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A B S T R A C T

Sustainable aluminum production for the automotive industry with a high content of recycled material offers 
considerable potential for CO2 footprint reduction and cost savings. A three-dimensional characterization of cast 
AA6016 alloys with <50 wt% and >75 wt% of recycled aluminum was carried out to assess the volume fraction, 
total number and surface area of intermetallics and casting voids using high-resolution synchrotron X-ray to
mography. A new data analysis method is presented to describe morphology of intermetallics based on a surface 
area/volume by volume plot, which allows for better classification of their different geometry clusters even for 
small modifications of Fe and Mn in the cast alloy.

The economic importance and environmental benefits of maximizing 
the recycling of aluminum have been discussed for several decades [1]. 
A closed recycling loop for aluminum from vehicles at the end of their 
useful life is an important goal for sustainable production [2,3]. New 
technologies are emerging for the development and industrial use of 
sensor-based scrap sorting processes for the separation of wrought alloys 
by alloy type in large quantities [4]. Producers are encouraged to use 
more aluminum scrap sources, to lead to a significant CO2 reduction [5], 
but impurities, especially Fe, in the recycled aluminum alloy can cause 
an increased number of detrimental intermetallic components [6–14]. 
The latter can lower the strength and ductility in the casting and worsen 
sheet bending performances, especially for high percentages of scrap 
content [15–17]. On the other hand, it is possible to engineer the 
intermetallic phases in such a way that they have a positive influence on 
the mechanical properties during certain temperature treatments 
[18–20]. To satisfy the requirements of the automotive industry, the 
formation of detrimental intermetallic compounds in cast primary and 
recycled material as well as their influence on the mechanical perfor
mance of the alloys must be understood and controlled. For the common 
analysis of voids and intermetallic compounds, SEM or TEM methods are 
used, which provide a 2D image of the morphology with sufficient 
spatial resolution but insufficient statistical relevance [21–23]

Over the last few decades, 3D X-ray computed tomography (X-CT) 
has developed into a very powerful tool for analyzing the internal 
structure of matter [24–26]. This method has been successfully used in 

the past to investigate various aluminum alloys and to gain further in
sights into the spatial relationships between the voids and the inter
metallic constituents [24,26–29]. In this work we apply synchrotron 
X-ray tomography to study in detail and quantitatively compare the 3D 
morphology of particles and voids in AA6016 samples produced from 
primary and recycled aluminum. The aim is to obtain comprehensive 
statistical 3D data, which can hardly be obtained from individual 2D 
electron microscopy measurements, in order to characterize the volume 
fraction of intermetallics and voids, the surface, shape, distribution and 
network arrangement, demonstrating the potential and advantages of 
the method. This knowledge can help tailor the production process to 
minimize the impact of high amounts of recycled aluminum on alloy 
performance.

Cylindrical samples of dimensions 1 − 3 mm in diameter and 2 − 10 
mm in length of the commercial alloy AA6016 used by the automotive 
industry and provided by Novelis Switzerland SA were prepared from 
direct chill (DC) casted ingots. High-resolution synchrotron X-CT was 
performed at the TOMCAT beamline of the Paul Scherer Institute, Vil
ligen, Switzerland. The experimental setup, where a cylindrical sample 
is placed on a rotation stage and the X-ray intensities transmitted 
through the sample are converted into light by a 20 µm-thick LuAG:Ce 
scintillator, is shown in Fig. S1. The projections are transferred by a 10x 
optical microscope to a sCMOS camera (pco.edge 5.5, PCO, Kehlheim, 
Germany) and recorded. With a monochromatic beam of 21 keV, 2000 
projections per tomogram, an effective pixel size of 0.65 µm, a field of 
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view of 2560 × 2160 pixels and an exposure time of 250 ms per pro
jection, tomograms were acquired in around 9 min per sample by 
rotating them over 180◦. The spatial resolution was in the range of 1.3 −
1.5 µm, sufficient to observe a large number of casting voids and in
termetallics in the analysed volume of 1.5 mm × 1.5 mm × 1.4 mm.

The recorded projections were corrected with previously recorded 
flat and dark fields and a single-distance phase retrieval method was 
applied to reduce the edge enhancement and increase the contrast of the 
images based on the complex refractive index [30]. For this purpose, the 
parameters δ = 10–7 and β = 10–9 were used at a distance of 10 mm. The 
tomographic reconstruction was performed using the Gridrec algorithm 
[31].

To demonstrate the potential of the method we studied quantita
tively the size distributions, volume fractions, total number of in
termetallics and casting voids, surface area and network structure of the 
commercial AA6016 alloy with low recycling content (<50 wt%) and a 
modifiedAA6016-RC alloy with high recycling content (>75 wt%) 
containing 0.3 wt% Fe and up to 0.2 wt% Mn depending on the scrap 
availability in the DC casting condition The composition of the alloys 
can be found in Table 1. This characterization will allow for a better 
comparison and a finer adjustment of production parameters to modify 
the morphology of the intermetallics or avoid negative effects on ma
terial quality.

To prepare the reconstructed volumes for segmentation two distinct 
approaches were taken: 

(1) The segmentation for fine detail was initiated by a difference of 
Gaussians (DoG) filtering which was performed in ImageJ [32]. 
There, a 3D Gaussian blur (σ = 43, μ = 1) of the original volume 
was created and reduced by 0.05 times of its mean value. The 
resulting offset Gaussian blur was then subtracted from the 
original volume to create the DoG volume. To suppress the side 
effect of bloom at the interfaces between low absorbing regions 
(voids) and matrix, the former were segmented from the gaussian 
blur image by thresholding. The segmented void volumes were 
subsequently dilated 7 times with a 3 × 3 × 3 kernel and sub
tracted from the DoG volume. Following this preparatory step, 
images were further analyzed with the software Dragonfly 3D 
World (Comet Technologies Canada Inc, version: 2024.1.0.1597) 
[33]. Particles were segmented from the DoG volume by manu
ally thresholding the volume, gradually approaching increasing 
threshold intensities until the background noise was excluded. 
The voids were segmented from the unfiltered, reconstructed 
volume as the contrast between voids and matrix was much 
higher.

(2) In the segmentation for quantitative analysis the DoG filter was 
substituted for the slope map filter from Dragonfly 3D World. 
Using this approach, finer details were suppressed due to some 
residual bloom around the particles, which allowed for an overall 
more stable quantitative analysis of volume fractions and total 
surface.

To further prevent noise from interfering with the segmentation, in 
both segmentations, connected regions below a volume of 5 voxels were 
discarded. Voids and particles were masked by a cylindrical region of 
interest to remove local tomography artifacts in the outer region caused 
by contributions from the external volume. Volume fractions were ob
tained by comparing the voxels labeled as particles and voids with the 

cylindrical region of interest. The individual objects were labeled using a 
26-connected kernel and their individual volumes and surface areas [34] 
calculated to depict their distributions. All rendered volumes were dis
played in orthographic projection.

Complementary scanning electron microscopy (SEM) and energy 
dispersive X-ray spectroscopy (EDX) were performed on the samples to 
show in detail different compositions and morphologies of the particles 
and compare them with the tomographic results. The area fraction of the 
Fe-containing intermetallics was acquired by simple thresholding of the 
corresponding particles.

SEM and EDX performed on AA6016 and AA6016-RC samples show 
different AlFeSi intermetallics phases and their morphology and voids 
(see Fig. 1). The comparison between both alloys shows slight differ
ences between the amount of intermetallics. By analyzing several 2D 
SEM images similar to the ones shown in Fig. 1(a) and (b), the per
centage of 2D surface area of Fe-containing intermetallics without 
distinction between the phase type (i.e. if α- or β-AlFeSi) could be esti
mated to 0.97±0.12% for AA6016 and 1.2 ± 0.2% for AA6016-RC by 
thresholding, indicating a higher amount of Fe-containing intermetallics 
in the recycled alloy. Nonetheless, this standard method has some lim
itations as i) it needs a large number of single images taken in different 
zones of the sample, ii) it provides area fractions instead of volume 
fractions as e.g. given by simulations, iii) it assumes a relative homo
geneous distribution of the particles, iv) it does not give information 
about the real 3D shapes and sizes of the particles but only a cross sec
tion and v) it does not take into account superordinated network 
structures such as cluster of particles.

To obtain a more precise evaluation of the morphology, 3D X-CT was 
performed, whose contrast and spatial resolution is sufficient to resolve 
voids and Fe-containing intermetallics. Fig. 2(a) and (b) show repre
sentative slices extracted from a tomographic volume comparing the 2D 
structure of voids and intermetallics for AA6016 and AA6016-RC, 
respectively. Similar to SEM images slight differences of more pro
nounced intermetallics for AA6016-RC can be observed, a condition that 
is found all over the scanned volume. Fig. 2(c) and (d) show a magnified 
view of single intermetallic particles selected for both conditions. The 
spatial resolution allows for a detailed observation of their morphology, 
which allows them to be identified as α-phase intermetallics. Casting 
voids are predominantly found attached to intermetallics in both cases, 
but not always (see Fig. 1(c) and (d) and Fig. 2(c) and (d)).

A segmentation step to separate the intermetallics and voids from the 
aluminum matrix was applied to the tomographic volume datasets. 
Fig. 2(e) and (f) show the interconnection of segmented intermetallic 
particles projected to a single slice as red overlay. There, we can observe 
that most of the supposedly unconnected intermetallics in 2D are 
interconnected in 3D, which emphasizes the need for 3D evaluations. 
The corresponding intermetallic networks of β-AlFeSi and α-AlFeSi 
particles are shown in 3D in Fig. 2(g) and (h), respectively. In general, 
α-particles are rounder than β-particles which appear as thin plates 
(needle shape in 2D analyses). For a more detailed identification of the 
individual phases with their atomic composition or their crystal struc
ture, an approach as shown by Kral would be required [35].

An accurate comparison of the morphology of the individual inter
metallic particles reveals major differences. Most particles contained in 
the alloy with low amount of recycled material have a spindly structure 
consisting of thin, elongated and slightly curved plates. These plates 
form a complex network in which several of them are often connected in 
nodes. In many sections there are thin square plates attached to the long 
plates (Fig. 2(g)). The thinnest dimension of any submorphology rarely 
surpasses 2 µm, with even thicker sections of intermetallics remaining 
below 5 µm. They are β-phase AlFeSi when compared to the SEM images 
(Fig. 1), where their overall shape corresponds to square or elongated 
platelets [36]. Coexisting with this prevalent morphology is a second 
morphology. The intermetallics belonging to this specific habit form in 
flat lamellae with a ribbed inner structure, which often form star-shaped 
in 3 or 4 lamellae around a central nucleation site, which can be best 

Table 1 
Chemical composition (wt. %) of major alloying elements in the samples used in 
this study.

Alloy Si Mg Fe Mn Cr

AA6016 1.2 0.4 0.2 0.08 0.04
AA6016RC 1.2 0.4 0.3 0.15 0.04
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observed in AA6016-RC (Fig. 2(h)). The comparison with SEM images 
confirms this particle morphology as α-AlFeSi particle matching with 
morphologies investigated by Lui et al. using SEM imaging on 
etched-free intermetallics [37].

While α-AlFeSi and β-AlFeSi intermetallics are present in the AA6016 
alloy, AA6016-RC is dominated by a more interconnected network of the 
larger and bulkier α-phase intermetallics. In general, both morphologies 
can be found in either sample, however their respective quantities and 
network arrangement differ. Moreover, the alloy AA6016-RC has a 
higher content of manganese coming from scrap sources, which stabi
lizes the α-AlFeSi during casting solidification when it would mostly 
form as β-AlFeSi without it [38,39]. Many studies have reported the 
effect of manganese in the stabilization of α-AlFeSi [40–45].

Fig. 3 reveals that the majority of all intermetallic particles and also 
voids are arranged in networks, which can be only identified in 3D. The 
volume of a single sample measured with tomography is 3 mm3, which 
cannot realistically be achieved with an SEM slide-by-slide examination, 
and it is larger than previously analyzed 3D volumes [18–20].

The voids in AA6016-RC are double in volume (0.1 vol% vs 0.05 vol 
%) but distributed in smaller individual larger volumes as compared to 
AA6016, where large voids form fewer but larger local clusters between 
grain boundaries attached to intermetallics as can be observed in Fig. 3 
(e) and (f). However, it is assumed that the void volume and network 
configuration in the alloys might have no influence, as the pores will be 

closed during the subsequent hot rolling process.
In Fig. 4(a) and (b), we can observe the area fraction of intermetallic 

particles distributed over the whole sample height and obtained from 
the tomographic slices of (a) AA6016 and (b) AA6016-RC. This analysis 
simulates the results which are usually obtained from single SEM im
ages. The large standard deviation (>50% of the mean value) shows the 
inaccuracy of such an approach depending on the position in the sample, 
because intermetallics particles are often connected in clusters and 
locally not homogeneously distributed. This serves to explain the dif
ference in area fraction between X-CT and SEM because the area fraction 
is highly dependent on the position it was taken from. This is reinforced 
by the evidence that the volume fraction was calculated based on a 
segmentation where the fine structures were obscured and thus 
comparatively over-segmented. To mitigate this effect, the choice of the 
segmentation approach becomes an important factor to consider. 
Particularly, machine learning based methods could provide for a higher 
degree of detail at the cost of up-front time investment. Fig. 4(c) and (d) 
show the histogram of the absolute volumes of individual clusters (in 
green) next to their volume over surface as a shape factor (in light blue) 
for AA6016 and AA6016-RC based on DoG segmentation. Observing the 
scatter plot of the clusters in this parameter window (dark blue dots), we 
can observe 3 different types of intermetallic cluster populations, with 
different volume/surface in AA6016: type 1, 2 and 3 with large, low and 
medium volume/surface ratio, respectively, as shown in Fig. 4c). In 

Fig. 1. SEM images of AA6016, (a) with low and (b) with high amount of recycled material. (c) and (d) are magnified images showing a more detailed view of voids 
and intermetallic particles in the region marked with a red square in (a) and (b). Different α-AlFeSi and β-AlFeSi intermetallic particles and voids are indicated. (e) 
and (f) are the corresponding EDX maps of Fe (blue), Mn (green), Mg (pink) and Si (yellow). Manganese contents in (e) did not surpass the detection limit and thus 
were omitted.
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AA6016-RC the type 2 cluster is more pronounced than in AA6016 and 
type 3 is almost not present (see Fig. 4d)), which can be attributed to the 
low presence of the β-AlFeSi phases in alloys with high recycled amount 
of material.

A quantitative analysis of the segmented intermetallics and voids 
with calculation of their volume percentage and total surface is pre
sented in Table 2. We can observe that the volume fraction of all in
termetallics measured by 3D X-CT is ~40% larger in the sample 

Fig. 2. Reconstructed tomographic slices extracted from 3D tomograms of AA6016 alloy made (a) with low and (b) with high content of recycled material. In
termetallics can be observed in white, voids in black. (c) and (d) are magnified views showing a more detailed view of voids and of the intermetallic particles. The 
typical morphology of α-phase intermetallic particles (α-AlFeSi) can be observed. (e) and (f) show segmented intermetallics (in red) in both alloys which seem not to 
be interconnected, but (g) and (h) show in 3D that they are actually interconnected by a network of several hundreds of micrometer length.
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containing a higher amount of recycled material (i.e. higher Fe content). 
On the other hand, the intermetallics interface is ~27% lower in 
AA6016-RC, which can be attributed to the broader morphology of the 
particles and a stronger bonding between them in this alloy. This may 
also contribute to the fact that AA6016-RC can exhibit similarly good 
mechanical properties to AA6016 despite a higher intermetallic volume 
fraction. While the 2D analysis of the 2D X-CT slices provides very 
similar values due to extensive statistical data, the conventional 2D SEM 
analysis of the same sample obtained from 3 images of different regions 
underestimates in this case the volume fraction of intermetallics and 
varies considerably depending on the region of the sample the images 
are taken from (see Fig. 4(a) and (b)). The large standard deviation in 
the 2D analysis of the 2D X-CT slices emphasizes the need for 3D 
analysis.

The influence of the type of cluster structure besides the volume 
percentage and type of intermetallics on alloy performance needs to be 
studied as well as how to modify them during casting and successive 
homogenization and hot rolling. Controlling morphology and precipi
tating phase during the whole aluminum sheet processing is funda
mental as microvoids and intermetallics have a direct effect on bending 
performance for hemming in automotive products.

We can conclude that: 

- 3D synchrotron X-ray tomography is a powerful characterization tool 
to image in 3D voids and intermetallics in Al-alloys, enabling the 
observation of particle clusters and their network configuration as 
well as better statistics of the volume fraction compared to conven
tional SEM 2D analyses.

Fig. 3. 3D reconstructed rendering of tomograms of AA6016 alloy made (a), (c) and (e) with low and (b), (d) and (f) with high amount of recycled material showing 
voids in blue and the intermetallics in yellow. Interconnected particles and voids show different network structures.
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- AA6016-RC has a larger volume fraction of voids and intermetallics 
as well as a size distributions of clusters of interconnected in
termetallics shifted to larger volumes compared to AA6016.

- The proposed volume/surface area analysis is an efficient method to 
highlight difference in the distribution of intermetallics clusters. 
Three different cluster types of intermetallics were identified in 
AA6016. In AA6016-RC the type 2 cluster is much more pronounced 
than in AA6016, and type 3 is almost absent, indicating less β-AlFeSi 
phases. This suggests that although there is more Fe in AA6016-RC 
than in AA6016, the number of β-AlFeSi phases is lower due to a 
higher Mn content.
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