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Abstract

An eutectic AlSi12 alloy contains a rigid 3D network formed by the eutectic Si in the as-cast
condition, which disintegrates during solution treatment. Synchrotron tomography proved that
a near eutectic AlIS110Cu6Ni2 alloy also exhibits a 3D network with higher and more stable
stiffness due to the presence of aluminides that retain the initial as-cast microstructure during
the solubilization treatment and increase the volume fraction of rigid phases. In order to
evaluate the load borne by different phases during hot deformation, in-situ synchrotron

experiments were carried out revealing an underestimation of the load transfer from the soft



a-Al matrix to the hard silicon 3D network in the AlSi12 alloy. By taking into account the
additional stiffness introduced by the local interconnectivity, the stresses in different phases in
the near eutectic AISi10Cu6Ni2 alloy were calculated. Additionally, the analysis of the
aluminide Al>Cu allowed to identify its influence in the global damage of the hybrid 3D

network formed by the Si and aluminides in the near eutectic Al1Si10Cu6Ni2 alloy.

1 Introduction

Aluminium-based alloys are extensively used in automotive and aeronautical industry.
Among the cast aluminium alloys, the Al-Si system provides nearly 90% of all shape casting
produced [1]. Typical automotive components are cylinder heads and pistons [1]. Slow
solidification rate leads to the formation of eutectic Si plates embedded in the a-Al matrix
(brittle behavior) while rapid cooling generate fibrous eutectic Si. The eutectic Si can present
high interconnectivity, as showed by Bell et al. in the 1960s [2] by deep etching and verified
more recently with 3-D techniques [3-4]. Solution heat treatments modify the morphological
structure of the eutectic Si, a phenomenon called spheroidization [5]. This results in a loss of
interconnectivity and the rounding of eutectic Si that yields a lower load carrying capability
(e.g. [4] [4,6-7]). Morphology, distribution and interconnectivity of eutectic Si in Al-Si alloys
vary their strength and ductility [4, 8-9]. The analysis of the load partition between the a-Al
matrix and eutectic Si in a near eutectic cast AlSi alloy has already been reported for room
temperature (RT) studies [4]. The 3D structure of eutectic Si in the as cast condition can be
substantially modified by solution treatment, disintegrating the Si network into individual

rounded and elongated particles.

Ni and Cu aluminides are rigid phases that increase the stiffness of the 3D Si network.
Particularly, Ni-rich aluminides exhibit thermal stability at high temperature, becoming

interesting for aluminium piston alloys. Some works [10-13] have initially proposed that a



relevant strengthening mechanism in Al-Si piston alloys at high temperature is given by the
load carrying capability of the hybrid 3D interpenetrating multiphase networks of Si and
aluminides. Furthermore, the disintegration and spheroidization during solution treatment of
the eutectic 3D network of Si is highly supressed by the presence of these aluminides. First
results showing quantitatively the load borne by these rigid phases in two different Al piston
alloys have recently been presented in [14] and [15] for deformation tests performed at high
and RT, respectively. The former inferred indirectly the stresses in the hybrid 3D network
formed by the Si and aluminides while the second accounted independently for them in the
sense that their mutual interactions as a consequence of the interconnectivity was not taken

into account and led to an underestimation of their real load carrying capability.

Neutron and high energy synchrotron diffraction sources are bulk averaged diffraction
techniques to evaluate in-situ the load transfer between different phases during deformation
processes. When in-situ tests at high temperature are required, only synchrotron radiation
produces short enough acquisition times to correctly track the physical processes avoiding

relaxation mechanisms.

This work aims at evaluating the load partition among the a-Al matrix and the Si-phase in
eutectic AlSi12 and near eutectic A1Si10Cu6Ni2 alloys during in-situ compression tests
performed at high temperature. The stiffness of the 3D interpenetrating network of Si and Si-
aluminides will be considered for a better understanding of the load partition between both
types of phases. The volume fraction and connectivity of the Si-intermetallic network will be

calculated by means of synchrotron tomographies.



2 Methodology

2.1 Materials

2.1.1 AlISil2 alloy

An eutectic AlSil2 alloy was produced by squeeze casting at Leichtmetallkompetenzzentrum
Ranshofen (Austria) [16]. The chemical composition is shown in Table 1 [10]. The alloy was
studied in as cast (AC) condition and after solution treatments (ST) at 500°C during 1 h and 4
h. All the samples in AC and ST condition were artificially overaged during 100 h at 300°C

with subsequent air cooling to stabilize Si precipitates [17] .

The conventional metallography steps applied to different AISi12 samples are detailed in
[18].Fig. 1 shows light optical micrographs (LOM) of the AlSi12 alloy in different conditions,
1.e. ACor 0 h ST, 1 h ST, and 4 h ST. The Si-phase in the AC condition exhibits a highly
interconnected 3-D lamellar structure [4] although they are seen as needles in the 2D
micrograph (Fig. 1 a). The a-Al matrix encloses the eutectic structure of the lamellar Si. The
different ST times result in loss of the interconnectivity, showing isolated and rounded Si
particles with the Al matrix surrounding the eutectic Si (Fig. 1b) and c) ). These particles

present short-fibre-like morphology [4].
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2.1.2 Aluminium piston alloy

A near eutectic AlISi10Cu6Ni2 piston alloy, hereafter 1062, was fabricated in the form of
pistons by Kolbenschmidt [19] by gravity die casting [20]. Its chemical composition is shown

in Table 2.

In addition to the AC condition, and identically to the AlSil12 alloy, ST of 1 h and 4 h at 500
°C were carried out with subsequent overageing (included the AC condition) at 300°C during
100 h to stabilize precipitates. The samples were cooled down in air. Fig. 2 a), b) and c) show
light optical micrographs corresponding to the AC, 1 h and 4 h ST conditions, respectively. a-
Al primary and eutectic Si, and different aluminides [21] with irregular shape can be
identified. Contiguity (shared interfaces) between Si and the different aluminides can be
observed for all conditions. The AC platelet-like structure of Si is seen as needles in the 2D
micrographs. The ST provokes a slight spheroidization of Si and aluminides, where platelet-

like structures and coarse primary Si (Fig. 2 a)) become more rounded (Fig. 2 b) and c¢)).
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2.2 Synchrotron tomography

The 3D characterization of the 1062 alloy was performed at the ID19 beamline of the
European Synchrotron Radiation Facility (ESRF) with a pink beam with maximum flux at
17.6 KeV and a FReLON camera [22]. The synchrotron x-ray computed tomography (sXCT)
projections were recorded using an effective pixel size of (0.28 pm)? and cylindrical samples
with 0.6 mm diameter and 0.6 mm height were placed 39 mm behind the camera. 1000-1500
projections with exposure time of 0.1 s were used to scan a volume of ~ 420x420x500um?
with a voxel size of (0.28um)>. Scans were reconstructed by applying a filtered
backprojection algorithm that provided good confidence for the aluminides and low contrast
of primary and eutectic Si with respect to the Al-matrix and consequently the use of a global
threshold for image segmentation was hindered. Therefore, Si was segmented manually. Pre-
processing and image processing were performed with Fiji/ImagelJ software [23] and Avizo

software [24].



2.3 Hot compression tests

In-situ angle dispersive high energy X-ray diffraction (HEXRD) experiments were performed
in transmission mode during hot deformation at Harwi-II [25] at Doris III-Deutsches
Elektronen-Synchrotron (DESY). The incident beam supplied an energy of 100 KeV (A =
0.124 A) with aperture slit dimensions of 1 x 1 mm?. The acquisition time was set to 4s/frame
and images collected using a 2-D (flat panel) MAR-555 detector with an array of 2560
(horizontal) x 3072 (vertical) pixels and pixel size of 139 x 139 um?. The sample-detector
distance was set to 1534 mm and a capillary with LaBs powders was used to calibrate the
distance and the instrumental broadening. Compression tests were carried out at a strain rate
of 0.001 s at 300°C in protective helium atmosphere with a Béhr dilatometer DIL 805
equipped with an induction heating coil system and a deformation unit. The synchrotron beam
reached the 10 mm length and 5 mm diameter samples at 1.5 mm below a thermocouple spot-
welded on its surface and at 3.5 mm from one side of the sample. A picture of the
experimental setup at Harwi-II and a schematic lateral view are shown in Fig. 3 a) and b),
respectively. A general schematic setup is also shown elsewhere [26]. After heating at 300

K/min, the samples were held during 1 min before the test started.
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2.4 Strain and stress analysis
The phase strain evolution was evaluated considering the strain condition at the beginning of
every compression test as reference. Two different strategies were used for the a-Al and Si

phases on the one side and the aluminide Al>Cu on the other side:

- a-Al and Si-phase: The 2D diffraction images were azimuthally integrated in cakes of 15° in
both axial and radial directions using the software Maud [27,28] and least-squares Rietveld

refinements were performed by considering only the a-Al and Si-phases although the former,
owing to the poor statistics within the gauge volume as a result of the large grain size, did not

show realistic strain evolution. Typical R, (quality factor) values ranged from 5% to 15%.

-AlCu: it was only possible to isolate one reflection of Al.Cu-phase among different
aluminides (intermetallic phases have in some cases low symmetry lattices leading to peak
overlapping). The 2D diffraction images were also integrated in cakes of 15° in both axial and
radial directions using the software Fit2D [29]. A Voigt function was used to fit the
diffraction peak. This peak shift of the selected crystallographic plane {hk/} during

deformation indicates a variation in the interplanar distance d.

The volume average strain calculation for both the Si and Al,Cu-phases was determined as

[30]:

Ei-si = ai;an Eq. (1)
d;—d

€i-Alycu = — 4 Eq. (2)

where ¢; is the strain at deformation step 7, ai/d; and ao/dy are the lattice parameters/interplanar
distances for the deformation step 7 and the reference conditions, respectively, determined

with the Bragg's law (for d; and do) [31].

The evolution of principal stresses is calculated with the generalized Hooke’s law:



0= —g+———— (X, ¢) Eq. (3)

1+v (1+V)(1 2v)

The principal stresses in the axial direction are indicated by ¢;, while those corresponding to
the radial directions are o2 and a3. To simplify the calculations, a cylindrical symmetry is

assumed, i.e., o2 = o3.

The Young’s modulus £ and the Poisson’s ratio v of the Si-phase were Es; = 160 GPa and vs;

=0.22 [32].

3 Results

3.1 Microstructural characterization

Fig. 4 shows reconstructed sXCT volumes of the 1062 alloy after Oh (a and b), 1h (c and d),
and 4h (e and f) ST at 500°C. The volume size is 56x56x56 um?® and Si (left side) and
aluminide (right side) networks appear as blue and green, respectively. The Al matrix is
transparent in these figures. Si-Aluminide interfaces are shown in grey in the volumes on the
right side. Aluminides exhibit roughly constant volume fractions (8.3%-9.3%) and global
interconnectivities (ratio between volume fraction of the largest particle of one phase with
respect to the total volume fraction of the same phase [13]) after different ST as summarized
in Table 3. The Si and the aluminides form an interconnected 3D network embedded in the a-
Al matrix [10] that remains also practically constant in volume after the ST (21.4%-22%).
Moreover, their interconnectivities, ranging from 98 to 99.7, are highly preserved because of

their thermal stability (as demonstrated also in [13]).

Synchrotron tomographies have already been performed and reported in [4] for the AlSi12
alloy resulting in global interconnectivity of Si of ~ 100% for the AC condition, while a
practically complete loss of connectivity (individual Si particles) are obtained after 4h of

solution treatment.



3.2 Macroscopic true stress-true strain curves
The resulting true-stress (calculated from the engineering stress and strain as w=ces(1 +¢es))
vs. true-strain (calculated also from the engineering strain as &,=In(1+¢es)) curves for

different ST conditions are shown for both alloys in Fig. 5. In case of the AlSil2 alloy, the



AC condition exhibits the highest strength with ~ 71 MPa and decreases to ~ 56 MPa by
softening. The 1h and 4h conditions show maximum strengths of ~ 50 MPa and ~ 43 MPa,
respectively. Both ST conditions slightly soften to ~ 44 MPa for the 1h ST and to ~ 40 MPa

for the 4h ST.

For the 1062 alloy the AC condition exhibits also the highest strength, i.e. ~ 110 MPa with
subsequent softening until a true strain of ~ 0.3, when the stress is similar to the to ST
conditions. The 1h and 4 h ST conditions show a maximum strength of ~ 106 MPa, followed

by softening down to ~ 75 MPa at the end of the test.

120 -
—=— AISi12_AC_300°C
—es— AISi12_1h_300°C

AISi12_4h_300°C
—v— 1062_AC_300° -

1062_1h_300°
—<— 1062_4h_300°

—_

o

o
|

o
o
|

‘©
o
=,
(7)) ‘ Fracture
7] | s _
e / l--.--.....
-+ 60 ! bl L P " -
(D 1 e sese
% 40 ] I.l.. 8-8-8-9-8-8-0-9-0-g-g-9 i
t
I_ 4
20 4 -
0 T T T T T T T

N :
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
True Strain

3.3 Crystallographic strains
3.3.1 AlSil2 alloy

Fig. 6 a shows the elastic lattice strain evolution for Si in AlSi12 upon different ST, i.e., AC,
1 h ST and 4 h ST. Typical error bars are given for each curve. The maximum axial strains

observed are ~- 1.6 x 102, ~- 1.1 x 10 and ~ - 0.9 x 107 for the AC condition, 1h and 4h

ST, respectively. The radial direction strains reflect the Poisson’s effect that result in positive



strain values. Subsequently, the axial strains evolve similarly to the macroscopic curves, with
the highest softening in the AC condition, being similar for the 1h and 4h ST. Final strains are

~-1x 107 for the AC and - 0.75 x 107 for the 1h and 4h conditions.
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3.3.2 1062 piston alloy

The Si-phase (Fig. 6 b) for the AC condition has a maximum strain of ~ - 1.6 ~ 10~ while for
the ST conditions is ~ -1.5 ~ 1073, i.e., little differences are distinguishable. Subsequently, the
strains decrease with similar softening slopes for all conditions, reaching at the end ~ -1 ~ 1073
for the 1h and 4h ST. The radial direction strains reveal the Poisson’s effect that results in

positive or in some cases close to zero strains.

The lattice strain in the (110) crystallographic plane of the AlLCu phase (Fig. 7) develops
maximum strains of ~- 2 x 103, ~- 1.8 x 1073 and ~ - 1.6 x 107 in the axial direction for the
AC, 1h and 4h conditions, respectively. For the AC condition, the axial strain abruptly
reduces to ~ - 1 x 107 at a true strain of ~ 0.04, remaining then practically constant, while for
the 1h and 4h ST the strain drop occurs at a true strain of ~ 0.06 and of ~ 0.09 for the 4h and
1h ST, reaching subsequently a final strain of ~ -0.8. In the radial direction, the poor statistics

hindered a reliable study of strain evolution. This is a consequence of the already commented



peak overlapping between different aluminides, and low total volume fraction of Al2Cu phase

(< 10 vol,%, see Table 3).
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3.4 Load partition
3.4.1 Silicon

The load borne by the Si phase (calculated with Eq. (3)) is presented in Fig. 8 for the AlSi12
(left) and 1062 (right) alloys, respectively. The AC condition in both alloys together with the
1h condition of the 1062 alloy develop similar maximum stresses of ~ -250 MPa. The AlSil12
alloy evidences more differences for the 1h and 4h conditions, where the maximum stresses
are ~ -175 MPa (1h) and ~ -140 MPa (4h). The 4h ST maximum stress for the 1062 alloy is
slightly smaller than the AC and 1h conditions reaching ~ -250 MPa. All conditions for both
alloys undergo softening resulting in a final stress of ~ -125 MPa at the end of the test. Similar

stresses in the Si phase for both alloys in the AC condition evidence the primary role of the

aluminides in load partition in the 1062 alloy.
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The volume fraction of Si corresponds to 13.5.% [4] and 12.1%-13.7% for the AlSi12 and
1062 alloys, respectively. This fact influences the calculated error bars in Fig. 8 and it

consequently affects further calculations.

3.4.2 Aluminium

The a-Al stress evolution is only calculated for the AISi12 alloy since the load borne by the
intermetallics in the 1062 alloy is unknown due to the absence of interplanar strains for some

of the aluminides. The rule of mixtures reads as:

Oapplied = (1- f) Oq-a1 + f X 0g Eq. (4)

where auppiied 18 the macroscopic true stress, f'is the Si volume fraction (13.5 vol.% from [4]),
and o4 and os; are the stresses in the a-Al and Si-phases, respectively. Therefore, g,.4; can be

expressed as:

Oapplied—f X0s;j
Oq-a1 = WTf)S Eq. (5)



Results are shown in Fig. 9. The maximum axial stress corresponds to the AC condition with
~ -45 MPa (¢ ~ 0.04), remaining practically constant onwards. Maximum axial stresses for the
1h and 4h conditions at a true strain of € ~ 0.01 are ~ -28 MPa and ~ - 24 MPa, respectively,
with subsequent little variation to a final stress of ~ -30 MPa. Radial stresses are close to zero
for all ST, reaching a maximum stress of ~ -10 MPa at the end of the AC test. This
observation is contrary to the Poisson’s effect and it could suggest that hydrostatic
compressive stresses oy develop in the Al phase [15]. Hydrostatic stresses should be present
in both phases to account for the strength differences. By observing Fig. 8, and assuming
roughly that 62 = 63~ 0 MPa, yields oy = (07 + 0, + 03)/3 ~ 0, /3, which also confirms the

presence of compressive oy in the Si-phase.
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The a-Al matrix in the AISi12 alloy has approx. 1.1 wt% of Si in solid solution at 540°C
according to the Al-Si phase diagram [33,34]. Compression tests of an AlSil.1 alloy (ST at
540°C) were performed at 300°C in [11] and the observed yield stress was -25 MPa, close to
the 4h condition of the present work, in agreement with the present results. Nevertheless,
similar maximum stresses could be expected in the a-Al matrix for the other AC and 1h

conditions (but not higher) since matrices are the same.



4 Discussion

The stresses calculated for the a-Al phase in the AlSi12 alloy are indirectly based on those
extracted from the Si-phase as stated in Eq. (5). The 3D network formed by the Si and its
interconnecting branches, mainly in the AC condition, can be considered in a first approach as
a cellular material. This type of structures can increase the stiffness of the solid material (e.g.
[35]), i.e., the initially Young’s modulus £ considered for the Si-stress calculations is not
valid for the highly 3D-interconnected network in the AC condition and, to a lesser extent, in
the 1h condition (where the connectivity is not totally lost). This means that the calculations
shown in the previous section (Fig. 8) are only valid when the initially interconnected network
of Si totally disintegrates resulting in individual particles, 1.e. for the a-Al and Si phases in the
AlSi12 4h condition. Therefore, a different approach is needed to determine the stresses in the
other two conditions. It is plausible to assume that the plastification behaviour expected for
AlSil.1 matrix should be rather similar for all ST conditions since 1) it plays a secondary role
due to its low bearing capacity and 2) occurs during the early stages of deformation. In fact,
when thermal mismatch occurs between the a-Al matrix and a second phase with a much
lower coefficient of thermal expansion, as it is the case of Si, plastification should occur
during heating before reaching 300°C [36] if relaxation mechanisms do not counteract this
effect. Consequently, the a-Al stresses corresponding to the 4h ST will be used for the other

two conditions of the AlSi12 alloy to recalculate E of the 3D Si network.

For the 1062 alloy, and due to the presence of Cu and Mg in the matrix that increases its yield
strength by solid solution strengthening [15], different a-Al stresses are required to recalculate
stresses of the 3D Si network (otherwise an artificial increase would be obtained). The yield
strength of the matrix was already measured at 300°C for an alloy of similar composition to

the one in this study [36], resulting in ~ -45 MPa. Comparing withFig. 8, it seems reasonable



to take the recalculated values for the a-Al in AlSi12 AC condition (Fig. 9) to estimate the
stresses in the 1062 matrix as an approximation. This should represent a lower limit for this
phase. Moreover, Chen et al [37] showed that in multi-component Al-Si-Cu-Ni-Mg-Fe alloys
like the one studied in the present work all the aluminides exhibit roughly similar hardness up
to 350°C. Therefore, the interconnected 3D hybrid network formed by Si and aluminides will

be initially considered to be formed by one phase with uniform strength and elastic properties.

The recalculated stresses for the Si-phase in both AlSi12 and 1062 alloys are evaluated as

follows (based on Eq. (4)):

Oapplied—(1—f)X0q—a14n

Osi—AlSi12 — 7 Eq. (6)

!
__ Ogppliea—(1—f)X0q—a14aC
Osi+aluminides—1062 — f' Eq' (7)

where 04-41 4n and da-41 4c 1s the load borne by the aluminium phase for the AlSi12 alloy in the
4h and AC conditions, respectively, fthe Si vol.% for the AlSi12 (13.5% [4]), and /' the Si +
aluminide network vol.% for the 1062 (21.4, 21.4 and 22.0 for the Oh, 1h and 4h conditions

from Table 3).

The results are presented in Fig. 10 for the AlSi12 (left) and 1062 (right) alloys, respectively.
Compared toFig. 8, there is a noticeable increase in the load borne by the Si-phase (except for
the AlSi12 4h condition that remains equal) after accounting for its real stiffness. For the
AlSi12 alloy, the highest stress is ~-350 MPa (AC) while for the 1h condition is ~ -200 MPa.
Analyzing the 1062 alloy, the stress increment in the Si + aluminides network is similar to
that of the AlSi12 alloy in AC condition, i.e., from ~ -360 MPa (AC) to ~ -340 MPa (4h ST).

These curves evolve identically to the macroscopic stresses exhibiting further softening.
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The load transfer Al-to-Si can be described to some extent. During loading of the AlSi12
alloy, axial stresses in the Si-phase increase as a function of the applied strain with different
slopes depending on the ST time. Thus, the AC condition (i.e. Oh ST) shows a steeper stress
increase than the other ST conditions for the same applied strain. This indicates that the Si
network in the AC condition is able to carry a larger load portion than 1h and 4h ST for
identical externally applied strains owing to its higher stiffness. This more effective load
transfer from the a-Al matrix to the 3D Si network in AC condition was proposed in [11] and
[13] for compression tests at 300°C for AISi12 and AISi110Cu5Ni2 alloys, respectively. There,
the decrease in the stress carried by the Si after solution treatments was attributed to the
spheroidization of the 3D Si network, which is a combined process of disintegration of 3D
networks of Si and further rounding of the disconnected particles. This effect is very

pronounced for the AlISi12 alloy [12].

The maximum stress difference of the hybrid 3D network between the 0 h and 4h conditions
of the 1062 alloy (Fig. 10) is ~ 20 MPa, much smaller than for the AlSi12 alloy since the

global interconnectivity of Si is highly preserved even after 4h ST [13]. Macroscopically, the
higher strength observed for the 1062 alloy in AC condition when compared to the 1h and 4h

STs can be ascribed to the local connectivity loss (i.e., a lower number of branches forming



the 3D interconnected network) between the Si and the Cu-rich aluminides as already stated
in [38] (the global connectivity is preserved). Moreover, the 1062 alloy shows, in all
conditions, a similar and effective load transfer from the a-Al matrix to the Si 3D network

when compared to the AlSi12 alloy in AC condition reflected by similar stress increase.

The damage mechanisms in an Al1Si10Cu5Ni2 alloy have already been analysed by Asghar et
al. [39], namely fracture of aluminides and Si (primary and eutectic) together with debonding
between a-Al matrix and Si/aluminides. Additionally, voids tend to be oriented preferentially

in the load direction.

The addition of Ni, even in small amounts of 1 wt.%, increase the thermal stability by the
formation of highly interconnected thermal aluminides [11], while the presence of Cu
contributes to the formation of alumnides that increase their interconnectivity [13]. ALCu is
one of the phases forming the hybrid 3D structure of aluminides and Si [10,21]. Its
contribution to strengthen the alloy is reflected by the strain slopes for all conditions in axial
direction (Fig. 7). In spite of the large error bars in Fig. 7, which hinder a more precise
analysis, it is reasonable to assume that this phase fails within the true strain interval [0.05-
0.1]. Asghar et al. [39] reported that fracture of aluminides during compression tests at 300°C
of the AISi10Cu5Ni2 alloy takes place at € ~ 0.04, which is practically the lower limit of the

commented interval.

The results obtained in this work for the 1062 alloy show that the maximum stresses in the Si
3D network occur at the same time or later than the strain drop in the Al>Cu phase takes place,
suggesting that the AlCu phase plays a relevant role controlling the global failure of the 3D
network or at least is one of the first aluminides to fail. The presence of Ni within its
structure, providing thermal stability, cannot be disregarded although in this work was not

possible to resolve it.



The generalized Hooke’s law (see Eq.(3)) can be also be written for the axial and radial

strains as follows:

[0y — v (07 + 03)] Eq. (8)
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where ¢;, gi, E and v have their common meanings. From Eq.(9), equalling o> and o3, yields:
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And E can be expressed as follows:

2x0%

_ (01—

E =

)
g1+03
m Eq. (11)

g1+03

The recalculated E for the 3D Si and 3D Si + aluminide networks of the AIS112 and 1062
alloys, respectively, is shown in Fig. 11. For the AlS112, the stiffness is increased by 25% and
50% for the 1h and AC conditions, respectively. The presence of the aluminides in the 1062
alloy retain the stiffness of the Si network in all conditions and shows its efficiency with
similar stiffness than the AlSi12 alloy in AC condition. This finding validates the assumption
of considering the 3D Si + aluminide network as a unique phase due to its solidary behaviour
with uniform strength and elastic properties. These 3D Si+ aluminide £ modules can be used
for experiments performed at lower temperatures and with a simple analysis of the Si-phase
strains can be sufficient not only to deduce the stresses in the rigid 3D Si network but also in

o-Al matrix.
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Non negligible error bars are distinguishable in Fig. 11 for the stiffness, mainly for the 1062
alloy in AC condition. Since they are based on those observed in Fig. 10, it is possible to
obtain an estimation of their influence on the true stress-true strain curves. Typical errors of ~
+50 MPa and ~ +25 MPa are distinguishable for the AlS112 and 1062 alloys, respectively
(Fig. 10). Applying the rule of mixtures, the former should be affected by 0.135 [4] and the
second by ~ 0.22 (Table 3), yielding maximum errors of ~ +7 MPa and ~ +6 MPa,
respectively. These errors, except for the AlSi12 ST conditions (where the connectivity is
practically lost), represent < 12% of total macrostresses-strain curves (Fig.5), i.e. a reasonably

low influence, and it is used to confirm the relatively good accuracy of the present work.

5 Conclusions

In-situ compression tests were carried out during high energy X-ray diffraction for a eutectic
AlSil2 alloy and a near eutectic A1Si10Cu6Ni2 alloy. Additionally, synchrotron x-ray
computed tomography was performed only in the near eutectic A1Si10Cu6Ni2 alloy. The

following conclusions can be drawn from this work:

- The near eutectic AISi10Cu6Ni2 alloys exhibits a 3D highly interconnected network

formed by the Si and aluminides embedded in the a-Al matrix.



- The eutectic 3D Si network in the near eutectic AISi10Cu6Ni2 alloys is capable of bearing
a higher load than in the eutectic AlSil2 alloy in corresponding heat treatment conditions
(except for the AC condition that is similar) owing to the presence of highly
interconnected 3D networks of aluminides. These aluminides partially avoid the
spheroidization of eutectic Si during the solution treatments conserving thus its load
bearing capability.

- Aluminides play a primary role in the load bearing capability in the near eutectic
AlSi10Cu6Ni2 alloy by 1) increasing the volume fraction of the rigid phases and 2)
producing a hybrid 3D Si + intermetallic network with similar stiffness to the 3D Si
network of the AISi12 alloy in AC condition.

- The AlbCu-phase, which can also include Ni within its structure, plays an important role
on the onset of the damage in the near eutectic A1Si10Cu6Ni2 alloy since it seems to be
one of the first aluminides to fracture of the 3D hybrid network formed by the Si and
intermetallic phases during the high temperature compression tests.

- The stiffness of the silicon network by considering the connectivity of different phases
was calculated and resulted, compared to isolated Si particles, in an increase of ~ 25% and
~ 50% for the 1h and 4h solution treatment conditions of the eutectic AlSi12 alloy and of

~ 50% for the near eutectic AISi10Cu6Ni2 alloy in all conditions.
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Figure captions

Fig. 1 Light optical micrographs of the AlSil2 alloy showing the a-Al, and eutectic Si and
primary Si in a) AC condition, b) 1 h ST and ¢) 4 h ST

Fig. 2 Light optical micrographs of the 1062 piston alloy showing the a-Al, eutectic Si and
primary Si, and aluminides in a) AC condition, b) 1 h ST and ¢) 4 h ST.

Fig. 3 a) Picture of the experimental setup at Harwi-II at DESY. b) Schematic lateral view of
the setup

Fig. 4 3D reconstructed volumes of the Si (blue) and aluminides (green) networks after
solution treatments at 500°C during a) and b) Oh, ¢) and d) 1h, and e) and f) 4h

Fig. 5 True stress vs. true strain curves obtained during compression tests at 300°C for the
AlSi12 and 1062 alloys with different solution treatment times at 500°C

Fig. 6 Lattice strain evolution during compression tests at 300°C for the Si phase in the axial
(open symbols) and radial directions (full lines) for the a) AlSi12 and b) 1062 alloys. Typical
error bars are indicated

Fig. 7 Interplanar strain evolution during compression tests at 300°C for the Al,Cu-phase of
the 1062 piston alloy in axial direction. Typical error bars are indicated



Fig. 8 Evolution of the load borne by Si-phase during compression tests at 300°C in axial
(open symbols) and radial (full lines) directions for the a) AlSi12 and b) 1062 alloys. Typical
error bars are indicated

Fig. 9 a-Al stress evolution during compression tests at 300°C in the axial (open symbols)
and radial (full lines) directions for the AISil12 alloy. Typical error bars are indicated

Fig. 10 Recalculated stress evolution during compression tests at 300°C in axial (open
symbols) and radial (full lines) directions for the a) 3D Si and b) 3D Si + aluminide networks
in AlSi12 and 1062 alloys, respectively. Typical error bars are indicated

Fig. 11 Calculated stiffness for the a) 3D Si and b) 3D Si+Aluminide networks during
compression tests at 300°C in AlS112 and 1062 alloys, respectively. Typical error bars are
indicated



