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Measurements of local strength are performed in-situ on individual silicon particles that constitute the
second phase of aluminium alloy A356. Particles are shaped using Focused Ion Beam (FIB) milling such
that, upon the application of a compressive force on the particle, a volume of material unaffected by FIB
milling is subjected to bending. Silicon particles in this commercial aluminium casting alloy are shown to
be capable of locally sustaining tensile stresses as high as 16 GPa, i.e., approaching theoretical strength.
The reason why such strengths are not reached by most alloy Si particles is shown to be the presence of
specific surface defects, the effect of which is assessed. The most deleterious defects are interfaces be-
tween merged silicon crystals; therefore, eliminating these might lead to significantly enhanced strength
and ductility in this widely-used casting alloy family.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In heterogeneous materials composed of hard brittle particles
embedded in a soft ductile matrix, mechanical damage generally
consists in particle fracture, particle-matrix interfacial decohesion,
or matrix voiding. In Al-Si alloys, a prototypical example of such
materials representing the vast majority of aluminium-based
casting alloys, early stages of damage are typically dominated by
the fracture of silicon particles. These constitute the main alloy
second phase and can take a variety of forms, typically of intricate
networked or isolated particles, depending on the alloy composi-
tion and processing history [1e5]. The strength of Si particles
initially grown from the Al-Si eutectic reaction, potentially modi-
fied by subsequent heat treatment, and embedded in aluminium is
thus a key parameter underlying the performance of most cast
aluminium alloys; however, its measurement and the identification
of pathways towards its improvement do not, to date, have clear
answers.

Silicon particles in Al-Si alloys are microscopic and irregular in
shape, features that have long been major impediments to probing
them mechanically. Thus, the main approach to characterize their
strength has been to estimate their strength (or strength
ller).
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distribution) from measured macroscopic alloy properties.
A classical approach consists in relating the estimated (average)

stress in the silicon phase to the fraction of broken particles, itself
measured along polished sections of the probed material or using
X-rays or neutrons (for diffraction and/or tomography), after
deformation to varying levels of macroscopic strain. Typically, a
Weibull strength distribution is extracted for the population of
silicon particles [3,6,7]. To estimate the stress in the silicon particles
while the multiphase material is strained, different strategies have
been implemented. Caceres and Griffiths [3] exploited a dispersion
hardening model that uses the particle average aspect ratio and
volume fraction as the main parameters that characterize the sili-
con phase [8]. Kiser et al. [9] calculated the stress in the particles
from a constitutive law derived from a finite element analysis [10].
Nishido et al. [11] used an expression based on assimilation of the Si
phase to an equivalent Eshelby inclusion, while Huber et al. [12]
used an extension of the Eshelby theory to estimate the stress in
silicon particles, deriving from this the silicon particle strength by
using it as the fitting parameter of their particle fracture-induced
void nucleation model.

These strength estimations are indirect assessments of the
averaged behaviour of the silicon phase within Al-Si alloys. This is
also a feature of studies where X-ray or neutron diffraction tech-
niques were used to quantify the stress in the silicon phase [13,14].
An alternative approach, which probes particles directly, was pro-
posed in a study where scratch tests were performed on a deep-
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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etched Al-Si alloy to estimate the average bending stress experi-
enced before fracture by the protruding particles [15].

A common feature of all of those investigations is that, by
measuring average strength values, they do not provide insight into
the actual fracture mechanism of individual particles, so as to shed
light on the reasons why silicon particles are found in those studies
to exhibit strength values of only 0.1e3.5 GPa [3,6,7,9,11e15], which
are well below the theoretical strength of Si, at 17e27 GPa [16] - a
question that has indeed been formulated (either explicitly or
implicitly) repeatedly in the literature on Al-Si alloys
[11,13,14,17e22].

Strength measurements of individual silicon particles within Al-
Si alloys are, by comparison, rare. Harris et al. [21] demonstrated
the application of a micro-Raman technique to follow the stress
state in a single particle during alloy mechanical testing; however,
the measured particle strengths are subject to artefacts since the
particles were polished (as required for the method). Recently,
coarsened silicon particles extracted from an eutectic Al-Si alloy
were probed individually using a microscopic three-point bending
technique [23]; results showed that silicon particles can be actually
much stronger than had been determined before. Also, the study
showed the deleterious influence of specific surface features on the
strength silicon particles [23]. The present work builds on, and
complements, that contribution: here, tests are conducted on
(smaller) silicon particles within the commercial aluminium cast-
ing alloy A356 using a different micromechanical testing method
inside a Scanning Electron Microscope (SEM). Particularly, the
weakening effect of different defect types found in particles within
Al-Si and Al-Si-Mg alloys [24] (and likely in other Al-Si casting al-
loys too) is confirmed and quantified. Results also highlight the
enormous strength potential of Si particles reinforcing aluminium
if these can be produced free of those defects.

2. Materials and methods

2.1. Material

The particles probed in this work are Si particles produced in the
course of conventional alloy processing within aluminium casting
alloy A356 (Alu Metall Guss AG, Gontenschwil, Switzerland), of
composition limits: 6.5 to 7.5 wt% Si, 0.25 to 0.45 wt% Mg, max
0.20 wt% Fe, max 0.20 wt% Cu, max 0.10 wt% Mn, max 0.10 wt% Zn,
max 0.20 wt% Ti, max 0.05 wt% of others (each), max 0.15 wt%
others (total), balance Al. The alloy was remelted and cast as a rod
15 cm high and 2 cm in diameter using a copper permanent mould.
Heat-treatment was then conducted at 540 �C for 6 h, these being
standard parameters for the solutionizing step of this alloy's T6
heat-treatment schedule [25]. The resulting microstructure is
shown in Fig. 1a on a polished section of the material, where the
silicon particles are dark and the a-aluminium phase is bright.
Fig. 1. Microstructure of the alloy A356 heat-treated 6 h at 540 �C used in this work. (a)
exposed after a deep-etching procedure.
To expose the silicon particles within the microstructure, the
aluminium phase was selectively dissolved to a depth of a few tens
of micrometres by soaking a polished sample of the alloy in a
mixture of phosphoric acid 85%, acetic acid 100% and nitric acid 70%
in volume ratios 83:5.5:5.5 for 2 h. Fig. 1bec shows the topography
after this deep-etching procedure, where the partly protruding
silicon particles are readily visible.

2.2. The mechanical testing method

We probe the strength of individual particles a fewmicrometres
in size, produced within the alloy after standard alloy processing
steps detailed above. As will be seen, test geometries on different
particles vary; however, the general idea in all cases is that the
particle be shaped using a Focused Ion Beam (FIB) such that a well-
defined part of the particle that was not ion-milled be subjected to
bending upon the application of a compressive force using the tip of
an instrumented (tungsten) needle. This defines a portion of the
particle surface that is subjected to tensile stress, which is where
fracture will eventually take place.

Amain premise of themethod is that the surfacewhere strength
is probed be left in its pristine condition; it thus must be unaffected
by FIB milling and its shape thus cannot be altered. This, together
with the fact that particles are all different from each other, both
morphologically and in terms of their disposition in space, makes it
impossible to prepare specimens of the same shape and the same
dimensions out of the many different particles within the alloy.
Instead, each particle is shaped individually exploiting its own
characteristics. This makes each specimen probed in this work
unique in terms of its geometry. There are, nevertheless, two
common features to most particles tested here (exceptions are
described in the next subsection). One is a deep, rectangular, notch
micromilled with the FIB so as to define a remaining ligament that
will be subjected to bending upon the subsequent mechanical
testing (Fig. 2c). The second is a roof at the top of the particle,
introduced to ease load application.

The method to probe the strength of brittle particles used in this
work is thus an adaptation of the notched sample test developed on
alumina fibres 12 mm in diameter in Ref. [26]. That work introduced
at a microscopic scale the concept of milling a notch to produce,
upon the application of a compressive force, bending in a pristine
ligament of material. There are, nevertheless, differences between
the methodology that was developed in Ref. [26] and that of the
present work: (i) the particles tested here are randomly oriented
and significantly more irregular morphologically; (ii) they are also
nearly one order of magnitude smaller.

The small size and irregular shapes of particles tested heremake
it essential to be able to see the sample in real time and have suf-
ficient tilt and rotation capability in performing sample positioning
and alignment adjustments prior to mechanical testing; for these
Optical micrograph of a polished section. (bec) SEM images showing silicon particles



Fig. 2. Sample fabrication procedure. (a) Original silicon particle. (b) Sketch of the FIB milling process used to produce a C-shaped specimen out of the silicon particle (side and
perspective views). (c) Resulting C-shaped particle ready to be tested (Specimen #10 in Fig. 7). A surface pinhole defect is indicated with red arrows; note that it is located along a
surface that is unaffected by the FIB and that it is stressed in tension upon the subsequent micromechanical test. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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reasons we test the particles in this work within a Scanning Elec-
tron Microscope (SEM); an added advantage is then that a live
video recording of the test can be produced. Furthermore, a main
difference between the present test and that in Ref. [26] is the kind
of data that is used to determine the particle strength: in Ref. [26],
the record of loadddisplacement was used to feed bespoke finite
element models, while in this work we use the SEM images ac-
quired during the test, as detailed below.

2.3. Sample preparation and testing

Selected plate-like silicon particles were individually micro-
machined using Focused Ion Beammilling with 30 kV Gaþ ions in a
Zeiss NVision 40 SEM/FIB dual-beam apparatus (Oberkochen,
Germany). Due to limitations of the set-up, only particles tilted at
least 26� with respect to the normal of the alloy sample surface
could be shaped with the FIB and tested (for details, see Fig. S1 in
the Supplementary Material). As described in Section 2.1, the par-
ticles were shaped so as to produce bending upon load application
within a well-defined volume of material, whose surface subjected
to tension is unaffected by FIB milling (see Fig. 2).

For each particle, the sample was thus rotated and tilted such as
to have the incident FIB perpendicular to one of the particle's large,
flat, facets, which are known to be (111) planes [27e30]; Fig. S1 in
the Supplementary Material. As a consequence, the ligament was,
in all samples tested here, located along the edge of the plate-like
particle. Moreover, because one of the goals of the present work
was to measure the severity of the different types of surface defects
of silicon particles, most specimens were produced in such away as
to probe particle edges containing an identified defect.

Most of the particles were prepared with a notch milled in this
way using the FIB; however, there are two exceptions. One is the
particle in Fig. 6h: this particle was tested as a simple cantilever
beam that could be easily produced by virtue of its natural
morphology. FIB-milling on this particle was therefore only applied
at the lower side of the cantilever, so as to make its thickness
reasonably uniform. Upon testing, fracture occurred at the interface
between silicon crystals that were meeting at the root of the
cantilever; the particle strength at that location was evaluated us-
ing simple beam theory assuming a rectangular beam cross section.
The second exception (Fig. S5 in the Supplementary Material) is a
particle that also consisted in two silicon crystals merged together
along a visible interface. This particle's shape and disposition in
space made it amenable for testing such that, upon the application
of a load on its top, the volume of material around the interface was
naturally subjected to bending. No FIB milling was thus used to
prepare that particular specimen.

The in-situ tests were done in a Zeiss Merlin SEM apparatus
(Oberkochen, Germany) using a FT-NMT03 Nanomechanical
Testing System from Femtotools (Buchs ZH, Switzerland) mounted
with a tungsten needle. Proper alignment was achieved using the
rotation and tilt capabilities of the testing device stage (see Fig. 3
and Fig. S2 in the Supplementary Material). Loading was done in
displacement control at a constant speed in the range
0.01e0.04 mm/s, up to sample fracture. All tests were video-
recorded and films are available online as Supplementary Material.

2.4. Test interpretation

To calculate the particle strength, bespoke 3D finite element (FE)
half-models of each specimen were constructed using the Abaqus
FEA 6.11 (Dassault Syst�emes S.A., V�elizy-Villacoublay, France) soft-
ware, using as input notched particle dimensions measured from
SEM images. The cross section of the ligament, which is a critical
part of the model because this is where the largest deformation
takes place, was modelled according to the following criteria.

In the few cases where the tensile surface of the ligament was
flat (e.g. Fig. 6b and e), the cross sectionwas taken to be a rectangle.
In the more usual case where the surface was somewhat rounded
or faceted, a semi elliptic approximation of the rounded or faceted
edge was used (e.g. Figs. 4 and 5). The surface defects on the par-
ticles, e.g., pinholes or interfaces, were not introduced in the
models. Siliconwas modelled as elastically isotropic with a Young's
modulus 168.9 GPa and Poisson ratio 0.262; these are the isotropic,
in-plane, properties of the (111) plane in silicon [31]. This choice is
justified by the fact that the large facets of silicon plate-like parti-
cles in Al-Si alloys are known to be (111) planes [27e30] and also by
the fact that most deformation in the particles tested here occurs
within that plane. The validity of using elastic constants of high-
purity electronic-grade silicon to model the elastic behaviour of
microscopic, eutectic, silicon particles from Al-Si alloys was
confirmed in Ref. [23], where measured and modelled
loadddisplacement responses largely matched in microscopic 3-
point bending tests of such particles. Non-linear geometrical



Fig. 3. Testing procedure. (a) Sketch of the in-situ micromechanical test (side and perspective views). (b) The C-shaped particle of Fig. 2 and the instrumented tungsten tip before
testing. (c) Last frame before fracture during testing. (d) Fractured particle after testing. (e) Fractography of the particle showing the surface defect that originated fracture (red
arrow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. A step-by-step example of the methodology used in this work to probe the strength of individual silicon particles of the alloy. (a) The original silicon particle from a
perspective view. (b) Same particle after shaping using FIB milling, ready to be tested (Specimen #7 in Fig. 7). (c) Last frame of the video recorded upon mechanical testing,
immediately before particle fracture. (d) Fractography of the sample. (e) Linear elastic finite element modeling results of the deformed particle. (f) Superimposed SEM images and
results of the FE model of the particle before the test (undeformed) and at the critical moment (deformed).
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effects due to large deformations of ligaments were accounted for
in all simulations.

The encastre boundary conditionwas applied to the base of each
half-model; this base was typically situated at the particle-
aluminium interface, while a symmetric boundary condition was
applied in the Z plane (half-model plane of symmetry parallel to the
particle's largest facet). Despite the fact that the micromechanical
system used here is capable of measuring axial forces, this set of
data was not used to drive the FE models because the point of load
application is ill-defined (the needle's tip radius is relatively large)
and also because it changes throughout the test (due to relative
lateral displacement between the tip and the particle). Instead,
interpretation was based on frames of the recorded SEM video.
Namely, the bespoke FE model of each specimen was driven by the
displacement of a specific edge, measured from frames before
starting to load and at the critical moment, which was set as a



Fig. 5. A second step-by-step example of the methodology used in this work. (a) The original silicon particle from a perspective view (and from a top view in the inset). (b) The
particle ready to be tested (Specimen #1 in Fig. 7). (c) Last frame before particle fracture. (d) Fractured particle. (eef) Finite element modeling results of the deformed particle. (g)
Superimposed SEM images and the shapes resulting from the FE model.
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boundary condition in the finite element model. The selected edge,
perpendicular to the particle large facets, was typically located at
the top of the particle, away from the ligament, in a part that un-
dergoes exclusively rigid translations. In Figs. 4f and 5f the relevant
edge and the imposed displacement are indicated with black spots
and a black arrow. The undeformed and deformed shapes resulting
from the FE model were finally compared with the corresponding
SEM images to check that the deformation of the whole particle
eand particularly that of the ligamente were mutually consistent;
this was systematically the case in data of this work. These shapes
are indicated in blue and in red, respectively, for each particle in
Figs. 4e6.

Tests were also analysed using an alternative, rough yet much
simpler, analytical approach. According to classical beam bending
theory, themaximum stress s of a straight bent beam deformed to a
radius of curvature r (measured at the neutral axis) is given by

s ¼ Ey
r

(1)

where E is the Young's modulus, here taken as 168.9 GPa, this being
the (isotropic) modulus of Si along the (111) plane, and y is the
distance from the neutral axis to the outermost surface. Here, the
actual shape of the particle ligament cross section was not taken
into account; instead, the ligament was considered to be symmetric
and unaffected by FIB milling along its compressive surface; the
neutral axis was thus taken to pass through the middle of the lig-
ament's cross section; in other words, we take y¼ t/2, where t is the
(measured) ligament thickness. SEM images were used to deter-
mine t in the undeformed state and r at the critical deformation (i.e.
from an image taken right before catastrophic failure). Represen-
tative examples of the curvature measurement, r, are shown in the
Supplementary Material, Fig. S3. For simplicity, measurements of r
were done on the specimen's outermost surface rather than on the
neutral axis as it was observed that the former, which is easier to
identify in SEM images, described fairly accurately the curvature of
the ligament at any position along its thickness, justifying the un-
derlying assumption that deformation along the ligament's outer
surface was relatively uniform, see Fig. S3a2. In this approach
particle strength was then taken as the maximum stress at failure,
as computed from Eq. (1).
3. Results

A total of 15 particles were tested in this work (several are
shown in Figs. 2e6 and in the Supplementary Material). Figs. 4 and
5 show two step-by-step examples of themethod: the selection of a
given particle, its shape after FIB milling, the micromechanical test,
the fracture surface, the analysis by finite element modelling and
finally the cross-check for consistency between modelled and
actual particle shapes. While in some of the probed surfaces no
defect could be distinguished by SEM examination (e.g. Figs. 5 and
6a), in most specimens one of the following defects was detected:

� a surface pinhole (Figs. 2, 3 and 6e),
� an interface between two silicon crystals (Fig. 6gei),
� a burr-like feature running diagonally along the particle edge
(Fig. 6d),

� a (111) twin boundary producing either a slight ridge or groove
along the edge (Figs. 4 and 6c), or

� a tiny feature attached to the surface (labelled here “surface
scale”, Fig. 6f).

Moreover, two samples where tested in which the surface
subjected to tension was intentionally flattened with the FIB prior
to testing, so as to probe whether the strength of such a FIB-
produced surface is affected by ion-milling (one of these is shown
in Fig. 6b).

The measured strength values (based on the bespoke FE anal-
ysis, see Section 2.4) are given in Fig. 7 (tabulated data can be found
in Table S1 of the Supplementary Material). In the graph, samples
are separated into groups according the specific characteristics of
the probed surface, namely samples with no apparent defect,
samples with a FIB-produced surface or samples featuring one of
the different types of particle defects listed above. In several tests, it
was noted that particle fracture had initiated at a location subjected
to a first principal stress that was not the highest within the
specimen. For those cases, we report in Fig. 7 two values of



Fig. 6. A representative selection of the particles tested in this work (each specimen is identified with an ID #, which is used correspondingly in Fig. 7). In each subfigure (aei), the
undeformed and the deformed (just before fracture) images of each particle are superimposed. The corresponding shapes extracted from the finite element model (FEM) are also
superimposed in blue and red, respectively eexcept for specimen (h), as this was only analyzed using simple beam theorye. The fracture surface of each particle is shown as an inset
in a white frame. The scale bar is 1 mm. Particles in (cei) feature various surface defects that naturally occur in silicon particles within the alloy. On the other hand, no defect could be
distinguished on the tensile surface of particle (a). The specimen in (b) was prepared deliberately such as to probe the strength of a surface milled with the FIB. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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strength: (i) the maximum of the first principal stress in the liga-
ment at the moment of fracture (full squares), and (ii) the value of
the first principal stress at the location where fracture actually
initiated (hollow squares). An example of such a particle is Spec-
imen #15 (Fig. 6f), whose fractographic analysis indicates that the
crack leading to fracture took off from a spot on the side of the
ligament where a rare feature (which we call a surface scale) was
present. Another example is Specimen #2 (Fig. S3b1eb4 in the
Supplementary Material), in which fracture originated in a spot
subjected to significantly lower stress than the maximum stress in
the specimen (though, in this case, no specific defect could be
identified upon fractographic examination).
4. Discussion

4.1. The method and its precision

This work uses a method to measure strength that is an adap-
tation of the notched particle test of Ref. [26], designed to test in-
dividual samples of microscopic, irregular, second phases in alloys
and composites [32]. The method offers a few advantages with
respect to the microscopic three-point bending test [23,33] that
was previously used to probe larger silicon particles extracted from
an eutectic, binary, Al-Si alloy [23]. One is the obvious benefit that
comes with performing the test in the SEM, namely that prepara-
tion and the test progression can directly be observed. For example,



Fig. 7. Measured strength of individual silicon particles (Specimens #1d#15), classified according to the type of feature on their probed surface (see examples in Fig. 6 and data in
Table S1 of the Supplementary Material). Results from finite element model (FEM) calculations are reported with squares. Full squares indicate the maximum value of the first
principal stress in the ligament at fracture. Specimens that have full squares only are specimens that fractured at this location of maximum first principal stress. For specimens in
which fracture originated at a location of lower stress, hollow squares indicate the first principal stress at the location where fracture actually originated. For particles featuring
“pinholes” (Specimens #9 and #10), arrows and grey circles indicate the stress concentration effect of those defects calculated as the value in full squares multiplied by the
corresponding stress concentration factor (SCF), itself computed from Ref. [40] (see main text).
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SEM video recording permitted identifying (and more easily dis-
charging) unsuccessful tests (e.g., Fig. S4 in the Supplementary
Material shows an unsuccessful test in which the tungsten needle
slipped sideways and produced particle fracture by twisting). The
micromachining, using the FIB, of a specimen is furthermore much
faster ddespite the need for careful alignmentd and it is easier to
probe smaller particles. Plus, it is easier to aim the test so as to
probe a given surface feature on a particle; this is simply achieved
by milling a notch opposite to an observed feature. And finally,
fractographic examination can always be done because at least one
part of the broken particle always stays in place after the test,
permitting the identification of the fracture initiation site. On the
other hand, the present test is less well adapted than that in
Refs. [23,33] to the testing of facets in flat particles such as those of
this work e in that sense, the method developed here and that of
Ref. [23,33] are complementary, as they allow to probe the strength
along complementary sections of the silicon particle surface.

Prior to discussing the results in this work and their meaningwe
estimate the accuracy and precision of the tests. Due to the small
size of the specimens, a main factor that affects the precision of the
measurements is uncertainty in the dimensions measured from
SEM images. We estimate this uncertainty as ±20 nm, this being
mainly as a result of the “edge-effect” on SEM images. In this sense,
the dimensions of the ligament are the most critical values because
this is where most deformation takes place and dimensions are
typically submicronic. A maximum limit to the influence of this
factor on the global precision of the method can be estimated by
taking representative dimensions of the smallest ligaments tested
here, namely 400 � 800 nm, as the cross section of a bar in simple
bending. Knowing from simple beam theory that the maximum
tensile stress in the beam is s ¼ ðMhÞ=ð2IÞ where M is the applied
moment, I ¼ bh3=12 is the area moment of inertia, and b and h are
the width and height of the cross section, respectively, then
er2s ¼ er2M þ er2h þ er2I with er2I ¼ er2b þ 3er2h , where erX is the
relative random error of Variable X. Letting erM ¼ 0,
erh ¼ 20 nm = 400 nm and erb ¼ 20nm=800nm leads to a relative
random error in measured strength values equal to ersy10%.

Another factor that can affect accuracy is the particle
morphology simplification that is adopted in the finite element
model of the test. Namely, ligament cross sections are taken as
idealized geometries, with either a semi-elliptical or a flat side, as
described above (Section 2.4). In reality, particle edges are some-
times faceted and are not necessarily symmetrical. In addition, the
FIB milling process itself generates a small asymmetry because the
removal of material is not perfectly parallel to the incoming ion
beam axis (and is thus not accurately perpendicular to the large
(111) facets in the particles): there is, instead, a 2e3� taper. More-
over, the alignment procedures shown in Figs. S1 and S2 of the
Supplementary Material, even though carefully performed, could
also result in slight misalignments of the same order. These factors,
which are hard to quantify globally, can be a source for additional
slight error (including overestimation) in the present strength
measurements.

Other factors related to the finite element model must also be
considered as possible sources of inaccuracy. One is the use of linear
instead of higher order elasticity. In principle, this could lead to an
overestimation of the stresses when deformations are very large;
however, tensile data on silicon nanowires [34] suggest that the
linear assumption is safe in the context of present results since the
measured stress-strain responses in Ref. [34] were linear up to
fracture, which occurred at strain values exceeding those measured
in the present work. That linear elasticity is an acceptable
assumption in the present context is also in line with ab initio
calculations in single crystalline silicon, which indicate that the
stress-strain response in tension remains, at a tensile stress of
15 GPa, linear within (at worst) 13% of the stress value, i.e., com-
parable to experimental error [16,35].

Another factor to consider is the encastre boundary condition
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applied on the particle base: this does not seem to affect much the
maximum first principal stress in the models, if one uses as a guide
simulations of several tests in which particles were also modelled
with longer bases. The reason is that deformation is highly localized
at the ligament. In line with this, it is worth noting that we have not
observed any sign of deformation of the aluminium around the
particle base in any of the experiments.

While the main interpretation scheme in this body of work is
based on coupling displacements measured from SEM images with
bespoke FE models (described in Section 2.4 and discussed above),
the simple, analytical, approach based on Eq. (1) was also applied.
The analytical model computations of strength fall within 20% of
the FEM results (Table S1 in the Supplementary Material). Thus,
unless a higher precision is sought, the simple analytical approach
based on engineering beam theory can be a quick and convenient
approach to interpret this kind of tests because it avoids running
time- and resources-consuming FEM calculations on data that will
often vary, for other reasons, by much more than 20%. Note, how-
ever, that measurements of the curvature of deformed particles
could only be made on ligaments that were substantially bent,
which means that only particles that were subject to relatively high
stress (over roughly 6 GPa) could be evaluated in this way: the
ligament of the weakest particles bent too little to extract a
meaningful radius of curvature from the SEM images (e.g., Fig. 6 g
and i).

From the above, it seems a reasonable estimation that the pre-
sent strength measurements (Fig. 7) are accurate to within 20%.
This is sufficient precision to ensure the robustness of trends ob-
tained in this work and hence of the conclusions that follow from
the present Si particle strength data, discussed next.

4.2. Silicon deformation and particle strength

This work presents direct evidence that silicon particles in Al-
based casting alloys can attain very high levels of elastic defor-
mation at the microscopic scale. This is seen on those particles
where no particular surface feature could be spotted, on those
featuring shallow surface indications of a twin boundary along the
axis of the ligament and on those where the surface subjected to
tension was milled with the FIB (Figs. 4, 5, 6b and 6c). The affir-
mation that the deformation was exclusively elastic is based on the
fact that every time a test was aborted, which happened many
times (either on purpose or simply because mispositioning of the
tip was noted and needed correction), the particles fully returned
back to their initial position upon retraction of the tip. In turn, the
observed large elastic deformations also show that silicon particles
can locally reach extremely high strength values: i.e. tensile
stresses up to 16 GPaweremeasured, a value not too far from <111>
silicon's ideal strength in tension (21e23 GPa [16,35]).

Comparable (in some cases higher) strength values and purely
elastic response have beenmeasured on silicon nanowires ~100 nm
in diameter grown by a vapour-liquid-solid process tested in
bending [36e38] and in tension [34,39], and on nanometric
bending beams ~250 nm thick prepared by photolithography [40].
Note that in the cited works, as well as in the present work, linear
elasticity was assumed [36,37,40] or observed [34] in Si deformed
to such high strain levels. Despite the difference in global di-
mensions between the nanowires in the literature and the eutectic
silicon particles tested in this work, the fact that they reach simi-
larly high strength values can be understood by the fact that the
actual surface area that is probed is comparable. For example,
Zhang et al. [34] obtained ~13% of strain on several <110>-oriented
Si nanowires of diameter in the range 80e150 nm and roughly 2 mm
long tested in tension. The surface area of these nanowires adds to
roughly 0.6e0.8 mm2 and the strength is ~17 GPa (using a Young's
modulus of 130 GPa [34]). This can be compared to the surface of
specimens of the present work that attained the highest strength
values (Specimens #1 to #8 in Fig. 7 and in Table S1). A rough eyet
illustrativee estimation of the surface area subjected to tension on
those specimens can be taken as the length of each ligament
multiplied by its width (i.e. the ligament surface, considered flat,
opposite to the notch). This gives values in the range 0.9e5.5 mm2;
as seen, not only strength values but also probed surface areas are
roughly of the same order of magnitude in the present study and in
nanowires of Ref. [34]. Other strength measurements in the liter-
ature of Si nanowires some tens of nanometres in diameter give
lower values: up to 12 GPa for specimen surface areas of roughly
0.1 mm2 [41,42]. The reason for these lower values was proposed to
be the fact that nanowires grown in the <111> direction (e.g., Refs
[41,42]) feature less smooth surfaces than <110>-oriented nano-
wires [34], which once more reflects the fact that strength is
controlled by surface features.

We also find in this work that certain silicon particle surface
defects are stress concentration sites that decrease markedly the
particle strength. These defects, some of which had been recog-
nized in earlier studies [23,24], occur in large numbers across the
particle population of Al-Si alloys. The present results show that the
most deleterious defects are those that are here categorized as in-
terfaces; namely, grooved edges at the particle surface where two
silicon crystals merge together forming one particle. These defects
lower the strength down to 2e3 GPa, which is roughly a factor 5 to
6 from the strongest particles measured in this work, Fig. 7. Stress
concentration factors (SCF) of that order imply that these grooves
must be very sharp (i.e. the radius of curvature at their bottom,
which we were not able to measure in this work, must be very
small).

A specimen featuring a rare defect that we call here “surface
scale” also showed very low strength; however, this result could
unfortunately not be reproduced because no other particle with a
similar defect could be spotted and tested.

“Pinhole” defects, which are caused by alloy impurities such as
Fe and Ti [24], are found to decrease particle strength down to 5 or
6 GPa, which betrays a SCF of ~2e3. For comparison, an expression
for the SCF of a semi-elliptical surface pit characterized by its depth
a and its radius c can be found in the work of Cerit et al. [43] (note,
however, that the loading mode is uniaxial tension in Ref. [43]
instead of bending as in the present work). Measurements based
on SEM images of the pinhole of Specimen #10 (Figs. 2 and 3) give a
z 70 nm and cz 80 nm, which yields a SCF according to Ref. [43] of
~2.1. In the case of Specimen #9 (Fig. 6e), a z 120 nm and
c z 50 nm, leading to SCF of ~2.6. The effect on strength of the
calculated SCF is shown in Fig. 7 with grey circles for these two
particles. As seen, the strength values obtained here are realistic
given the shape of these defects.

Surface “burrs”, which are produced at aluminium grain
boundaries upon heat treatment [24], are found to be less critical,
as expected given their ridge-like shape. Finally, FIB-machined
surfaces and shallow axial grooves produced by (111) twin
boundaries do not act as stress raisers and hence do not affect
particle strength, see Fig. 7.

Present results can be compared to the microscopic three-point
bending investigation of Ref. [23], in which the local strength of
coarsened eutectic silicon particles extracted from a binary Al-
12.6%Si alloy was probed. Besides the testing approaches and the
alloys' composition, other important differences between both
studies include the size of the eutectic silicon particles that were
probed (which were roughly 10 times larger in Ref. [23] than in the
present work), and most importantly the fact that in Ref. [23]
particles were tested along their large (111) facets, whereas in the
present work particles are tested along their edges; testing
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methods of this work and of Ref. [23] are thus complementary in
that they probe two complementary portions of the particle sur-
face. Strength results of surface defect-free particles are scattered in
both studies; yet, it can be noted that they give somewhat higher
strength values in the present work than in Ref. [23] (~7e15 GPa
vs. ~ 6e12 GPa). This might be a consequence of the smaller volume
(or surface area) of material that is probed here. On the other hand,
the strength of particles featuring similar “pinhole” defects are
close across both studies (~5e6 GPa vs. 4.7 GPa) indicating that
particle strength is then governed by the stress concentration effect
associated with the defect. Similarly, the local strength of particles
featuring interfaces measured here (~2e3 GPa) falls near values of
the two particles featuring interfaces that were probed in Ref. [23]
(1.1 GPa and 3.6 GPa), although in this case the differences are
larger, probably reflecting the differences in the geometry of the
probed interfaces. Overall, both studies agree in that (i) silicon
particles can achieve high, near-theoretical, local strength values,
and (ii) surface defects on the silicon particles strongly decrease
particle strength. We note in passing that the surface defects on
silicon particles within Al-Si alloys are not related to the etching
procedure [24] and that the etchant is expected to produce a sur-
face layer of only a couple of nanometres of silicon oxide (see dis-
cussion in Section 4.3 of Ref. [23] while noting that the etching
times were significantly shorter in this work than in Ref. [23]).

Previous estimations of the strength of the silicon particles in
aluminium (see Introduction) give values in the range 0.1e3.5 GPa
[3,6,7,9,11,12,14,15,21,44]. These values were, in some of those
publications, deemed reasonable on the basis that they compare
roughly with the strength of 2 GPa measured on siliconwhiskers in
the late 1950's [45]; however, they are significantly lower than the
highest strength values measured in the present work, which
reflect better, we believe, the actual potential of the silicon particles
as a reinforcing phase for aluminium. Indeed, the high strength
measured here on some silicon particles reflects the great degree of
surface perfection that these eutectic particles, nucleated and
grown during alloy solidification and subsequent solid-state heat-
treatment, can attain (which is comparable to that of silicon
nanowires). Given that particle fracture is the main mechanism
during the first stage of damage in this class of alloys when they are
subjected to stress [1e5], it would therefore be beneficial to alloy
strength and ductility to prevent, through appropriate processing
schedules yet to be designed, the formation of the most deleterious
particle defects identified here, namely (grooved) interfaces which
result in particular from the joining of growing or coarsening Si
particles.

5. Conclusion

In-situ measurements of local strength on individual, micro-
scopic, silicon particles within cast aluminium Alloy A356 were
performed using a micromechanical testing method that probes in
tension a portion of the particle surface that is unaffected by ar-
tefacts arising from FIB milling. Results show that:

� the local strength of these particles can be very high, reaching
16 GPa,

� in the absence of visible defects, along FIB-machined surfaces or
near defects that do not produce strong stress concentration,
particles were found to fracture at surface stresses in the range
from 7 to 15 GPa, while

� the presence of defects that act as stress concentration sites
lowers substantially particle strength, to values in the range
from 2 to 6 GPa.

The most important defect is found to be at the triple line where
aluminium meets a silicon-silicon grain boundary, as this produces
grooves along the particle surfaces. These defects, occurring in large
numbers within particles in Al-Si alloys, lower particle strength
down to only a few GPa. It follows that one way of improving
mechanical properties of Al-Si alloys is the avoidance of this
particular type of defect.
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