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A combined 3D investigation of elemental distribution and tensile fracture behaviour was carried out using
synchrotron x-ray micro-tomography and absorption edge tomography for two near eutectic cast Al-Si-Cu-Ni
alloys. Absorption edge tomography allowed the identification of intermetallics three-dimensionally based on
the Cu/Ni distribution and morphology of the phases. In addition, inhomogeneities in the distributions, espe-
cially on the surface of intermetallics, were revealed by this technique. A correlation of the post-mortem state

with the 3D Cu and Ni distributions showed that the main crack tends to propagate along interfaces between
different types of intermetallics, while local inhomogeneities in element distribution within intermetallics acted

as crack deflection sites.

The microstructure of cast near-eutectic Al-Si alloys for automotive
applications consists of highly interconnected 3D hybrid networks of
eutectic/primary Si and multi-component intermetallics embedded in
an age hardenable a — Al-matrix. Their interconnectivity, morphology,
distribution and composition play a crucial role on damage behaviour,
as shown in previous works by the authors and others [1-4]. Damage
during tensile deformation and thermo-mechanical fatigue of these al-
loys initiates in the form of microcracks through primary Si clusters and
propagates further through intermetallics such as y-Al;CuyNi, 5-Al3NiCu
and p-AlsFeSi [1,2,4-6]. Morphological changes of Cu-rich intermetallics
induced by solution treatment at 500 °C/4 h have shown to reduce local
connectivity of the 3D hybrid network of an AlSi12Cu4Ni2 alloy,
resulting in reduced strength and increased elongation at fracture during
RT deformation [2]. Ni contents above 2 wt.% resulted in the formation
of the needle-like & phase, leading to an increase of local connectivity of
the 3D network in an AlSi12Cu4Ni3Mg alloy and earlier damage for-
mation during deformation at 300 °C [1]. Efforts have been made to
reveal the 3D elemental distribution within intermetallics in cast Al-Si
alloys: e.g. Asghar et al. [7] used light optical tomography for 3D
visualization of individual intermetallics. Liu et al. used transmission
X-ray microscopy to reveal the 3D distribution of Ni and Cu within a
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Ni-Cu-rich intermetallic in a cast AlSi10Cu5Ni2 alloy [8]. However,
these techniques are destructive or restricted to small volumes and do
not allow a direct correlation between damage and 3D elemental dis-
tribution. On the other hand, dual-energy K-edge subtraction imaging
and synchrotron X-ray microtomography (sXCT) have been applied to
study the evolution of the spatial distribution of Cu during solution
treatment in an Al-Si-Cu alloy [9,10] and also on other Al-based mate-
rials such as Al-Zn-Mg foams [11]. For Al-Si-Cu alloys, the beneficial
effect of homogenization during solutionizing on mechanical properties,
as revealed by the Cu distribution, has been mainly attributed to a
reduction in the growth rate of micropores that promote crack initiation
and propagation [9]. However, the effect of the 3D element distribution
in intermetallics and their inhomogeneities on the fracture behaviour of
Al-Si alloys, in which porosity plays a minor role [2], remains to be
investigated. In this study, synchrotron x-ray micro-tomography and
synchrotron absorption edge tomography (sAET) were applied to tensile
specimens of near-eutectic Al-Si alloys to enable the combined 3D
investigation of elemental distribution, phases morphology and damage
as a function of alloy composition.

Two cast near-eutectic Al-Si alloys with different Cu, Ni and Mg
contents were investigated (Table 1).
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Table 1
labelling and chemical composition of investigated alloys.

Alloy labelling approx. chem. composition [wt.%]

Al Si Cu Ni Mg Fe
AlSi12Cu3Ni2 1232 bal. 12.3 ~3 ~2 <1 ~ 0.4
AlSi12Cu4Ni2Mg 12421 bal. 12.5 ~4 ~2 ~1 ~0.4

The designations 1232 and 12421 will be used hereafter for
AlSi12Cu3Ni2 and AlSi12Cu4Ni2Mg, respectively. The alloys were
produced by gravity die casting by Kolbenschmidt GmbH and their
composition was measured by mass spectroscopy. sXCT and sAET were
performed at the beamline P05, operated by Helmholtz-Zentrum Hereon
at the PETRA III/DESY in Hamburg, Germany [12]. Samples were spark
eroded to a flat dogbone-shaped geometry with a thickness of 150 - 200
um to ensure sufficient X-ray transmission for tomographic scans at
lower energies (gauge volume ~ 1 x 0.2 x 2 mm?® Supplementary
Figure S1 a)) [13]. No further sample preparation like surface polishing
was performed. An in-situ tensile rig available at the beamline P05 was
used in the experiments (Supplementary Figure S1 b)). First, SAET was
performed below and above the K-edges of Ni (8.310 keV and 8.350 keV,
respectively) and Cu (8.960 keV and 9.0 keV, respectively). Then, the
energy was increased to 20 keV, at which point sXCT was performed of
the tensile specimen in initial condition and post-mortem condition at
RT. Table 2 shows the parameters for the sXCT and SAET scans.

Finally, the 3D tomographic data was analysed to determine the ef-
fect of 3D elemental distribution on fracture behaviour. The softwares
Fiji [14] and Avizo Fire were used for 3D data processing and analysis.
To obtain the 3D elemental distribution of Ni and Cu, the tomographic
scans acquired at energies above and below the absorption K-edges of
each element were first normalized with respect to the beam intensity
and then subtracted from each other after pixel-accurate registration [8,
15]. For noise reduction a 3D median filter was applied.

To gain understanding of the phase formation, composition and
distribution thermodynamic simulations were performed using the
CALPHAD method, using the software Thermo-Calc 2023a [16] and the
TCAL7 database for Al. Scheil-Gulliver calculations showed that the
phase fraction and composition of a phase depend on the contents and
ratios of Ni:Cu, Ni:Fe and Cu:Mg (Supplementary Figure S2). A more
detailed description can be found in the supplements. However, the
phase fractions and their composition may vary from theoretical esti-
mations as the real casting process can result in metastable phases and
inhomogeneities in phase composition. It is therefore essential to iden-
tify experimentally the 3D distribution of intermetallic-forming
elements.

SEM micrographs and EDX maps (Supplementary Figure S3) reveal
the presence of several Al-Cu-Ni, Al-Fe-Ni, Al-Cu and Al-Cu-Mg-Si rich
intermetallics in both studied alloys. Point EDX measurements and
correlation with literature [17-21] allowed an identification based on
elemental concentrations as: Si, 0-Al,Cu (25 - 53 wt.% Cu), 8-Al3(Cu,Ni)o
(~ 30-60 wt.% Ni, ~ 5-31 wt.% Cu), T-AlgFeNi (4.5 — 14 wt.% Fe, 18 -
28 wt.% Ni), p-AlsFeSi (25 - 30 wt.% Fe, 12 - 15 wt.% Si), =-
AlgFeMgsSic (~ 11 wt.% Fe, 14 wt.% Mg, 33 wt.% Si) and a-Al;s(Fe,
Mn)3Siy. The alloy 12421 additionally contains MgsSi (~ 63 wt.% Mg,

Table 2
Parameters for sXCT and sAET.
E voxel sample-to- Nr. of exposure total
[keV] size detector proj. time scan
[pms] distance [ms/proj.] time
[mm] [min]
sXCT 20 1.28 60 2001 280 14
SAET 8.310/ 1.28 60 2001 1050 42
8.350
8.960/
9.000
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36 wt.% Si) and Q-AlsSigCusMgg (~ 20 wt.% Cu, 31 wt.% Mg, 27 wt.%
Si), and also has a larger fraction of y-Al;CusNi (~ 38 - 50 wt.% Cu, 11.5
— 22 wt.% Ni) owing to the higher content of Cu in this alloy. These
phases have also been frequently observed to form in commercial alloys
within the Al-Si-Cu-Ni-Fe-Mg-Mn system, e.g. [17-21]. Qualitatively,
there also appears to be a transition towards more needle/plate-like
morphologies of the Cu-Ni-rich intermetallics in alloy 12421
compared to alloy 1232 which also exhibits this type of intermetallics in
smaller, more compact morphology.

Quantification of the 3D networks of eutectic/primary Si and in-
termetallics within a large representative 3D volume obtained by sXCT
revealed a volume fraction of the hybrid 3D network of 20.6 + 1 vol.%
and 24.8 + 1.2 vol.% for 1232 and 12421, respectively. The in-
termetallics volume fraction amounts to 12.4 + 0.2 vol.% and 18.2 +
0.5 vol.% for 1232 and 12421, respectively. 3D visualizations of the
hybrid networks formed by Si and intermetallics are shown in supple-
mentary Figure S4.

sAET enables element sensitive 3D imaging: As Cu and Ni are present
in the y and & phases, this technique provides information about the
homogeneity of the 3D distribution of these elements and the thermo-
dynamic stability of the phases. Moreover, the p phase can also be
identified since it does not contain Ni nor Cu. The a-Al;5(Fe,Mn)3Sis
phase also contains Ni and Cu and can be distinguished by morphology.
Si can be distinguished by its grey value in the reconstructed 2D slices.
Mg-Si and Q-AlsSigCusMgg can be identified on the basis of their bulky,
sponge-like morphology, based on the information obtained from 2D
SEM micrographs and the EDX maps as a reference (Supplementary
Figure S3). The Al-Fe-Ni rich T phase can be identified by its Ni content
and plate-like morphology. Fig. 1 shows representative 2D sXCT slices
acquired at an energy of 20 keV (left) and the corresponding distribution
of Ni (middle) and Cu (right) obtained by sAET. For alloy 12421 Si, Al-
Cu-Ni-, Al-Fe-Ni-, Al-Cu- and Al-Cu-Mg-Si-rich phases could be identi-
fied, while Si, Al-Cu-Ni-, Al-Fe-Ni- and Al-Cu-rich phases were found in
alloy 1232. Based on their morphology, bulky Al-Cu-Ni-rich phases are
more likely to be of the y type, whereas & has more needle/plate-like
morphologies. On several occasions Al-Cu-rich and Al-Cu-Ni-rich pha-
ses, most probably 6, y, 8, are found adjacent to other Al-Cu-Ni-rich,
which may be a consequence of phases that nucleated onto other ones
which are known to form earlier during solidification, e.g. y formed on
the surface of & [20]. Based on information about phase compositions
from the TCAL7 database and literature a substitution of Cu — Ni, Cu —
Fe and Ni — Fe within ternary AINi(Cu or Fe) intermetallics can be ex-
pected depending on the Ni, Cu and Fe content of the alloy system. Thus,
Ni-Fe-rich phases can also serve as nucleation sites for Al-Cu-Ni-rich
phases, as it has also been frequently reported, e.g. [20,21].

Fig. 2 shows a 3D visualization of the Cu and Ni distributions as well
as both elements superimposed. Histograms of elemental intensity dis-
tributions (Supplementary Figure S5) show that alloy 1232 presents
very similar intensity for Cu- and Ni-rich regions. Alloy 12421 has a
significantly higher Cu content within its intermetallics compared to Ni.
In addition, the Cu-rich regions have an intensity that is about 100%
larger than those of 1232, whereas the concentration of Ni-rich regions
is similar for both alloys. In addition, the Ni-containing intermetallics
show more needle/plate-like morphologies compared to the 1232 alloy.
There also appear to be inhomogeneities in the Cu and Ni distribution on
the surface of the Al-Ni-Cu-rich intermetallics as indicated with orange
arrows in the enlarged 3D visualizations in Fig. 2. This is also in
agreement with SEM/EDX mappings (Supplementary Figure S6, in-
homogeneities indicated by arrows).

A RT tensile test was carried out. The sample was deformed with a
constant displacement rate of 1 um/s for alloy 12421 to investigate the
influence of intermetallics, their morphology and their 3D elemental
distribution within intermetallics on the fracture behaviour of the alloys.
As damage mechanisms during tensile deformation were found to be the
same for several cast near-eutectic Al-Si-Cu-Ni-(Mg) alloys at ambient
and elevated temperatures in previous works by the authors [1,2], the
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Fig. 1. (left) 2D tomographic slices acquired at energies of 20 keV (optimal condition for tensile tests), and corresponding Ni (middle) and Cu (right) distribution
maps determined as the difference between scans acquired below and above the absorption K-edge of each element for a) 1232 and b) 12421. Identified phases are

indicated by colour-coded circles.
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Fig. 2. 3D visualization of the overlapped individual elemental distribution of Cu (red) and Ni (green). The orange and blue rectangles correspond to the enlarged 3D

visualized regions below.

results are expected to be representative for this alloys’ family. Fig. 3a)
shows the stress-strain curve obtained. A rather brittle behaviour with
an elongation at fracture of about 0.4% and a maximum tensile strength
of ~310 MPa is observed. The high stiffness can be attributed to the
observed highly interconnected 3D network of primary rigid phases that
has a significant strengthening effect on the material added to the

precipitation and solid-solution strengthening, as shown in the authors’
previous work and by others [1,2,22]. The results obtained for miniature
specimens are in good agreement with mechanical properties given by
Kolbenschmidt for standard tensile test specimens at RT, i.e. UTS = 270
MPa, Rpg.2 = 230 MPa, A% ~ 0.5%.

Previous studies showed that crack initiation in these alloys typically
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c)
O main crack @ intermetallics

Fig. 3. a) stress-strain curve obtained during a tensile test at RT for 12421; b) reconstructed 2D slice of the post-mortem state and c¢) corresponding 3D visualization

of intermetallics (blue) and the main crack (yellow).

occurs by microcracking through primary silicon particle clusters.
Cracking through intermetallics occurs only in the final stages of
deformation. Final failure is caused by a coalescence of cracks through
primary Si and intermetallics [2]. Crack initiation and accumulation
through Si particles has been extensively studied [1,2], now the focus is
on the influence of intermetallics on main crack propagation and frac-
ture behaviour. The 2D tomographic slice of the sample in the
post-mortem state shown in Fig. 3b) gives a first impression of the role
played by the rigid phases (intermetallics and Si) in the propagation of
the main crack. The superimposed 3D visualization of the intermetallics
(blue) and the main crack (yellow) in Fig. 3c) further emphasises how
the main crack propagates through intermetallics rather than the
Al-matrix or the matrix/intermetallic interface, typical for this alloy
family [2].

A correlation between the 3D elemental distribution and fracture
behaviour can now be established. Fig. 4 gives insight into the hetero-
geneous distribution of the elements Cu and Ni within the intermetallics
for both alloys. A variation in Cu and Ni through the thickness of the
particles, particularly towards their surface, can be seen at several lo-
cations. This can be explained by the relatively fast solidification rates
during casting (~ 50 K/min), which do not allow for the complete sta-
bilisation of the intermetallics. Similar observations were reported by Y.
Liu et al. [8] for an as-cast AISi10Cu5Ni2 alloy using transmission X-ray
microscopy on a Cu-Ni-containing intermetallic. In addition, the heter-
ogenous elemental concentration within the intermetallics appears to be
more pronounced for Cu. This can be explained by the different solu-
bilities of Cu and Ni in the Al-matrix. While Ni, with low solubility, is
rejected into the residual liquid during solidification and reaches a local
concentration sufficient to form thermally stable intermetallic com-
pounds, Cu, with higher solubility, only contributes to the formation of
low-melting Cu-Ni-rich/Cu-rich compounds directly from the residual

a) 1232

wrl gpe

wr epe

liquid once it is enriched in Cu. Ni, on the other hand, is assimilated from
locally enriched residual liquid from the dissolution of previously
formed Ni-rich phases (e.g. €) [17,20,21,23]. This phenomenon is
particularly evident for alloy 12421 (Fig. 4b), probably as a consequence
of the formation of a larger fraction of the high Cu-containing y phase in
addition to the § phase, which generally has similar Cu/Ni contents. This
is also consistent with SEM/EDX results, which show the presence of
Cu-rich phases, predominantly 8§ and, occasionally, 6, for alloy 1232,
while alloy 12421 shows a large fraction of additional low melting point
y phase with up to 50 wt.% Cu content and qualitatively larger and more
numerous 0 particles.

The alloys studied were artificially aged and therefore show more
significant variations, which agrees with literature. Toda et al. [9] ob-
tained the Cu-distribution in an Al-Si-Cu alloy using a similar approach.
It was found that the alloy exhibited the highest mechanical perfor-
mance after solution annealing for 7.2 ks at 807 K attributed to ho-
mogenisation and the associated slower growth of micropores, which
induce stress concentrations during tensile deformation. In contrary, the
alloys studied do not exhibit a high degree of porosity induced by het-
erogeneities. Rather, an examination of the 3D elemental distribution in
the post-mortem state reveals that intermetallics and inhomogeneities
do have an influence on main crack propagation. The 2D slice in Fig. 5a)
shows the intermetallics in which the Ni concentration is higher than Cu
in green, while those with higher Cu concentration than Ni are shown in
red. The main crack propagates through interfaces between these
different types of intermetallics as indicated by the blue arrows and also
the 3D visualization within the blue rectangle. Also, locations with
apparent inhomogeneities in the Cu/Ni distribution within an interme-
tallic are repeatedly found to act as sites for crack deflection as indicated
by the pink arrows and the corresponding 3D visualizations enclosed by
blue and orange rectangles, probably due to a mismatch in deformation

intensity distribution

Fig. 4. Distribution of Cu (left) and Ni (right) for a) 1232 and b) 12421.
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Fig. 5. a) correlation of 3D elemental distribution of Cu (red) and Ni (green) with main crack propagation (yellow) after tensile testing at RT, b) distribution of Cu-

and Ni- rich intermetallics along the fracture surface.

behaviour between these regions. The fracture surface shown in Fig. 5b)
indicates that the crack tends to propagate along large plate-like
Al-Cu-Ni structures.

In conclusion, a combined study of the 3D elemental distribution,
phase morphology and fracture behaviour of two cast near eutectic Al-Si
alloys has been conducted. sAET revealed the Cu and Ni distribution.
Inhomogeneous element distributions at the surface of intermetallics
and Cu-rich and Cu-Ni-rich intermetallics adjacent to Cu-Ni-rich or Ni-
Fe-rich intermetallics formed during earlier solidification sequences
were observed. sXCT after RT tensile fracture showed that the main
crack propagated along rigid phases rather than through the matrix.
Crack propagation appears more likely to occur through interfaces be-
tween different Ni- and Cu-rich intermetallics. Local inhomogeneities in
Cu/Ni distribution within intermetallics act as sites for crack deflection.
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