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The addition of 200 ppm strontium to an Al- 10 wt.% Si casting alloy changes the
morphology of the eutectic silicon phase from coarse plate-like to fine fibrous
networks. In order to clarify this modification mechanism the location of Sr within
the eutectic Si phase has been investigated by a combination of high-resolution
methods. Whereas three-dimensional atom probe tomography allows us to
visualize the distribution of Sr on the atomic scale and to analyse its local
enrichment, transmission electron microscopy Yyields information about the
crystallographic nature of segregated regions. Segregations with two kinds of
morphologies were found at the intersections of Si twin traces: Sr—Al-Si co-
segregations of rod-like morphology and Al-rich regions of spherical morphology.
Both are responsible for the formation of a high density of multiple twins and
promote the anisotropic growth of the eutectic Si phase in specific
crystallographic directions during solidification. The experimental findings are
related to the previously postulated mechanism of "impurity induced twinning".

1. Introduction

Minor additions of a few 100 ppm of certain specific modifying elements such as Sr,
Na, Ca, Ba or Eu change the eutectic microstructure of AI-Si casting alloys
drastically. The modification of the eutectic Si phase in an Al-Si alloy by Na was first
reported in 1921 [1]. Since then, the modification effect has been the subject of many
hundreds of publications and many reviews [2-4]. Several mechanisms of eutectic
modification have been predicted. The two most established growth models of
eutectic modification from coarse plate-like into fine fibrous Si morphology are, i)
restricted growth of the "twin plane re-entrant edge” (TPRE) mechanism [5] based on
{111} twinning and involving <112> directions [6, 7] and, ii), "impurity induced
twinning" that can be explained by the adsorption of impurity atoms on {111} close
packed planes, which promotes {111} twinning by displacing a {111} monolayer
growth step to an alternative stacking sequence [8].
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The formation of a high density of twins in Sr-modified Si fibres suggests that
modifiers play an important role for Si twinning. A direct visualization of the modifying
elements using conventional analytical methods is difficult because of the resolution
limit of most imaging techniques and the very low amounts involved, e.g. just 80—-120
ppm Sr in Al-Si alloys. Recently, X-ray fluorescence microscopy (4-XRF) revealed
that Sr segregates exclusively to the eutectic Si phase in an alloy Al- 10 wt.% Si— 1
wt.% Cu modified by 250 ppm Sr and is distributed homogeneously within the
eutectic Si phase [9]. In contrast to this result, the investigation of the eutectic Si
phase by means of atom probe tomography (APT) indicated a heterogeneous
distribution of Sr [10]. Two distinct types of complex Sr—Al-Si co-segregations were
identified. Type | co-segregations are of rod-like morphology and are located at the
intersections of twin traces. They are responsible for the formation of multiple twins in
the eutectic Si fibres and enable their growth in different crystallographic directions.
Type Il co-segregations are more extended than type | and are located close to the
eutectic Al/Si interface. They restrict growth of the eutectic Si fibres and control their
branching [10]. Both types contain Al, which was unexpected, since the solubility of
Al in Si is negligible according to the binary phase diagram. In addition, no hint of the
presence of Al in the eutectic Si phase has been reported up to now in the literature.
Therefore, the distribution of Al within these segregated regions and its
crystallographic location are of interest.

The objective of the present work was to further investigate in detail segregations
within the Sr-modified eutectic Si fibres in an Al- 10 wt.% Si alloy using two
complementary high-resolution methods, namely APT and high-resolution
transmission electron microscopy (HRTEM). Both were employed to study the
composition as well as crystallographic structure of nm-sized Sr- and Al-containing
segregations.

2. Experimental

The preparation of Sr-modified Al — 10 wt.% Si alloy castings is described in detail in
Ref. 10. After addition of the modifier Sr, the melt was cast into cylindrical rods (@ =
30 mm, length = 200 mm). The chemical composition (in wt.%) of the as-cast alloy
was determined by an optical emission spectrometer and is given in Table 1.

For atom probe analysis, the castings were sectioned perpendicular to the rod axes,
cut into pieces of 5 x 5 x 1 mm® and mechanically polished. The polished surface
was investigated via Scanning Electron Microscopy (SEM) in order to find areas of
well-modified Al-Si eutectic (see Fig. 1(a)) suitable for the Focused lon Beam (FIB)-
based in-situ liftout technique [11,12]. A cross-sectional blank (~ 2 x 10 x 5 pm?® in
size) was lifted out and positioned on a Mo substrate, see Fig. 1(b). In order to
prepare thin needles suitable for APT analysis containing the required microstructural
features such as Al/Si eutectic interfaces, the final specimen sharpening was
performed using FIB annular milling patterns in a Zeiss 1540EsB CrossBeam®
workstation. A defined sample rotation and SEM imaging were used to identify the
location of Si fibres to be analysed by atom probe and to keep track of specific Al/Si
eutectic interfaces during the FIB milling steps. Tip sharpening was stopped after a Si
fibre and/or eutectic Al/Si interface appeared at the apex of the specimen with a final
radius of curvature below 50 nm, see Fig. 1 (c). A laser-pulsed atom probe built at the
University of Minster [13] was employed. Laser-pulsed atom probe analyses were
performed with femtosecond pulses from a UV laser (wavelength A = 343 nm) at 10 ®
Pa pressure and ~ 55 K temperature with a pulse repetition rate of 200 kHz. A pulse
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energy of 150 nJ was used for samples containing only eutectic Si phase at the apex
of the needle.

The structural and chemical analysis of the eutectic Si fibres was carried out using a
Cs-corrected JEOL JEM ARM200F transmission electron microscope operated at 200
kV and equipped with a newly developed energy-dispersive X-ray spectroscopy
(EDX) system based on a Si drift detector with a sensing area of ~ 100 mm?.

3. Results and Discussion

Fig. 1(a) shows the eutectic microstructure of an Al- 10 wt.% Si alloy that has been
fully modified by the addition of 200 ppm Sr. The eutectic Si phase (dark contrast)
appears spherical in two dimensions, but in three dimensions it forms interconnected
fibres as can be demonstrated by FIB tomography [14-16].

In order to analyse regions enriched in Sr and Al within such eutectic Si fibres and to
get crystallographic information HRTEM was used. Fig. 2(a) illustrates regions of high
twin density in a eutectic Si fibre imaged using BF STEM in an <110> orientation.
Two of four possible {111} twin traces are visible. Areas with dark contrast
(corresponding to atoms with higher atomic number Z) are located mainly at the
intersections of the twin traces. However, some of those dark areas seem to be
distributed randomly. We assume that such randomly distributed areas with dark
contrast are located at the intersections of the other {111} twins not visible in this
specific <110> orientation. The area marked by a square in Fig. 2(a) is shown in the
HRTEM micrograph in (b), where disrupted crystal lattice planes are marked by
circles. Such disrupted planes extend only over a distance of a few lattice constants
and their size ranges here from 1 to 2 nm.

Such regions of high twin density within eutectic Si fibres have been investigated in
detail using APT. Figure 3 displays a mass spectrum obtained from a eutectic Si fibre
applying the evaporation conditions mentioned above (number of detected atoms ~ 2
x 10"). The laser-pulsed field evaporation produces singly and doubly charged Si and
Al ions, whereas Sr is observed only in the doubly charged state. The mass spectrum
exhibits additional (SiOH,)" peaks at 45, 46, 47 amu and (SiOH,)** at 22.5, 23, 23.5
amu indicating the formation of silicon complex ions. This evaporation behaviour at
short laser wavelength and high intensities is in good agreement with previous
experimental observations for Si [17]. Since the presence of complex ions (SiOHy)""
is a specific experimental evaporation effect of Si, the (OH,)’" ions are not taken into
account for further analysis. Signals with low intensities (~ 0.049 + 0.001 at.%) in the
mass range 35-37 amu with a distance of 0.5 amu could not unambiguously be
attributed to any element or molecule. Details of the mass spectrum for doubly
charged Sr ions are shown in the mass/charge interval 41-51 amu in Fig. 3(b). The
major peak of Sr at 44 amu is well defined and the abundance ratio of the two peaks
at 43 and 43.5 amu is very close to the natural abundance ratio. The presence of
strong peaks for singly charged Ga ions are due to Ga implantation during specimen
preparation by FIB milling and are ignored. Peaks corresponding to B*, P*, Ca* and
signals in the mass range 35-37 amu are not considered for further analysis due to
their homogenous distribution in the investigated volume.

Figure 4(a) shows a three-dimensional Sr map within the eutectic Si fibre as obtained
by APT measurement. The analysed volume is about 39 x 38 x 290 nm?® large and
contains about 12 x 10° atoms. In this volume, two different enriched regions with Sr
concentrations > 0.6 at.% (red) and Al concentrations > 5.0 at.% (blue) have been
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identified and are shown as iso-concentration surfaces. Sr-rich regions already
identified as Sr—Al-Si co-segregations of type | in a previous paper [10] appear as
rods in 3D, whereas additional Al-rich regions have approximately spherical shape.
The latter kind of Al-rich regions has not been described in Ref. 10. A small volume of
30 x 30 x 50 nm® with a few Sr-rich and Al-rich regions has been selected and is
shown in Fig. 4(b). The chemical composition of both kinds of enrichments is
calculated using the proximity histogram (proxigram) method [18].

The proxigram concentration profiles for Sr-rich regions are shown in Fig. 4(c). A
representative concentration of the Sr-rich regions was obtained by averaging over
the interior region 1.0-1.75 nm from the iso-surface. The chemical composition of
rod-like Sr—Al-Si co-segregations varied from 2.6-2.8 at.% Sr, 6.2-11 at.% Al and
86.4-91 at.% Si. The amount of Sr in Sr—Al-Si co-segregations is almost constantly
~ 2.7 at.%, whereas the amount of Al varies and is 2—4 times higher than that of Sr.
APT results reported previously [10] proved that Sr is exclusively located in the
eutectic Si phase. This is inconsistent with our recently published results where Sr
was found to be segregated to the eutectic Al/Si interface of a Sr-modified Al- 15
wt.% Si alloy [19]. The explanation for this finding is that the APT experiments in Ref.
19 were carried out using voltage-pulsed field evaporation. Since Si is a
semiconducting material it was not possible to detect Si from the eutectic Si phase. In
contrast, Sr within the eutectic Si phase was detected and, therefore, all Sr atoms
during field evaporation were collected and reconstructed artificially as a layer at the
eutectic Al/Si interface [19]. Examples of the proxigram concentration profiles of the
additional Al-rich regions with spherical morphology are shown in Fig. 4(d). The main
components are Al and Si and the amount of Al at the centre of the Al-rich regions
varied from 35-65 at.%. Sr is also present within the co-segregated regions but with
a very small amount of < 0.5 at.%. No other impurity elements were found within
these regions. The diameter of Al-rich regions varied from 2—6 nm.

Figure 5(a) shows a bright-field scanning TEM (BF STEM) micrograph of regions with
high twin density in a eutectic Si fibre oriented in <110> direction. Similar to Fig. 2,
several {111} twin traces are visible. However, here the <110> orientation is
perpendicular to the Si twin intersections imaged. The same area in Fig. 5(a) has
been obtained by high-angle annular dark-field (HAADF) STEM, see Fig. 5(b). The
dark line in the marked square in Fig. 5(a) imaged by BF STEM appears in inverted
contrast by HAADF STEM, see Fig. 5(b). Bright contrast in HAADF STEM
corresponds to higher Z (atomic number) since the HAADF signal scales with Z2.
Figure 5(c) shows the microstructure in higher magnification within the area marked
by squares in Fig. 5(a) and (b). The crystal lattice and a bright linear feature marked
by arrows are clearly visible. The width of the bright lines is only 1-2 interplanar
spacings of {111}s; planes, whereas their length is here about 8 nm. Figure 5(d)
shows an EDX mapping for Sr (red) and for Al (blue). An increased intensity of both
elements compared to surrounding areas at the same locations where HAADF STEM
detected Z contrast provides direct evidence that Sr and Al are segregated there. It
can be concluded that the rod-like Sr—Al-Si co-segregations shown in Fig. 5(a) and
(b) are located along the {111}s;trace in the image plane.

Correspondingly, Al-rich regions were also analysed by HRTEM. The results of BF
STEM analysis are shown in Fig. 6(a). A two-dimensional lattice image of the eutectic
Si fibre was taken with the incident beam parallel to one <110> direction. A disrupted
area (marked by arrows) at the intersections of two {111} twin traces is clearly visible.
This area is circular and about 1.5 nm in diameter. EDX mappings of Al (blue) and Sr
(red) are shown in Fig. 6(b). A high intensity of Al has been observed in this area but
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only a slightly increased intensity of Sr compared to the surrounding area. This
confirms concentration profiles of additional Al-rich regions obtained using APT (see
Fig. 4(d)).

The high twin density in Sr-modified eutectic Si fibres observed in the present study
is correlated with the presence of Sr—Al-Si co-segregations. Such rod-like Sr—Al-Si
co-segregations, stated as type | in Ref. 10, promote "impurity induced twinning".
Furthermore, detailed APT and HRTEM analyses in the present paper demonstrated
that additional Al-rich regions with spherical morphology are also located at the
intersections of twins (see Fig. 6). Since such Al-rich regions are obtained at the
same crystallographic features as Sr—Al-Si co-segregations (type 1), it is concluded
that both of them are responsible for the formation of twins in eutectic Si fibres.
However, analysing the plate-like Si in unmodified Al-Si alloys by means of high-
resolution methods could help to unambiguously clarify whether such spherical Al-
rich regions form even without addition of Sr.

4. Summary

Co-segregations in the Sr-modified eutectic Si phase of Al- 10 wt.% Si alloy were
investigated using the complementary high-resolution methods APT and TEM. Two
kinds of segregated regions were identified at the intersections of Si twin traces. They
differ in composition, size and 3D morphology. Whereas Sr-Al-Si rod-like co-
segregations contain about 2.7 at.% Sr, 6.2-11 at.% Al and 86.4-91 at.% Si,
additional Al-rich regions contain < 0.5 at.% Sr, 35-65 at.% Al and 65-35 at.% Si.
The size of Sr-Al-Si rod-like co-segregations ranges from 1-3 nm in diameter,
whereas the size of additional Al-rich regions with spherical morphology ranges from
2—-6 nm in diameter. It was found that both kinds of segregated regions are
responsible for the formation of a high twin density in the eutectic Si phase.
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Table 1. Chemical composition of Sr-modified Al- 10 wt.% Si alloy measured by

optical emission spectrometry. The amounts of Al, Si and Fe are given in wt.%. The
amounts of all other elements are in ppm.

Al Si Fe Cu Mn Mg Cr Ti Ni Ga V
wt.%

. . : . _ppm _ _ R :
89.1 10.0 0.1 10 20 10 11 60 38 42 102 6 4 3 1

B P Mo Ca Sr

200
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Fig. 1. (a) Eutectic microstructure of the Sr-modified Al- 10 wt.% Si alloy imaged by
SEM. (b,c) SEM images of atom probe specimen preparation steps: (b) Al-Si eutectic
mounted onto electrolytically etched post via FIB liftout technique, (c) specimen after
final FIB sharpening with a final tip radius of ~ 30 nm. The apex of the tip contains a
Al/Si eutectic interface.

Fig. 2. Microstructure showing region of high twin density within eutectic Si fibre of
the Sr-modified Al- 10 wt.% Si alloy: a) BF STEM of {111}s; planes imaged with
<110> orientation. Many areas of dark contrast are mainly located at the intersection
of Si twins. (b) HRTEM micrograph of an enlarged view of the area marked by the
rectangle in (a). Si crystal lattice with disrupted areas (marked by circles) at the
intersection of two twins are clearly visible.
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Fig. 3. Atom probe mass spectrum of a eutectic Si fibre in the Sr-modified Al- 10

wt.% Si alloy. (a) Mass spectrum range of 5—75 amu and (b) mass spectrum range of
40-52 amu.
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Fig. 4. Atom probe tomography of a eutectic Si fibre in the Sr-modified Al— 10 wt.% Si
alloy: (a) 3D reconstruction of Sr atoms (red dots) and regions captured by iso-
concentration surfaces with Sr concentrations > 0.6 at.% (red) and Al concentrations
> 5 at.% (blue) in an analysed volume of 39 x 38 x 290 nm>. (b) Sr-Al-Si co-
segregations and a few spherical Al-rich regions within an analysed volume of 30 x
30 x 50 nm>. (c) Proximity histogram showing Sr, Al and Si concentrations as a
function of distance to the defined Si/Sr—Al-Si co-segregation interfaces (0.6 at.% Sr)
given in (b). (d) Proximity histogram showing Sr, Al and Si concentrations as a
function of distance to the defined Si/Al-rich region interfaces (5 at.% Al) given in (b).
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Fig. 5. Microstructure of one and the same area within a eutectic Si fibre in the Sr-
modified Al- 10 wt.% Si alloy obtained using (a) BF STEM; (b) HAADF STEM,; (c)
enlarged view of the area marked by the rectangle in (b); (d) EDX mapping of Al
(blue) and Sr (red) within the area shown in (c).

Fig. 6. Microstructure showing one and the same area within a eutectic Si fibre in the
Sr-modified Al- 10 wt.% Si alloy obtained using (a) BF STEM of {111}s; planes
imaged with <110> orientation. Lattice with disrupted area (marked by arrows) at the
intersection of two Si twins is visible. (b) EDX mapping of Al (blue) and Sr (red) of
area shown in (a).
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