Microstructural investigation of Sr-modified Al-15wt%Si
alloys in the range from micrometer to atomic scale
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Abstract

Strontium-modified Al-15wt%Si casting alloys were investigated after 5
and 60 minutes of melt holding. The eutectic microstructures were studied
using complementary methods at different length scales: focused ion beam-
energy selective backscattered tomography, transmission electron microscopy
and three-dimensional atom probe. Whereas the samples after 5 minutes of
melt holding show that the structure of eutectic Si changes into a fine fibrous
morphology, the increase of prolonged melt holding (60 minutes) leads to
the loss of Sr within the alloy with an evolution of an unmodified eutectic
microstructure displaying coarse interconnected Si plates. Strontium were
found at the Al/Si eutectic interfaces on the side of the eutectic Al region,
measured by three-dimensional atom probe. The new results obtained using
three-dimensional atom probe shed light on the location of Sr within the

Al-Si eutectic microstructure.
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1. Introduction

Al-Si alloys are widely used for commercial applications mainly due to
their low density and good mechanical and processing properties. Modifica-
tion of Al-Si alloys by addition of Na or Sr is being applied industrially to
further improve the mechanical properties of these materials [1]. It is known
that minor additions of modifying elements transform the eutectic Si from a
coarse plate-like network into a finer, more fibrous morphology [2, 3|. In ad-
dition to modification of the eutectic Si, the microstructure is also critically
influenced by the casting parameters [4] and by additional alloying elements
5, 6].

Although the discovery of the modification effect dates back to 1921 [7]
the exact mechanism of eutectic modification is not completely understood.
Many possible mechanism of this technologically important transformation
have been published [3, 8-13]. One of the most widely accepted models is
the impurity-induced twinning theory according to which the impurity atoms
are adsorbed at the growth steps of Si crystals growing by the twin plane
re-entrant edge (TPRE) mechanism [3, 14]. The high twin density in Si fibers
would require Sr atoms to be distributed rather uniformly within the Si phase.
Besides the effect of Sr addition on the growth of eutectic Si, recent studies
have confirmed that Sr also changes significantly the nucleation behavior of
the eutectic phases [15]. It is proposed that the addition of Sr deactivates
AlP [12] and/or oxide bifilms [13] as favoured nucleation sites for eutectic

Si. Thus, Si is forced to nucleate at a lower temperature on some unknown



substrate and grow as a fine, fibrous eutectic Si with high twin density [16].
In order to confirm one of the proposed mechanisms, there is great interest
in analysing the local distribution of the modifying element within the Al-Si
eutectic and at the Al/Si eutectic interfaces. However, at the concentrations
used for eutectic modification (80-120 ppm Sr in hypoeutectic Al-Si alloys [1])
analytic methods that provide compositional information on the nanoscale
such as secondary ion mass spectrometry (SIMS) and analytical transmis-
sion electron microscopy (TEM) are not sensitive enough. Phase analysis
by selective dissolution of both eutectic phases and subsequent atomic ab-
sorption spectroscopy indicates that the modifier Sr segregates preferentially
within the Si phase during solidification of the modified eutectic [17]. How-
ever, in that study no information on the local distribution of Sr within the
Si phase could be given. Recently, elemental mapping using X-ray fluores-
cence microscopy (u-XRF) was used with a spatial resolution below 100 nm
to investigate the Sr distribution in an Al-10Si-1Cu (wt%) alloy modified
by 250 ppm Sr [18]. It was reported that Sr segregates exclusively within
the eutectic Si and the distribution of Sr within this phase is approximately
homogeneous.

This study reports mainly on three-dimensional atom probe (3D-AP)
tomography measurements of the elemental distributions in a Sr-modified
Al-15wt%Si alloy after 5 and 60 min of melt holding. The Sr distribution in
specimens containing Al/Si eutectic interfaces was investigated. In addition,
the development of the Al-Si eutectic microstructure was characterized by
focused ion beam-energy selective backscattered (FIB-EsB) tomography as a

complementary method providing three-dimensional (3D) information from



a volume of about 103 pm?3.

2. Experimental

The preparation of Sr-modified Al-15wt%Si alloy castings is described
in detail in Ref. 19. After addition of the modifier Sr, the melt was cast
into cylindrical rods, the first part after 5 min of melt holding and the sec-
ond part after 60 min of holding. The samples used for chemical analysis
were taken from the solidified castings. The chemical composition (in wt%)
of the as-cast alloy was determined by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES), and is given in Table 1. For atom probe
analysis, the castings were sectioned perpendicular to the rod axes and cut

into pieces of 0.2x0.2x10 mm?

. These pieces were then mechanically pol-
ished using diamond lapping films with 6 gm and 1 pm particle diameter
to achieve tip radii of less than 5 um, see Fig. 1(a). By applying this pre-
sharpening step, the need for removal of excess bulk material during FIB
milling was reduced. In order to prepare thin needles suitable for 3D-AP
analysis containing the required microstructural features such as Al/Si eu-
tectic interfaces, the final specimen sharpening was performed using a Zeiss
1540EsB CrossBeam® workstation. FIB milling and in-situ monitoring by
SEM imaging were done using a method similar to that described in Ref. 20.
Defined sample rotation and SEM imaging were used to identify the location
of Al/Si eutectic interfaces to be analysed by atom probe and to keep track of
a specific interface during the FIB milling steps. Tip sharpening was stopped

after an Al/Si eutectic interface appeared at the apex of the specimen with

a final radius of curvature below 50 nm, see Fig. 1(b). 3D-AP analyses were



performed in vacuum of 1078 Pa at 60 K temperature with a pulse fraction
of 20 % and a pulse repetition rate of 1 kHz. A Tomographic Atom Probe
(3D-AP) by CAMECA was employed [21]. Additional information about
the eutectic microstructure of the alloys was obtained by FIB-EsB tomog-
raphy as described in Ref. 19. The in-lens EsB detector for the detection
of elastically backscattered (high-angle) electrons produces a composition-
weighted, high-resolution signal at a length scale of a few tens of nanometers
in the x-y imaging plane. The 3D evolution of the eutectic microstructure
for both holding times was visualized with its entire constitution of binary
Al-Si eutectic and intermetallic impurity phases. The structural and chemi-
cal analysis of microconstituents present in the alloy were carried out using
a Philips CM30 transmission electron microscope operating at 300 kV which
was equipped with an EDAX Genesis energy dispersive X-ray spectroscopy
(EDX) system. The crystal structure of the constituent eutectic phases was

determined by selected area electron diffraction (SAED) in the TEM.

3. Results and Discussion

In order to study the development of the eutectic microstructure for dif-
ferent times of melt holding, the alloys were first characterized by optical
microscopy. Typical optical micrographs obtained from both microstruc-
tures after 5 min and 60 min of melt holding are shown in Fig. 2(a) and (b),
respectively.

According to the modification rating system that classifies the eutectic Si
structures commonly observed in commercial castings by a number from one

to six [22], the microstructure shown in Fig. 2(a) corresponds to ‘partially



modified” from lamellar Si plates into a fine fibrous Si morphology correspond-
ing to rating number 4. A mixed structure of thin Si platelets and fibrous Si
is clearly visible, indicating a gradual change of the Si structure from plates
into fibers. The modified Si platelets appear to break down into smaller
segments. This becomes clearly visible on the polished surface (marked by
arrows in Fig. 2(a)). To achieve a well-modified structure in hypoeutectic
alloys, the Sr level is generally in the range of about 80-120 ppm Sr [1].
Due to a low Sr level after 5 min (62 ppm Sr) and the high eutectic volume
fraction in the investigated alloys, it is not unexpected that locally the mod-
ification effect could be lost and therefore the eutectic microstructure is not
completely modified. It is evident from Fig. 2(b) that after 60 min of melt
holding the eutectic Si is much coarser and exhibits a typical unmodified,
plate-like morphology (modification rating number 2). The longer holding
time leads to a reduction of the Sr level within the alloy to 1 ppm and thus
to the formation of an unmodified eutectic microstructure displaying coarse
eutectic Si. It is suspected that Sr is lost by oxidation during the prolonged
melt holding after the addition of the modifier.

Figures 3(a) and (b) demonstrate in 3D the microstructure of both in-
vestigated alloys by means of FIB-EsB tomography. SEM imaging of two-
dimensional FIB slices using the EsB detector provides compositional con-
trast and hence makes visible not only the eutectic Si but also intermetallic
impurity phases with a resolution of 50 nm and less.

After 5 min of melt holding (see Fig. 3(a)), the eutectic Si forms an inter-
connected and highly branched fibrous network. Several thin Si platelets were

also found within the volume of interest. The estimated volume fraction of eu-



tectic Si is about 12 vol% within the investigated volume of 21.2x8.6x15.9 um?3.

According to Fig. 2(b), the 3D eutectic microstructure after 60 min of
melt holding appears as unmodified eutectic microstructure displaying coarse
interconnected Si plates (cyan in Fig. 3(b)). Intermetallic impurity phases,
identified as Fe-rich a-phases using EDX and SAED in TEM (magenta in
Fig. 3(b)), were found in conjunction with the eutectic Al-Si microstructure
after 60 min of melt holding. One of the Fe-rich a-phases present in the
unmodified eutectic microstructure is imaged using bright field TEM, see
Fig. 4. The corresponding SAED pattern is displayed in the inset in Fig. 4.
The structure was found to have a body-centered cubic unit cell, space group
Im3 with a lattice parameter a=1.245 nm. The average chemical composition
of the Fe-rich a-phase was analyzed by EDX in the TEM and corresponds
to Alja1(Fe, Mn)s¢Sis.

This Fe-rich a-phase could not be observed within the fibrous network of
modified eutectic Si after 5 min of melt holding. Previous investigations of
the unmodified and Sr-modified microstructure revealed that the addition of
St not only modifies the Si morphology but also changes significantly the size
and distribution of Fe-rich intermetallics present in the eutectic microstruc-
ture [19, 23]. The estimated volume fractions of eutectic Si and Fe-rich
a-phase in Fig. 3(b) are 12 vol% and 0.3 %, respectively.

Figure 5 shows a typical mass spectrum obtained from the 3D-AP analysis
of the eutectic Al phase. Aluminum atoms were detected as 27Al* at 27 amu
and 2TA1?* at 13.5 amu. In addition, singly charged Al hydrides (AIH)" and
(AlHy)™ appeared in the mass spectrum at 28 and 29 amu. A possible overlap

with Sit can be ruled out since there is no significant peak at 30 amu from the



30Si* isotope. For all experimental conditions described here, the Si atoms
evaporated exclusively in the 2+ charge state, and no measurable quantity of
Si hydrides was detected. The Si?* isotopic ratios revealed abundances close
to the natural ones. Therefore, there is no indication for an overlap between
28Gi%t and (AIH)?*, and between 2°Si*™ and (AlH,)*", respectively. The
local concentration of Si within the eutectic Al amounts to 1.64+0.03 at%
Si, which is in the order of maximum solid solubility of Si in Al (1.59 at%) [24].
Beside the peaks stemming from Al and Si, an additional peak was always
detected at 28.5 amu, which might originate from Fe evaporating as hydride
(FeH)*". The peak identified as (AIH)* at 28 amu would superimpose on
the Fe?™ and this will affect the estimate of the amount of Fe present in the
eutectic Al phase. A quantitative analysis of the 2*-*(FeH)** peak only (after
substraction of the background noise level) yields a local concentration of
0.09+0.01 at% Fe in Al. However, this value is not in accordance with the
solute solubility of 0.01 at% Fe in Al at 600°C [24].

Figure 6 displays elemental maps of Si in the eutectic Al phase mea-
sured from the alloy after 5 min of melt holding in an analysed volume of
10x10x41 nm®. The Al atoms were omitted for clarity. A three-dimensional
reconstruction of a truncated Si-rich particle is shown using a cluster-search
module developed by the FIM group in Rouen [25]. No Sr atoms were de-
tected within this volume. The Si-rich particle shown in Fig. 6 contains
81.844.0 at% Si, as estimated from a very small volume (number of detected
atoms ~ 88). Since Al is insoluble in Si [24] and due to local magnification
effects at the precipitate/matrix interface [26, 27| some Al atoms included

in the cluster analysis should originate from the surrounding Al. Since the



volume of the truncated Si-rich particle is very small it is difficult to decide
whether this Si-rich particle belongs either to eutectic Si or to the primary
Si phase or shows the formation of a small Si-rich cluster in the eutectic Al
solid solution. It can be taken for granted that no Sr is located at the Al/Si
interface around this Si particle.

Another 3D-AP measurement of the alloy after 5 min of melt holding
is given in Fig. 7. Elemental maps of Al, Si and Sr are displayed in an
investigated volume of 14x14x45 nm?, which contains an interface. Enrich-
ment of Sr at the interface is visible. In this analysis, a few Al atoms were
also observed to evaporate in the 3+ charge state. Due to the different lo-
cal environment and therefore different local electric field strengths at the
tip surface, this could affect the appearance of charge states and formation
of hydrides. Strontium atoms were found to evaporate as doubly charged
isotopes mainly observed between 43 and 44 amu. Along this interface, ad-
ditional peaks stemming from oxygen and oxygen compounds were detected
such as 101, ITOH™*, 21-5A102F, 23°SiOH3%t and *3AlO* in small amounts.
The total concentration of oxygen is about 2 at% but the O atoms are not
shown in Fig. 7. Furthermore, singly charged Ga (%Ga™, ™ Ga™) isotopes
were detected, most likely an artefact caused by Ga implantation during
FIB-based specimen preparation.

A typical 3D-AP analysis obtained from the alloy after 60 min of melt
holding is shown in Fig. 8. The reconstruction of Al, Si and Sr atom positions
within a volume of 14x14x20 nm? (see Fig. 8(a)) indicates an Al/Si eutectic
interface.

FIB-EsB tomography of the alloy after 60 min of melt holding clearly



reveals an unmodified structure of eutectic Si, see Fig. 3(b). This is expected
since the chemical analysis shows a considerable loss of Sr after 60 min of melt
holding (1 ppm Sr, see Table 1). However, the 3D-AP analysis of the Al-Si
eutectic clearly indicates that Sr is enriched at the Al/Si eutectic interface.

Since the specimens investigated in the present 3D-AP study were pre-
pared by site-specific FIB milling, we expect both eutectic Al and eutectic
Si to be field-evaporated during the 3D-AP analyses. However, the contents
of Si within the investigated volumes appear too low. In a previous study,
it has been found that undefined field evaporation occurs for high-resistivity
Si specimens whenever short voltage pulses as usually used in the conven-
tional atom probe are applied [28]. Since a shortage of Si was measured in
the present study, it is assumed that field evaporation of eutectic Si takes
place in bursts contributing to multiple events that cannot be detected due
to the limitation of the detector. Therefore, it was not possible to obtain
quantitative microchemical information about the eutectic Si phase and its
location in the investigated volumes. Despite these problems with defined
field evaporation of the eutectic Si, the Sr segregation at the Al/Si eutectic
interface is evident (see Figs. 7 and 8). Based on several measurements it
can be concluded that accurate atom detection starts only after the eutectic
Si has been field-evaporated completely. Strontium atoms were always found
at the Al/Si interface on the side of the eutectic Al region. Although we
are not able to observe the Sr distribution on the side of the eutectic Si re-
gion, a smooth transition of Sr concentration into the eutectic Si is assumed.
However, by comparison of our results with the results reported in Ref. 18

we can neither confirm nor exclude a nearly homogenous distribution of Sr
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throughout the modified Si fibers. Assuming that Sr is homogenously dis-
tributed within the eutectic Si (~12 vol%), we can estimate that after 5 min
of melt holding this would imply a local amount of about 0.02 at% Sr within
the eutectic Si phase. The results of 3D-AP analyses clearly show Sr located
at the interfaces. Therefore, we do not expect a considerable amount of Sr
inside the eutectic Si.

Further work is required to clarify the inter- and intra-phase concentra-
tions of Sr within the eutectic microstructure. Especially laser-assisted atom
probe analysis has to be carried out in order to confirm the results obtained

by voltage-pulsed atom probe analysis.

4. Summary

The alloy Al-15wt%Si with addition of Sr as modifier has been investi-
gated after 5 and 60 min of melt holding. Three-dimensional microscopy
techniques ranging from the sub-100 nm scale (FIB-EsB tomography) to the
atomic scale (3D-AP) were applied to investigate the eutectic microstructure.
Whereas FIB-EsB tomography illustrates the transformation of the eutectic
Si morphology under the influence of Sr, the location of Sr is investigated by
3D-AP. The fibrous eutectic modification obtained after 5 min is lost after
60 min due to Sr oxidation during prolonged melt holding. An enrichment of
Sr was still found at the Al/Si interface on the side of the eutectic Al region,
not only in the alloy held for 5 min but also after 60 min of melt holding.
The modified Al-Si eutectic microstructure of the alloy held for 5 min exclu-
sively exhibits binary Al-Si eutectic in contrast to the sample after 60 min of

melt holding where the Fe-rich a-phase was found located within the Al-Si
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eutectic. In addition, quantitative analyses of eutectic Si and Fe-rich a-phase

were carried out.
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Table Captions

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

of the Sr-modified Al-15Si alloys investigated.

Tables

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

the Sr-modified Al-15Si alloys investigated.

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

wt% ppm

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

Sr, 60 min  0.165 Balance 74 118 <1 161 167 79 1
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Figures

Figure 1: SEM images of atom probe specimen preparation steps: (a) Mechanically pre-
sharpened specimen and (b) specimen after final FIB sharpening. The apex of the tip

contains Al/Si eutectic interfaces (indicated by dotted lines).
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Figure 2: Optical micrographs of the Al-15Si eutectic microstructure (grey=Al, black=Si):
(a) Fine fibrous Si morphology obtained after 5 min of melt holding. (b) Coarse lamellar
Si structure obtained after 60 min of melt holding. The arrows in (a) indicate the gradual

change from Si plates into aligned rows of individual fibers.

Figure 3: Three-dimensional visualization of the Al-15Si eutectic microstructure obtained

by FIB-EsB tomography: (a) Fibrous network of eutectic Si obtained after 5 min of melt
holding. (b) Coarse interconnected Si plates (in cyan) and Fe-rich a-phases (in magenta)

obtained after 60 min of melt holding.
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Figure 4: Bright field TEM image of Fe-rich a-phase embedded in eutectic Al obtained
after 60 min of melt holding. The [100] zone axis SAED pattern of the Fe-rich a-phase is

shown in the inset.
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Figure 5: Typical mass spectrum obtained from the eutectic Al phase of the investigated

Al-15Si alloy after 5 and 60 min of melt holding.
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Figure 6: Three-dimensional reconstruction of Si atom positions and a Si-rich cluster
within the eutectic Al in an analysed volume of 10x10x41 nm? obtained after 5 min of
melt holding. Threshold for Si clusters was >21 at%. The Al atoms were omitted for

clarity.

Figure 7: Three-dimensional elemental maps of Al, Si and Sr in a volume of 14x 14x45 nm?

obtained after 5 min of melt holding. Strontium enrichment at the interface is visible.
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Figure 8: Three-dimensional elemental maps of Al, Si and Sr in a volume of 14x14x20 nm?

obtained after 60 min of melt holding.
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