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Abstract

Unmodified and Sr-modified (after 5 and 120 minutes of melt holding)

Al-15Si alloys were investigated by transmission electron microscopy and fo-

cused ion beam tomography using energy selective backscattered electrons for

imaging. The three-dimensional visualization of the microstructure provided

not only the true morphology of the Al-Si eutectic and Fe-rich intermetallics,

but also allowed us to estimate their volume fractions. The evolution of Fe-

rich α-phase morphology in the unmodified alloy proceeded during eutectic

growth according to a model proposed. In the unmodified alloy, only Fe-

rich α-phase was found, whereas in the Sr-modified alloy after 5 minutes of

melt holding, two morphologies of Fe-rich phases were observed, namely a

Fe-rich α-phase and a Fe-rich δ-phase. Both phases segregated mainly at

modified eutectic grain boundaries. After 120 minutes of melt holding, the

eutectic microstructure is similar to the unmodified structure again and only
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the Fe-rich α-phase could be observed in this case.
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1. Introduction

The eutectic modification of Al-Si alloys is very important, primarily to

improve mechanical properties of cast materials [1]. Additions of Sr, Na or

several rare earth elements to Al-Si alloys result in a transformation of the

eutectic Si from coarse plate-like morphology to a fine fibrous structure [2–

4]. Modification not only affects the morphology of the eutectic Si but also

the development of intermetallic phases formed by impurities during solidi-

fication. In Al-Si foundry alloys the most common impurity element is Fe.

Different Fe-rich intermetallics, including α-Al8Fe2Si or -Al15(Fe,Mn)3Si2, β-

Al5FeSi, δ-Al4FeSi2 and π-Al8Mg3FeSi6 have been identified in Al-Si casting

alloys, strongly depending on the composition of the alloy [5–7]. However,

the effect of the addition of Sr on the formation of Fe-rich intermetallics in

foundry alloys is still not well understood [8–12].

Iron-rich intermetallics appear in different morphologies such as ‘polyhe-

dral’, so-called ‘Chinese script’ or ‘needle-shaped’ in two-dimensional (2D)

micrographs that are projections of their true shape. In order to obtain the

true shape of eutectic or intermetallic phases, a three-dimensional (3D) re-

construction based on many 2D images is necessary. Recently, a qualitative

tomographic analysis of eutectic morphologies based on metallographic 2D

optical images with a resolution of about 2 µm in the slicing direction has
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been reported [13, 14]. A characterization of eutectic Si with a much higher

resolution of about 60 nm in the image plane and 300 nm in depth was

recently achieved using serial sectioning with a focused ion beam (FIB) com-

bined with energy dispersive X-ray spectroscopy (EDX) [15]. Nevertheless,

only few tomographic investigations have been performed on the Al-Si eutec-

tic [13–15]. A 3D visualization of the eutectic microstructure at even smaller

length scales is still urgently needed to reveal even finer phase distributions

and to characterize their morphologies.

In the present study, focused ion beam-energy selective backscattered

(FIB-EsB) tomography has been performed in order to obtain information

on the nanoscale with compositional contrast by high-angle backscattered

electrons. Compared to similar FIB-EDX tomography techniques [15, 16],

FIB-EsB tomography provides not only 3D information within a volume

larger than 1000 µm3 but also high resolution of a few tens of nanometers in

the lateral direction and of the order of 50 nm in the FIB slicing direction.

The 3D eutectic microstructure in unmodified and Sr-modified Al-Si alloys

has been visualized with its entire constitution of binary Al-Si eutectic and

intermetallic impurity phases. Moreover, their morphologies were obtained

and their size and volume fractions estimated. Structure and chemical com-

position of intermetallic phases were also studied by transmission electron

microscopy (TEM).
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2. Experimental

2.1. Alloy preparation

Hypereutectic Al-15 wt%Si alloy has been prepared using pure Al (99.7%)

and a Al-30 wt%Si master alloy. This alloy composition was chosen because it

contains a large volume fraction of eutectic, which facilitates the investigation

of the eutectic microstructure. For studies of modification, 500 g of Al-15Si

alloy were melted under a cover flux (45% NaCl + 45% KCl + 10% NaF)

in zirconia-coated graphite crucibles in a furnace where the melt was held at

720◦C. After degassing with hexachloroethane, the Al-10 wt%Sr master alloy

chips were added to the melt for modification. After adding the modifier the

melt was stirred for 30 s with a zirconia coated graphite rod, after which

no further stirring was carried out. A part of the melt was poured into a

cylindrical graphite mold (25 mm diameter and 100 mm height) after 5 and

120 min of melt holding. The average cooling rate prior to the start of the

first solidification was 6.5 K/s. The sample designation ‘unmodified’ refers to

that part of the alloy melt that was cast before the addition of the modifier.

The chemical compositions of the unmodified and the two Sr-modified Al-

15Si alloy castings were determined by inductively coupled plasma-atomic

emission spectroscopy (ICP-AES), see Table 1.

2.2. Microstructural characterization

The cast rods were sectioned perpendicular to their axes, ground using

standard metallographic procedures and finally polished with a colloidal silica

suspension of 0.05 µm particle diameter. All specimens investigated in the

present study were extracted from the centers of the castings 15 mm from
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the lower end of the ingot. The microstructure was investigated using optical

microscopy, combined FIB with scanning electron microscopy (SEM), and

TEM. Samples for optical microscopy were etched for 30 s at 20◦C in a

mixture of 60 ml water, 10 g sodium hydroxide and 5 g potassium ferricyanide

in order to improve contrast [17].

A Zeiss 1540EsB CrossBeam R© workstation combining an ultra-high res-

olution GEMINI R© field emission column with the high performance Canion

gallium ion column was used for characterizing the alloys. The instrument

is equipped with a NORAN EDX detector from Thermo Scientific.

FIB serial sectioning and SEM imaging for tomography was performed

using a method similar to that described in Ref. 18. A 30 keV Ga ion beam of

500 pA ion current was used for FIB milling. During serial sectioning, layers

of about 50 nm were removed in each step. High-resolution imaging of 2D

slices was performed using an in-column energy selective backscattered (EsB)

electron detector with an acceleration voltage of 2 kV and a grid voltage

of -1.5 kV. The elastically backscattered high-angle electrons give rise to a

high-resolution, compositionally weighted signal with minimal topographic

contrast. Recursive alignment of the image stack was carried out using the

software ‘ImageJ’ with the plugin stackreg [19]. Volume segmentation was

carried out by chosing suitable gray levels applying global thresholding. After

processing with a median filter, 3D visualization of the structures and volume

fraction analysis was performed using the software ‘VGStudio MAX 2.0’.

For TEM, samples of 1x1 mm2 area were mechanically ground to about

10 µm thickness using the T-tool technique [20], after which they were finally

Ar-ion thinned with a voltage of 5 kV, a current of 2.5 mA and an angle of
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incidence of ± 6◦ in a Bal-Tec Res101 broad ion beam thinner. TEM analysis

of the microstructure was carried out using a Philips CM30 microscope op-

erating at 300 kV equipped with an EDAX Genesis EDX system. In order to

identify the intermetallic impurity phases present in the investigated alloys

unambiguously, the crystal structures of the Fe-rich intermetallics were deter-

mined by selected area electron diffraction (SAED) patterns. The chemical

composition of the constituent phases was analyzed by TEM-EDX using a

minimum of five measurements for each Fe-rich intermetallic phase.

3. Results

3.1. Microstructural features

Figure 1 shows optical micrographs of the cast alloy (a) without modi-

fier and with addition of Sr (b) after 5 min and (c) after 120 min of melt

holding. The microstructure of the unmodified alloy shown in Fig. 1(a) con-

sists of polyhedral Si crystals, surrounded by a halo of coarse primary Al

phases. Beside the primary phases, lamellar plates of eutectic Si embedded

in an Al matrix are obtained as well. Despite etching the sample surface for

contrast enhancement, no clear distinction could be made between the un-

modified Al-Si eutectic and other intermetallic phases. The microstructure

of the Sr-modified alloy after 5 min of melt holding is shown in Fig. 1(b).

The size of the primary Si crystals is larger here, whereas their number per

unit area is reduced. The eutectic microstructure is partially altered and

consists of unmodified regions (region A) as well as modified regions with

more rounded eutectic Si particles (region B). For the Sr-modified alloy after

5 min of melt holding, eutectic grain boundaries and intermetallic phases
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(region C) have been enhanced by etching the sample surface. Iron-rich in-

termetallics have segregated mainly at the eutectic grain boundaries (region

C). The microstructure of the Sr-modified alloy after 120 min of melt hold-

ing is similar to that of the unmodified alloy, see Fig. 1(c). The eutectic

Si exhibits a coarse lamellar morphology, which is typical for an unmodified

eutectic microstructure. Iron-rich intermetallics are hardly visible.

3.2. FIB-EsB tomography

Figure 2 demonstrates a typical SEM-EsB image of the eutectic mi-

crostructure of the unmodified alloy. Phases of different gray scale levels

are clearly visible. Apart from the two main eutectic components Al and

Si, additional intermetallic impurity phases can be identified owing to the

contrast provided by the EsB detector, and their specific morphology. Sev-

eral small-scale intermetallic impurity particles are less than 500 nm in size

(marked by arrows in Fig. 2) so that they can hardly be distinguished from

the unmodified eutectic Si plates by observations that provide only morpho-

logical information. In order to identify the elements present in the light gray

phases, the chemical composition was measured by SEM-EDX on FIB slices.

The phases with brighter contrast contained mainly Fe and the additional im-

purity elements present in the alloys investigated. Eutectic Si plates as well

as Fe-rich intermetallics are embedded in the eutectic Al matrix. Within

the eutectic Al, the contrast slightly varies due to different crystallographic

orientations of individual Al grains.

The 3D microstructure of the unmodified eutectic Si is shown in Fig. 3.

The Si plates are interconnected and are branched, thus forming a lamel-

lar Si network. The observed thickness of lamellar Si plates is 250-800 nm
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(measured in the xy-imaging plane ±50 nm). Iron-rich intermetallics are at-

tached to the Si plates, but not necessarily to one of the edges of the plates

as reported previously [21]. One part of the Fe-rich intermetallics with sizes

below 500 nm exhibits nearly spherical morphology. The other part exhibits

‘Chinese script’ morphology. The term ‘Chinese script’ has been commonly

used to characterize certain Fe-rich intermetallics in 2D sections [22]. It is ob-

served that these Fe-rich intermetallics are precipitated as inclusions between

the Si plates and the eutectic Al matrix. They are uniformly distributed and

can be up to 6 µm long. A separate 3D visualization of the Fe-rich inter-

metallics is shown in Fig. 3(b). The fine 3D morphology of such intermetallic

phases was previously described as convoluted branched structure [14]. The

intermetallic phases in the present study form thin flat sheets aligned along

the surfaces of the Si plates and often connect different Si plates along the in-

terfaces of two eutectic Al grains. The estimated volume fractions of eutectic

Si and intermetallic phases are 13.6 vol% and 0.3 vol%, respectively.

Site-specific FIB-EsB tomography of the Sr-modified alloy after 5 min

of melt holding was performed in both regions B and C as indicated in

Fig. 1(b). The 3D morphology of the eutectic Si in region B is visualized

in Fig. 4(a). A partially modified microstructure which appears as a mixed

structure of thin Si platelets and fibrous Si is observed. This fine fibrous

morphology is often described as seaweed- or coral-like structure [15, 23]. The

eutectic Si fibers are interconnected and form a highly branched network.

The estimated volume fraction of eutectic Si is about 12 vol% within the

volume investigated. SEM-EsB images of this region reveal no contrast from

intermetallic phases, which indicates that Fe-rich intermetallics or additional
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intermetallic impurity phases are not present. Figure 4(b) visualizes in 3D a

Fe-rich phase segregation with ‘Chinese script’ morphology found in region

C of Fig. 1(b). Beside this phase a further needle-shaped Fe-rich phase is

observed at the eutectic grain boundaries (not shown here). The Fe-rich

intermetallics in Fig. 4(b) are clustered to an interconnected network. They

are much larger than in the unmodified alloy. Additional intermetallic phases

of other impurity elements appear as very bright spots within the Fe-rich

network. These impurities (white in Fig. 4(b)) are attached either to the

eutectic Si or to the Fe-rich intermetallics and are globular with diameters

up to 700 nm.

Figure 5 shows a selected volume of the Sr-modified Al-15Si sample after

120 min of melt holding. This volume has been selected to display the in-

terfaces between plates of eutectic Si and Fe-rich intermetallics. It is evident

from Fig. 5(a) that after 120 min of melt holding the eutectic Si exhibits the

plate-like morphology characteristic for the unmodified state. The Fe-rich

intermetallics occur in close contact with plates of eutectic Si. The esti-

mated volume fraction of eutectic Si is 12.5 vol% in the entire investigated

volume of 21.2×8.6×10.2 µm3. The Fe-rich intermetallics are distributed

similar to those in Fig. 3(b). However, no small-scale Fe-rich particles are

visible and the size of the Fe-rich intermetallics with ‘Chinese script’ mor-

phology is increased as shown in Fig. 5(b). Globular intermetallic impurity

phases are found either attached to the Fe-rich intermetallics or located right

next to unmodified Si plates. Typical Fe-rich intermetallic particle lengths

range from 2.5 to 6.5 µm. The volume fraction of the intermetallic impurities

within the eutectic is increased to about 0.75-1.0 vol %.
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3.3. Identification of intermetallic phases

Iron-rich and other intermetallic impurity phases appear darker than both

the surrounding Al matrix and the eutectic Si in the TEM due to atomic

number contrast. They can therefore be easily identified. The analysis of the

phases observed is given in Table 2.

One of the Fe-rich intermetallics is imaged using bright field TEM in

Fig. 6(a). The corresponding SAED pattern is displayed in Fig. 6(b). The

structure of such phases was found body-centered cubic, space group Im3,

with a lattice parameter a=1.271 nm. The average chemical composition of

this phase as given in Table 2 indicates a stochiometry of Al12(Fe, Mn)4Si2.

SEM-EsB images of platelet-shaped Fe-rich phases in the Sr-modifed alloy

after 5 min of melt holding are presented in Fig. 7. The image in Fig. 7(a)

was taken in region C of Fig. 1(b). Several platelets are segregated at the

eutectic grain boundaries. On average, the depicted platelets are about 4 µm

long. From those platelets samples for TEM were prepared, see Fig. 7(b). In

order to find the features of interest in region C in electron-transparent areas

the TEM lamella was first imaged by SEM-EsB, after which the platelet

marked by an arrow in Fig. 7(b) was analysed by TEM. We find a tetragonal

unit cell corresponding to the PdGa5-structure with the lattice parameters

a=0.614 nm, c=0.957 nm, which is in accordance with the Al3FeSi2-phase

observed in Ref. 24.

The representative SEM-EsB image of the Sr-modified Al-Si eutectic after

120 min of melt holding presented in Fig. 8(a) exhibits compositional gray

scale levels corresponding to several phases and crystallographic orientations

of the eutectic Al matrix. The phase with the brightest contrast corresponds
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to the impurities found in both Sr-modified alloys after 5 and 120 min of

melt holding. They precipitate as small spherical particles close to either

the Fe-rich intermetallics or the Si plates. Figure 8(b) shows a bright field

TEM image of a typical Fe-rich phase with another intermetallic impurity

phase attached. The EDX spectrum from the globular particle, labelled by

the arrow in Fig. 8(b), indicates a formation of mainly Pb. The diffraction

pattern of the Fe-rich intermetallic phase (Fig. 8(c)) was again found to

match a body-centered cubic unit cell with a=1.245 nm. The EDX spectra

obtained from the Fe-rich phase indicate a stochiometry of Al16(Fe, Mn)5Si2.

4. Discussion

4.1. Formation of unmodified microstructure

An identification of Fe-rich intermetallics merely based on their morphol-

ogy can be misleading because different phases can have similar morphologies,

as has been previously reported in Ref. 25. Therefore, an identification of Fe-

rich intermetallics was carried out by both structure determination and com-

position analysis in this work. The intermetallic phase Al12(Fe,Mn)4Si2 (Ta-

ble 2) found in the unmodified alloy is suggested to be an α-type Al(Fe,Mn)Si

phase [26]. A stable equilibrium phase of similar composition (32.5 wt% Fe

and up to 10.5 wt% Si) has been identified as α-Al(Fe,Mn)Si phase [27].

Many phases containing different levels of Fe and Mn are known in the liter-

ature as ’α-Al(Fe,Mn)Si phase’. Although the chemical compositions of the

reported phases are slightly different the lattice parameters are nearly the

same, about a=1.245 nm, as for α-Al15(Fe,Mn)3Si2 [26, 28]. This indicates

that the range of homogeneity of the Fe-rich α-phase is much wider than
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suggested by the phase diagram proposed in [29].

The 3D visualization of the unmodified eutectic microstructure in Fig. 3

clearly indicates an uniform distribution of the Fe-rich α-phase. Due to the

low Fe level present in the investigated alloys, these Fe-rich intermetallics

have solidified after the main eutectic Al-Si reaction. Based on FIB-EsB

tomography, it is proposed that the evolution of the 3D morphology of the

Fe-rich α-phase during eutectic growth proceeds according to the model il-

lustrated schematically in Fig. 9.

Figure 3(a) suggests that the eutectic Si forms an interconnected plate-like

network. Due to the branching of Si plates, melt enriched in alloying elements

is trapped in isolated pockets between adjacent Si plates. Consequently,

eutectic Al nucleates and grows on the Si plates in regions with higher Al

concentration, see Fig. 9(a). Similar ideas about cooperative Al-Si eutectic

growth provided by repeated epitaxial nucleation of eutectic Al on Si plates

and the formation of polycrystalline Al grains have been reported [30–32]. As

eutectic solidification proceeds, the melt enriches in Fe due to the rejection

of Fe at the solid-liquid interfaces, see Fig. 9(b). Since the Fe-rich α-phase is

often observed between two Si plates in their growth direction (see arrows in

Fig. 9(b)), it can be concluded that Fe enriches preferentially at the growth

front of the Al-Si eutectic. The nucleation of the Fe-rich α-phase finally takes

place in regions with higher Fe concentration. The shape of the Fe-rich α-

phase is strongly correlated to both the flat Si interface and the interfaces of

the polycrystalline Al matrix. Therefore, the final 3D morphology of the Fe-

rich α-phase is determined on the one hand by the flat Si interface and on the

other by the necking caused by the growing polycrystalline Al-Al interfaces,
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see Fig. 9(c). This leads to the solidifcation of Fe-rich α-phase as thin sheets

between the eutectic Si-Al and Al-Al interfaces.

Recently, it has been shown that several oxides may be suitable nucleant

substrates for intermetallic phase formation [33]. However, in the present

study no features related to oxide films or bifilms were observed in the vicin-

ity of the Fe-rich α-phase. Furthermore, there is no indication that the mor-

phology of the Fe-rich α-phase is given by precipitation and growth around

bifilms.

4.2. Alloy after 5 min of melt holding

The addition of Sr and 5 min of melt holding affects the formation of

the eutectic phases. To achieve a fully modified structure in hypoeutectic

alloys the level of Sr is generally in the range of about 80-120 ppm [34]. Due

to the lower Sr level (62 ppm) observed after 5 min of melt holding in the

investigated hypereutectic alloy and its high eutectic volume fraction, it is

expected that locally the modification effect could be lost or be incomplete.

Indeed, areas with modified and unmodified microstructure can be obtained,

see Fig. 1(b). Therefore, the microstructure of the Sr-modified alloy after

5 min of melt holding is less homogenous than that of the unmodified alloy.

The Sr level of 62 ppm not only refines the eutectic Si but also changes

the size and morphology of the Fe-rich intermetallics. As seen in region

C of Fig. 1(b), the addition of Sr results in a local segregation of the Fe-

rich intermetallics at the eutectic grain boundaries, where finally complex

intermetallic phases have solidified. The location of the intermetallic phases

at the modified eutectic grain boundaries as observed in the present work

is in accordance with reported results and the predicted microstructure in
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the final stages of eutectic grain growth [17]. In the present study, two

different morphologies of Fe-rich intermetallics were observed at the location

of impingement of boundaries between modified eutectic grains (region C of

Fig. 1(b)).

First, the Fe-rich phase shown in Fig. 4(b) is suggested to be a Fe-rich α-

phase because of its similarity of morphology and chemical composition with

the Fe-rich α-phase in the unmodified alloy. The Fe-rich α-phase exhibits

a coarse dendritic or so-called ‘Chinese script’ morphology in individual 2D

images that are composed to a 3D image in Fig. 4(b). In 3D, however, the

shape of the Fe-rich α-phase no more resembles a ‘Chinese script’ but appears

as branched sheets in an interconnected network. ‘Chinese script’ is therefore

merely a description of a 2D section of a more complex 3D object.

Thin platelet-shaped Fe-rich phases (second type of morphology) which

appear as needles in the 2D microstructure have also been found at the eu-

tectic grain boundaries. The chemical composition of these Fe-rich platelets

is listed in Table 2 and corresponds to Al3.3Fe1.3Si2. Their tetragonal struc-

ture (a=0.614 nm, c=0.957 nm) as well as their chemical composition are

similar to that of the reported Al3FeSi2-phase [24]. This phase has been

previously designated δ-phase [35]. The small difference in the lattice pa-

rameter to the literature can be explained by a slight composition deviation

from the reported Fe-rich δ- phase. The formation of Fe-rich δ-phase in our

Al-15Si alloy (cooling rate 6-7 K/s) conforms with the prediction of such a

phase in alloys with high contents of Si, especially at high melt cooling rates

[35]. Iron-rich intermetallics with platelet morphology are often misleadingly

identified as β-Al5FeSi [25]. However, the Fe-rich β-phase was not found in
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the alloys investigated, since their Fe level is too low. In addition, it is known

that the presence of Mn prevents the formation of the Fe-rich β-phase [36].

The additional intermetallic impurity phases containing Pb (white spots

in Fig. 4(b)) are clearly visible in the FIB-EsB images due to strong imag-

ing contrast. They are also segregated within the Fe-rich phase network at

the eutectic grain boundaries. There is no evidence that these globular par-

ticles act as heterogenous nucleation sites for the Al-Si eutectic or Fe-rich

intermetallics.

Figure 4(a) reveals a mixed structure of thin Si platelets and fibrous Si,

indicating a gradual transition of the structure from coarse Si plates into

finer fibers. In addition, no intermetallic impurity phases have been found in

the fibrous modified Si network, see Fig. 4(a). The absence of intermetallic

impurities in the modified eutectic regions has not been reported previously.

The difference in size and distribution of the Fe-rich intermetallics can be

understood by the evolution of a very smooth eutectic growth front during

solidification in Sr-modified alloys [37]. Therefore, the last liquid pockets in

which the Fe-rich intermetallics finally solidify are exclusively located at the

eutectic grain boundaries.

4.3. Alloy after 120 min of melt holding

As Sr is a slowly acting modifier showing an incubation period of one to

two hours [6, 38–40] the melt holding time of 120 min in the present work was

chosen to check the limits of the modification effect. No effect of modification

after melt holding for 120 min could be observed anymore. The chemical

composition of the alloy as shown in Table 1 reveals that practically no Sr is

contained in the alloy. Sr has been most likely lost by oxidation during melt
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holding. The eutectic morphology of the Al-15Si alloy is changed back to an

unmodified plate-like eutectic Si.

The microstructure of the Fe-rich α-phase is comparable with that of

the unmodified alloy, but the Fe-rich α-phase found here is less uniformly

distributed and appears mainly as attachment to Si plate surfaces with an

increased particle size. The local volume fraction of the Fe-rich intermetallics

is increased from 0.3 vol% (=̂ 0.15 wt% Fe) for the unmodified alloy up

to 1.0 vol% (=̂ 0.44 wt% Fe) for the Sr-modified alloy held for 120 min.

Since the Fe present in the unmodified alloy is completely precipitated in Fe-

rich intermetallics (0.15 wt% Fe, see Table 1), the locally measured volume

fraction of up to 1.0 vol% for the alloy after 120 min of melt holding can only

be explained by an inhomogeneous distribution of the Fe-rich intermetallics.

The lack of small-scale Fe-rich intermetallics and their coarsening are most

likely caused by extended melt holding.

5. Summary

Using FIB-EsB tomography with a resolution of ≤ 50 nm it was possible

to obtain compositional contrast and hence to visualize in three dimensions

the shape and morphology not only of eutectic Si but also of intermetallic

impurity phases in unmodified and Sr-modified Al-15Si alloys. A model for

the evolution of the 3D morphology of the Fe-rich α-phase in the unmodified

alloy is proposed. The addition of Sr modifies the morphology of eutectic Si

from a plate-like network for the unmodified alloy to a fine fibrous structure

in the Sr-modified alloy after 5 min of melt holding. No Fe-rich intermetallics

were observed within the fine fibrous structures of modified eutectic Si. The
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Fe-rich bcc α-phase within the eutectic microstructure of the unmodified

alloy coarsens to interconnected sheets and segregates to the eutectic grain

boundaries. In addition, tetragonal Fe-rich δ-phase platelets were observed

at the eutectic grain boundaries.

After 120 min of melt holding, the Sr-modified alloy exhibits a eutectic

Si morphology as for unmodified alloys. The Fe-rich bcc α-phase is coarser

than in the unmodified alloy. Whereas the Fe-rich α-phase appears in both

unmodified and Sr-modified alloys, Fe-rich δ-phases only occurred in the Sr-

modified alloy after 5 min of melt holding.
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Tables

Table 1: Iron concentration (in wt%) and additional impurity levels (in ppm) of

the Al-15Si alloys investigated. The samples used for chemical analysis were

taken from the solidified castings.

Alloy Fe Al-Si Cu Mn Mg Zn Ga Pb Sr

wt% ppm

Unmodified 0.152 Balance 22 64 2 30 171 <1 <1

Sr, 5 min 0.165 Balance 73 116 11 159 167 75 62

Sr, 120 min 0.165 Balance 75 118 <1 161 167 79 <1

Table 2: Average composition of Fe-rich intermetallics (in at%) measured by

energy dispersive spectroscopy in the transmission electron microscope. The

morphology of intermetallic phase known as ‘Chinese script’ in 2D corresponds

to the branched sheet-shaped morphology observed in 3D.

Alloy Phase 3D Morphology Al Si Fe Mn Mg

at%

Unmodified α Thin sheets 66.9 11.5 21.1 0.5 -

Sr, 5 min α Branched sheets* 69.1 7.7 22.6 0.6 -

δ Platelets 48.8 27.3 20.3 0.4 3.2

Sr, 120 min α Thin sheets 71.2 8.9 19.1 0.8 -

*Measured in the scanning electron microscope (10 kV).
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Figures

Figure 1: Optical micrographs taken from the (a) unmodified and Sr-modified castings

after (b) 5 min and (c) 120 min of melt holding. The micrographs were obtained by differ-

ential interference contrast. In (b) three regions with different microstructural features are

labelled: unmodified eutectic microstructure (region A), modified eutectic microstructure

(region B), location of impingement of eutectic grain boundaries (region C).
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Figure 2: Microstructure of unmodified Al-15Si alloy: SEM-EsB image of the eutectic

microstructure with different compositional gray scale levels (black=Al, dark gray=Si,

light gray=Fe-rich). Some small-scale Fe-rich intermetallics are marked by arrows.

Figure 3: (a) 3D morphology of eutectic Si (in cyan) and Fe-rich intermetallics (in magenta)

of the unmodified alloy. (b) Fe-rich intermetallics visualized without the adjacent Si plates.
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Figure 4: (a) 3D morphology of eutectic Si and (b) Fe-rich intermetallics of the Sr-modified

Al-15Si e after 5 min of melt holding. The partially modified Si morphology in (a) was

observed in region B of Fig. 1(b). Note that no Fe-rich intermetallics are present in

the modified eutectic microstructure. The segregated Fe-rich intermetallics in (b) were

observed at the eutectic grain boundaries in region C of Fig. 1(b). The globular white

features in (b) correspond to additional intermetallic impurity phases.
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Figure 5: (a) 3D morphology of eutectic Si (in cyan) and Fe-rich intermetallics (in magenta)

of the Sr-modified Al-15Si alloy after 120 min of melt holding. (b) Fe-rich intermetallic

phase visualized without the adjacent Si plates.

Figure 6: Microstructure of unmodified Al-15Si alloy. (a) Bright-field TEM image of a

Fe-rich intermetallic particle with ‘thin sheet’ morphology, corresponding to the Fe-rich

intermetallic phase shown in Fig. 2. (b) SAED pattern of the Fe-rich α-phase along the

[35̄1̄] zone axis.
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Figure 7: SEM-EsB images of Sr-modified Al-15Si alloy after 5 min of melt holding: (a)

EsB image of the microstructure shows Fe-rich δ-phase with platelet morphology from

region C in Fig. 1(b). (b) EsB image of specimen prepared for TEM investigation. The

white arrow indicates the specific platelet analysed in TEM. (c) SAED pattern obtained

from the Fe-rich δ-platelet along the [110] zone axis.
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Figure 8: Microstructure of Sr-modified Al-15Si alloy after 120 min of melt holding:

(a) SEM-EsB image of eutectic microstructure revealing different intermetallic impurity

phases marked by arrows. (b) Bright-field TEM image of Fe-rich α-phase with additional

intermetallic impurity phase attached (indicated by arrow). (c) SAED pattern of the

Fe-rich α-phase along [001] zone axis.

Figure 9: Schematical 2D illustration of the 3D morphology formation of the Fe-rich α-

phase present in the unmodified Al-Si eutectic microstructure. The arrows in (b) illustrate

the growth direction of the Si plates.
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