at the
final stage. The size of the reconstructed 32 bit volumes was 20483

voxel with a voxel size of (0.28 mm)3.

2.5. Image processing

The same 1200�1050�975 voxel volume was selected as the
region of interest from the reconstructed tomographic volumes in
as-cast and solution heat treated conditions. The volumes were
subjected to a 2D Gaussian filter in ImageJ [26] with a mask radius
of 2. The 32 bit volumes were converted to 8 bit within grey-value
histogram limits of −1.5 and 1.5. The different phases were
segmented by global thresholding and applying a region growing
algorithm which is based on the grey level of the voxels [27].
Morphological smoothing was then applied: voxels outside of the
segmented region but connected to it by four or more faces of the
cubic voxels were added to the segmented phase. On the other
hand, segmented voxels at the edge of the segmented region
attached only by one face were removed. Only particles larger than
27 voxels (�0.6 mm³) were considered for evaluation.

2.6. Morphological parameters

Morphological parameters have been calculated to quantify
changes of the microstructure during solution heat treatment.

2.6.1. Sphericity
The sphericity, Cp, is calculated according to (1), where V and S

are the volume and the surface of a given particle, respectively (see
e.g. [28]). Thus, Cp¼1 corresponds to a sphere, while Cp¼0 to an
infinite plate.

Cp ¼
6π1=2V

S3=2
ð1Þ
2.6.2. Interconnectivity
The interconnectivity of a phase, I, is defined in this work as the

volume of the largest individual particle (particle¼continuous 3D
region of the corresponding phase) of the investigated phase,
Vf larg, divided by the total volume of thein the analyzed volume, Vf

I¼ V f larg

V f
ð2Þ
2.6.3. Curvatures
The mean (K) and Gauss curvatures (H), defined as the mean

and the product of the principal curvatures, respectively, were
determined for the eutectic Mg2Si using the software Avizos [29].
A detailed description of the calculation can be found in [10].



Fig. 3. Reconstructed tomographic slices in (a) as-cast condition, (b) after 1 h at
540 1C and (c) after 24 h at 540 1C. The voxel size is (0.28 mm)3.

Fig. 2. BSE micrographs of the rigid phases revealed by deep etching the α-Al matrix in (a) as-cast condition, (b) after 1 h at 540 1C and (c) after 25 h at 540 1C.
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3. Results

3.1. Electron microscopy

BSE micrographs of AlMg4.7Si8 in as-cast, 1 h at 540 1C and
25 h at 540 1C conditions are shown in Fig. 1. Slight spheroidiza-
tion of the Mg2Si and Si particles can be observed after 1 h
solution heat treatment (Fig. 1b). The AlFeSi particles do not
undergo observable morphological changes for the same condi-
tion. The 25 h solution heat treatment results in a pronounced
spheroidization of the Mg2Si and Si phases (Fig. 1c). Furthermore,
the AlFeSi particles also undergo a slight spheroidization. Some
contiguity remains between the Mg2Si and the Si phases. The
spheroidization of the eutectic particles can be followed more
clearly after deep etching of the Al, as shown in Fig. 2. Moreover,
the deep etched topography of the alloy after 25 h solution
treatment presents cup-like marks where particles have fallen
out during etching (Fig. 2c), which indicate the disintegration of
the interconnected eutectic phases.

3.2. Synchrotron tomography

Cropped tomographic slices of approximately the same region
are shown in Fig. 3(a)–(c) for the as-cast and solution heat treated
conditions, respectively. Similarly to the micrographs shown in
Fig. 1, the tomographic slices show that the eutectic Mg2Si struc-
ture coarsens and spheroidizes during the solution heat treatment,
while the AlFeSi phase, unrevealed by the 2D results, seems to
dissolve partially.
3.2.1. Mg2Si
Rendered volumes of the segmented Mg2Si phase are shown in

Fig. 4(a)–(c) for the same sub-volume of 275�300�335 mm3 in
the as-cast and the solution heat treated conditions, respectively.
The different colours represent unconnected particles within this
sub-volume. The largest Mg2Si particle in each condition is shown
separately. The loss of interconnectivity with increasing solution
treatment time is clearly revealed by the decrease in size of this
largest particle.

The evolution of the number of particles and the relative
volume fraction of the largest particle (interconnectivity) of the
Mg2Si phase in the same sub-volumes as shown in Fig. 4 are listed
in Table 1. The number of the Mg2Si particles increases by a factor
of 4 in the first hour of the heat treatment followed by a further
increase by �55% in the next 24 h. The interconnectivity is 87%



Fig. 4. Rendered tomographic volumes of the Mg2Si phase and the largest particle in the same 275�300�335 mm3 region in: (a) as-cast condition, (b) after 1 h at 540 1C
and (c) after 25 h at 540 1C. The different colours indicate unconnected particles within the studied volume. The voxel size is (0.28 mm)3.
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within the investigated sub-volume in the as-cast condition. It
decreases to 57% after 1 h at 540 1C and further to 3.5% after 25 h
at 540 1C.

The evolution of the sphericity of the Mg2Si particles in the
sub-volume shown in Fig. 4 is presented in Fig. 5. The distribution
of the sphericity shifts to higher values after 25 h at 540 1C
indicating that the particles transform into more spheroid-like
shapes. The mean value of the distribution in the as-cast condition
is 0.4370.2 and does not change after 1 h at 540 1C but increases
to 0.6370.2 after 25 h at 540 1C.

The distribution of the surface curvatures is shown in Fig. 6 as a
2D histogram. This representation combines the mean and the
Gauss curvatures for each surface part and provides information
on real shapes [30]. In the as-cast condition (Fig. 6a) there is a



Table 1
Quantitative parameters obtained from the synchrotron tomography volumes
shown in Fig. 4 and 7 of the AlMg4.7Si8 alloy in as-cast and solution heat treated
conditions.

As-cast 1 h at
540 1C

25 h at
540 1C

Mg2Si
Number of particles 849 3343 5199
Volume fraction Vf (%) 10 11 11
Volume of the largest particle (mm3) 2.9E6 2.2E6 1.38E5
Relative Vf and (Vf) of the
largest particle (%)

87 (8.7) 57 (6.6) 3.5 (0.4)

AlFeSi
Number of particles 54 49 80
Volume fraction Vf (%) 0.9 0.82 0.34
Volume of the largest particle (mm3) 92936 68673 9959
Relative Vf and (Vf) of the
largest particle (%)

31 (0.28) 25 (0.2) 8 (0.03)

Fig. 5. Sphericity distributions of the Mg2Si particles in as-cast and solution heat
treated conditions.
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maximum of the normalized distribution located close to the
origin in the negative part of the Gauss curvature domain, which
indicates a large population of symmetric saddle-like surfaces. The
frequency of this maximum increases after 1 h at 540 1C (Fig. 6b),
while the frequency of outer sections tend to decrease resulting in
a narrower distribution. After 25 h at 540 1C (Fig. 6c) a second
maximum appears in the positive-positive quadrant of the coor-
dinate system indicating the appearance of more spheroidal
surfaces. Moreover, the distribution becomes even narrower with
the extremes corresponding to smaller radii (larger curvatures)
tending to disappear.
3.2.2. AlFeSi
The segmented AlFeSi phase in as-cast and solution heat

treated conditions is shown in Fig. 7 for the same volume as in
Fig. 4. The different colours represent unconnected particles
within the investigated sub-volume. Based on the colour codes
there are two large particles present in as-cast condition (light-
blue and yellow) which resist up to some extent the solution heat
treatment for 1 h at 540 1C (the particles are now shown green and
brown in Fig. 7b). The volume fraction of this phase decreases
from 0.9 vol% in as-cast condition to 0.82 vol% after 1 h at 540 1C,
while the level of interconnectivity decreases from 31% to 25%.
After 25 h at 540 1C, the volume fraction and interconnectivity
decrease further to 0.34 vol% and 8%, respectively (Table 1).

3.3. Elevated temperature compression tests

The stress–strain curves of compression tests at 300 1C are
shown in Fig. 8. Strain hardening is observed for all conditions
until the maximum stress is reached followed by a softening
period. The proof stress s0.2 decreases from 6770.5 MPa in as-
cast condition to 5274 MPa after 1 h at 540 1C and to 5072 MPa
after 25 h at 540 1C. The maximum strength shows a decrease
from 7672 MPa in as-cast condition to 6171 MPa after 1 h at
540 1C, and further to 5771 MPa after 25 h at 540 1C. The s0.2 and
maximum strength values were obtained as the mean of the two
tested samples per condition, while the deviation is only a rough
estimation calculated as the difference of the actual values to
their mean.
4. Discussion

4.1. Iron aluminides

The AlFeSi phase undergoes a slight spheroidization, as evident
from the etched microstructures in Fig. 2 and a decrease in the
volume fraction from 0.9 to 0.34 vol% after 25 h of solution heat
treatment at 540 1C (see Table 1). On one hand, this can be related
to dissolution of particles formed as a consequence of segregation
during solidification and, on the other hand, a phase transforma-
tion may also occur [2]. Three stable aluminide phases can be
present in the Al–Mg–Si–Fe system: α-Al8Fe2Si, β-Al5FeSi and δ-
Al8FeMg3Si6. A transformation of β-Al5FeSi into α-Al8Fe2Si reduces
the volume fraction of the Fe-aluminides for a given Fe-
concentration. If the α- or β-AlFeSi particles transform into
δ-Al8FeMg3Si6 [31], the uptake of Mg decreases the X-ray absorp-
tion contrast of the aluminide particles with respect to the α-Al
matrix [32], causing a segmentation problem. Since the volume
fraction of the Fe-aluminides is below 1 vol% and marginal con-
tiguity was found between the AlFeSi-phases and eutectic parti-
cles, their reinforcing contribution to the macroscopic strength can
be considered as negligible [33,34].

4.2. Si in the ternary eutectic

The disintegration and the rounding of the Si phase owing to
diffusion driven spheroidization (see e.g. [12]) can be observed in
the micrographs shown in Figs. 1 and 2 parallel to the morpholo-
gical changes occurring in the Mg2Si phase. The contiguity
observed in as-cast condition remains unchanged after solution
treatment, suggesting that the interface energy between Mg2Si
and Si is lower than between Al and Si [35].

4.3. Eutectic Mg2Si

The eutectic Mg2Si undergoes morphological changes similar to
those observed for the eutectic Si during solution heat treatment
of cast Al–Si alloys [9], which can be described by the diffusion
controlled spheroidization of the architecture of this phase. It has
been proposed that the spheroidization of Si takes place in two
steps: first, the disintegration of the structure at thinner sections
of the eutectic particles and, second, the further rounding of
disintegrated particles [36]. This process can be followed from
the morphological analysis in the present work: in the first hour of
solution heat treatment, an increase of symmetric saddle-like
surfaces takes place as shown by the curvature analysis in Fig. 6



Fig. 6. Curvature distribution of the Mg2Si phase in (a) as-cast condition, (b) after 1 h at 540 1C and (c) after 25 h at 540 1C.
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(b), that is an indication of neck formation resulting in a larger
fraction of necks. Furthermore, it is seen that the number of Mg2Si
particles increased in the same time period by a factor of 4 (see
Table 1), while the sphericity of this phase remains practically
unchanged (see Fig. 5). These three facts imply that the main
morphological process during the first hour of solution treatment
is the fragmentation of the larger Mg2Si particles by pinching off
the thinner arms.

In the following 24 h of solution heat treatment, the number
of Mg2Si particles increases further by a factor of 1.5, indicating a
further but slower fragmentation of the Mg2Si structure. On
the other hand, the fraction of symmetric saddle-like surfaces
decreases, while the fraction of spheroidal surfaces increases as
reflected by the appearance of a new maximum in the curvature
distribution (see Fig. 6c). These two facts, together with the
prominent shift of the sphericity distribution towards one indicate
that the dominant morphological change between 1 h and 25 h of
solution treatment time is the rounding of disconnected Mg2Si
particles.

4.4. Correlation between the internal architecture and compressive
strength at elevated temperature

A decrease of the elevated temperature compressive strength
with solution heat treatment time can be observed for the
investigated AlMg4.7Si8 alloy in over aged condition. This is
similar to the case of eutectic Al–Si alloys [37], where the load
transfer from the α-Al matrix to the rigid eutectic Si determines
the strength. The load carrying capability of the eutectic Si is given
by its volume fraction, size, morphology, connectivity, spatial
distribution and mechanical properties (see e.g. [14,38]). It was
shown recently that depending on its architecture the Mg2Si phase
can also act as a reinforcement in AlMgSi alloys [9]. The as-cast
microstructure of the AlMg4.7Si8 alloy studied in this work is
characterized by a high level of interconnectivity of the largest
Mg2Si particle (87%—Table 1). This suggests that the strength in
this condition is largely determined by the reinforcing effect of
this single particle, which amounts to 8.7 vol%. To assess the
effect of sphericity on strength, in the 1 h and 25 h solution
treated conditions only the largest Mg2Si particles the volume
fraction of which sum upto 8.7 vol%, are considered. Thus, the
mean sphericity of 1 Mg2Si particle in as-cast condition, 119 after
1 h at 540 1C and 1436 after 25 h at 540 1C is correlated with the
elevated temperature strength. Fig. 9 shows the evolution of
smax and s0.2, of the interconnectivity of Mg2Si and of the mean
sphericity of the largest Mg2Si particles (amounting 8.7 vol%)
with solution treatment time. It can be seen that the strength
of the alloy decreases by about 20% in the first hour of solu-
tion heat treatment and then remains practically constant during
further exposure to 540 1C. The comparison with the morpholo-
gical changes shows, that the dominant microstructural pro-
cess is the partial loss of interconnectivity (from 87 to 57%) in
the period of the initial drop in strength, while the shape of
the individual particles (mean sphericity) remains practically



Fig. 7. Rendered tomographic volumes of the AlFeSi phase in the same 275�300�335 mm3 region as shown in Fig. 4 in (a) as-cast condition, (b) after 1 h at 540 1C and (c)
after 25 h at 540 1C. The different colours indicate unconnected particles within the studied volume. The voxel size is (0.28 mm)3.

Fig. 8. Stress–strain curves of compression tests at 300 1C.
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unchanged, but increases with prolonged solution treatment.
This implies that the high degree of interconnectivity (close to 1)
of the 3D network of Mg2Si has a predominant influence on
the elevated temperature strength of the alloy in comparison to
the shape of individual particles disconnected by solution heat
treatment.
5. Conclusions

The microstructural changes in a gravity cast AlMg4.7Si8 alloy
during solution heat treatment at 540 1C have been investigated
by scanning electron microscopy and synchrotron tomography.
Their influence on elevated temperature compressive strength can
be explained as follows:
‒
 The as-cast alloy contains a highly interconnected 3D network
of Mg2Si of 10 vol% with a coral-like morphology presenting
some contiguity with eutectic Si and, to a less extent, with the
platelet-like Fe-containing aluminides of 1 vol%.
‒
 The solution heat treatment results in a diffusion controlled
spheroidization of the Mg2Si phase that evolves in the follow-
ing two stages: the loss of interconnectivity by pinching off
arms of the larger Mg2Si particles dominates in the first hour,
slowing down afterwards. Further rounding of the discon-
nected particles becomes relevant in the subsequent 24 h of
solution heat treatment.
‒
 The compressive strength (s0.2, smax) at 300 1C decreases by
about 20% after 1 h at 540 1C and remains practically constant
at that level during subsequent solution treatment. The



Fig. 9. Elevated temperature compressive strength, interconnectivity and mean
sphericity of the largest Mg2Si particles amounting to 8.7 vol% in each condition.
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correlation with the morphological analysis shows that the
partial loss of interconnectivity of the Mg2Si phase is the
dominant reason for the drop in strength within a short period
of solution treatment, while the shape, described by the mean
sphericity of the larger particles, increases continuously with
solution treatment time. This indicates that the elevated
temperature compressive strength is more sensitive to the
interconnectivity of the Mg2Si architecture than to the shape
of the individual particles.
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