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Abstract

3D tomographic images of a cast AlSi7Cu3Mg alloy were obtained using synchrotron X-ray
tomography during in-situ Low Cycle Fatigue tests at 250°C. While image analysis highlights the role of
eutectic Si particles close to pores in damage mechanisms, high resolution digital volume correlation
reveals the relationship between strain heterogeneity at the microstructural scale and hard particles failure
or cracks. Monitoring strains evolution with cycles within hard particles, i.e. eutectic Si and Fe or Cu
intermetallics, allows measuring their local failure strains and drawing a hierarchy of the deformation to

failure. Then, a local Manson-Coffin curve per hard phase is proposed.
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1 Introduction

Because of their high strength over weight ratio and good castability, thermal conductivity and
corrosion resistance, aluminium-silicon (Al-Si) casting alloys are used in the car industry to manufacture
structural components that must withstand thermomechanical fatigue (TMF) like engines. In recent years,
Al-Si alloys, and the Lost Foam Casting (LFC) process were introduced to manufacture cylinder heads in
a downsizing strategy. Indeed, while Al-Si alloys allow to reduce the weight, the near-net shape LFC
process saves both material and cost compared to the conventional gravity Die Casting (DC) process [1].
However, the joint action of the pyrolysis gases [2] and low cooling rate (0.8°C/s) induces a larger
number of pores and a coarser microstructure than the DC process [3]. This microstructure consists in
pores and hard phases’ particles, namely eutectic Si and copper (Cu) or iron (Fe) intermetallics, within an
Al matrix. Strontium (Sr) is frequently added to modify the shape of eutectic Si from acicular to
spheroidized or fibrous. However, the efficiency of this Sr-modification depends on the solidification
cooling rate hence on the casting process. Understanding how this microstructure influences the in-
service properties of the cylinder heads remains an open issue. The operating conditions on such
components generate out-of-phase TMF [4]: the low-frequency temperature changes generate low-
frequency variations of stresses/strains that can be assimilated to Low Cycle Fatigue (LCF) in
compression at high temperature and in tension at Room Temperature (RT) with creation of cyclic plastic
strain [5].

The state of the art on the LCF behaviour of Al-Si alloys is limited, especially at high temperature and
the microstructure/property relationships differ according to the fatigue regime [6]. Table 1 summarizes
the micromechanisms of fatigue damage in LCF at RT and high temperature reported in the literature.

At RT, several microstructural features affect the fatigue life of Al-Si alloys, e.g. Secondary Dendrite
Arm Spacing (SDAS), pores, and hard phases' particles. A small SDAS (15-30um) yields a longer crack
initiation (75% of the total life) than a large SDAS (>50um) for which crack initiation can stand for only
15% of the total life [7]. Because the SDAS increases as the solidification rate decreases, a large SDAS is
interrelated with coarse hard particles and large pores whose detrimental role was evidenced in LCF [7—
11]. Indeed, a high porosity content reduces the fatigue life [8] mostly due to the stringent role of the

largest pores [7—11] on crack initiation (Table 1). When pores are below a critical size [12], LCF cracks



also initiate from hard particles [13][14], at eutectic Si [13,15,16] but also at Cu intermetallics [15].
Although Fe is a common impurity in secondary Al alloys that are obtained from recycling and remelting
Al scraps, its influence in LCF is still controversial either on crack initiation, growth or total fatigue life

(Table 1).

Table 1: Micromechanisms of LCF damage in AlSiCu alloys at RT and high temperature; grey

cell highlights controversial results while empty cell highlights a lack of information.
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Whatever the initiation site, LCF cracks at RT propagate through a network of hard particles where
eutectic Si prevails [12,17]. Although acicular Si particles aligned with the loading axis [9,17] and
clusters of Si particles [17] seem more likely to break, the influence of the particle morphology is still
unclear: an alloy with a spheroidized eutectic Si has a lower LCF strength than the same alloy without
spheroidisation and with a coarser microstructure [14]. Although present in the LCF crack path [18], Fe
and Cu intermetallics are rarely studied. In a Sr-modified AlISi7Mg0.3-T6 alloy with globular Si particles,
fatigue cracks rather propagate through a-Fe intermetallics (Table 1). Hence, in the early stages of

fatigue, a crack may even avoid Si particles (Table 1).
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If experimental studies on Al-Si alloys in RT LCF are rare, those in LCF at high temperature are even
scarcefr.

The thermal fatigue life decreases when the SDAS increases with more evidences of cleavage in the
fracture surface [22]. However, as the SDAS scales with porosity and size of Fe intermetallics [22], this
lifetime reduction could not be attributed to a single microstructural parameter.

At temperature above 120°C, creep-type damage mechanisms are activated but, when present, porosity
still controls crack initiation and can help crack propagation through coalescence so that porosity content
influences fatigue life (Table 1).

In TMF, cracks also grow through hard particles. Si particles failure mechanisms depend on the
temperature and their influence of the fatigue life depends on their morphology (Table 1).

When available, in-situ observations during TMF are limited to the surface and generally obtained
during interrupted tests to monitor surface crack growth [13,30]. In-situ X-ray tomography observations
during LCF tests revealed crack initiation at subsurface pores that is thus undetectable from the surface
during most of the fatigue life both at RT and at 250°C (Table 1).

To interpret such mechanisms, Finite Element Method (FEM) calculations with either a simplified
microstructure based upon 2D observation or a more realistic microstructure from X-ray tomography
were used in the literature to analyse the evolution of stresses and strains heterogeneity at the microscale
with various microstructural parameters at RT (Table 2). The matrix is always assumed elastoplastic with

non-linear hardening and the hard particles linear elastic.



Table 2: Investigated parameters in FEM calculations to study stress heterogeneity in Al-Si

alloys at a microstructural scale

Simplified microstructure (2D)

Realistic microstructure (3D)

Eutectic Si Pores Influence Eutectic Si Pores Influence
Shape : round When the size 1, the maximum [35-42] | The maximum tensile
[31,32], elliptic stress slightly | in the particle & 1 stress between a pore
[31], lamellar in the matrix so that yield strength and the free surface
[33] 1. depends on the pore’s
5 Size [34] Particles elongated in the loading depth [39].
% Aspect ratio direction are more likely to crack
2 [34][31]
'g elastic Si & small (20pm) Crack initiation & fracture of Si K; depends on size
5 lamellae rounded pores particles close to pores with little influence of
s [33] morphology [38,41]
=
Isolated inclusions or pores [43] At a given size, morphology has The largest K; occur at
Shape: circular or with sharp limited inflyence on local plastic high curvature areas of
morphologies shear strain hence on crack microshrinkages
Size: diamet nucleation.Size is more important [35,36,40].
ize: diameter
than shape. crack nucleates where
- - - - K >4.5[42]
Al dendrite arm with and without a A pore near the surface | fatigue
LoL surrounded by spherical pore strength
T eutectic Si [32]
sub-volumes [11] Si particles with
centred on complex shape or
single elastic aligned with loading
Si particles direction are more
[44] harmful [44]
-
x Cracks initiate at the
23] pores hot spots with the
S = highest equivalent
- T plastic strain [11] [23]

Numerical simulations with 2D FEM models considering pores with model shapes , often spherical,

were carried out to study their influence on stress fields in monotonic tension [33] or in HCF [32]. A pore

near the surface reduces fatigue strength as it increases the stresses and plastic strains around Si particles

at its tip [32]. Besides, the stress concentration induced allows crack initiation and fracture of surrounding

Si particles and then dictate the crack path [33]. In monotonic and cyclic 2D simulations the pore shape

has limited influence on the maximum value of the plastic shear strain (an indicator of the crack initiation

driving force) at the edge of the pore whereas a four-fold increase in the pore diameter doubles the plastic

shear strain. Therefore, the pores size is more important than its morphology for crack nucleation.

The influence of Si particles in monotonic tension or in HCF was also studied with FEM calculations

on 2D simplified microstructures with elastic Si particles with various shapes, size, orientation, spacing

and clustering (Table 2). Si particles generate a stress concentration in the adjacent matrix [33]. When the

particle’s size increases, the maximum stress in the particle slightly decreases while that in the matrix

increases leading to a lower yield strength [34]. Particles with a high aspect ratio [34] elongated in the

loading direction [31] support higher computed stresses than circular particles hence they are more likely
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to crack. The shape has less influence on the stress within the matrix than the failure state of the particle
[43]. Damaged particles generate a stress concentration in the surrounding matrix, which depends on their
shape and orientation, and that is transmitted on the intact particles nearby. A broken particle still bears a
significant fraction of the redistributed local stress field whereas the stress redistribution in the matrix is
higher around a debonded particle [31]. Once the effective stiffness of the matrix decreases due to
particles failure and yielding, the stress in the particles, hence the risk of particles cracking, increases
[34]. When cracks have initiated in the matrix near damaged particles, their growth depends on the Si
particles distribution [31]. The presence of Fe intermetallics, large Si particles and a small distance
between these particles can locally increase stress/strain concentration [32].

X-ray tomography provided more realistic microstructures that could be used as input to this type of
studies. 3D FEM model using real pores morphology (Table 2) enabled to compute local stress
concentration factors K; under monotonic tension assuming an elastic matrix [35-42] or to compare the
cumulative equivalent plastic strain field after three LCF cycles with crack initiation site, first, at RT
assuming an elastoplastic matrix with nonlinear isotropic/kinematic hardening model [11] then, at 250°C
assuming an elasto-viscoplastic matrix [23]. Indeed, the computed K; is a good indicator of the nocivity of
a pore with HCF crack nucleating in areas where K; is high [42]. Some authors stated that pores with the
same Feret diameter have similar K, with little influence of their morphologies [38,41] whereas computed
stress fields on microshrinkages show that the largest K; values occur at high curvature areas (hot spots)
[35,36,40]. In LCF [11], a cyclic FEM computation of the pores in an elastoplastic matrix has proved that
cracks indeed initiate at the microshrinkage hot spots with the highest computed equivalent plastic strain.

Analysis of the influence of realistic hard phases particles on strain fields is rare. High resolution
tomography images acquired in-situ during a RT LCF test on an AlISi7Mg0.3 allowed analysing the effect
of Si particle volume and orientation on rupture [44]. Teranishi et al. [44] built FEM models from
tomographic data by considering a sub-volume centred on a single elastic Si particle in an elastoplastic
matrix. Morphological analysis of the particles that break shows the harmfulness of a complex shape with
thin portions, a locally high volume-fraction, and a small angle between major axis and loading direction.
Besides, intact, or late breaking particles have high values of maximum equivalent plastic deformation
while early breaking particles have high values of principal and hydrostatic stresses. However,

discrimination by morphological parameters is not obvious. Larger particles seem more likely to break as
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their aspect ratio and their angle with respect to the loading axis decreases. Yet, the study of the influence
of the neighbourhoad, i.e. pores, and hard particles, would be necessary for a more accurate estimation of

the stresses in a given Si particle.

In summary, as contradictory experimental evidences and the lack of experimental data acquired in-
situ and in the bulk do not allow a full understanding of the role of particles morphology, size, or
orientation on crack initiation and propagation, some FEM simulations of model or realistic
microstructures were performed. These studies have several limitations. First, they require knowledge of
the constitutive law of the microstructural constituents. For the Al matrix containing Si particles at RT, a
simple elastic behaviour can be assumed for rigid particles, but remains impossible for the intermetallics
especially at high temperature. Therefore, three-dimensional experimental studies using X-ray
tomography and Digital Volume Correlation (DVC), which are relatively recent techniques, are necessary
to understand the influence of hard particles that are often not of ideal shape, as assumed by FEM
analysis, but form complex clusters [45-47]. Above 150°C, the matrix behaviour changes and, at high
temperature, damage of eutectic Si may dominate over that of intermetallics [30] but the influence of
morphology is still a matter of discussion [22][24]. Consequently, the state-of-the-art shows that the
criticality of the various hard particles with respect to LCF remains an open question especially at high

temperature.

In this work, in order to clarify the role of the microstructure in high temperature LCF of cast Al-Si
alloys, we performed in-situ observations under high resolution X-ray tomography during isothermal LCF
tests at 250°C using the in-situ high temperature test rig presented in [48]. The tomographic images
obtained at different number of fatigue cycles were analysed first qualitatively to have a comprehensive
analysis of the damage scenario. Then, the strain heterogeneity at the scale of the microstructure was
computed with DVC. The analysis of the strain fields, measured at an unprecedented spatial resolution,
provides the cumulative local von Mises strains before failure for the different phases and it conducts to
local Manson Coffin curves for fatigue crack nucleation. Besides, the evolution of local strains within
various particles with the number of cycles allowed us to draw a hierarchy of the strain to failure among

the different hard phases namely, eutectic Si, Cu and Fe intermetallics.
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2  Experimental

2.1 Material and specimens

The material used to manufacture cylinder heads is a cast AlSi7Cu3Mg (A319) Al-Si alloy with the
chemical composition shown in Table 3. Cylinder heads cast with the LFC process were overaged during
500 h at 250°C to obtain stabilized microstructure and the targeted mechanical properties. The resulting
microstructure (Figure 1) is typical of hypo-eutectic cast Al-Si alloys: an Al dendritic structure with pores
and hard inclusions, i.e. eutectic Si, Fe intermetallics and Cu containing phases, in the interdendritic

space.

Table 3: Composition of the AlSi7Cu3Mg alloy in weight %

S F C M T A
Mn Ni Zn Cr

30 | .10 | .45 | 004 31 | 048 .02 1 | 012 al.

WD14.9mm  x100 500um

a)

Figure 1: Microstructure of LFC AISi7Cu3Mg observed with (a) optical microscope and (b)

scanning electron microscope

The slower cooling rate of LFC as compared to DC process increases the SDAS (= 75um) and the size

of the pores and different phases present in the alloy compared with DC casting.



To obtain samples with a microstructure representative of the inter-valve zone, i.e. the critical area for
TMF, small dumbbell-shaped specimens (Figure 2b and c) were extracted from the cylinder heads by

Electro Discharge Machining (EDM) (Figure 2a).

a)

Figure 2: Fatigue specimens: (a) location of the specimens in the cylinder head and geometries of
(b) A4 and C5 (thickness 2.6 mm) and (c) LE7 (thickness 3.5 mm) specimens with dimensions in

mm

All specimens were mechanically polished (SiC paper down to grit 4000 followed by polishing up to
Y, um in a diamond solution) to remove the EDM affected layer of about 200pum, and to decrease the risk
of surface crack initiation. After polishing, the cross section is 2 x 2 mm? (samples A4 and C5 hereafter)
or 3 x 3 mm? (sample LE7); larger specimens were used to obtain a longer crack propagation.

A preliminary characterization by laboratory X-ray microtomography was performed on the 1SIS4D*
X-ray Computed Tomography platform with an 80kV acceleration voltage. The scan was made at a
medium resolution with a voxel size of S5um and an acquisition time per image of 500ms. On the one
hand, these medium resolution images permit to select suitable samples and observation areas regarding
pores size and location. Indeed, pores located in areas of high stress concentrations such as fillet can
cause premature failure of specimens outside the field of view. On the other hand, the obtained images
allow characterizing in 3D the population of defects in the specimen gauge length and obtaining a 3D
mesh of the porous aluminium matrix in order to compute the associated strain fields using FEM with

Abaqus software; More details in the mesh generation from tomography images are given in [11]. An

4 https://isis4d.univ-lille.fr/
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elastoplastic model with isotropic hardening, which was identified from a monotonic tensile curve of the
studied alloy at 250°C, was used and a uniform displacement was applied on the upper and lower part of
the 3D mesh to yield a macroscopic strain of 0.4%. Analysis of the strain fields obtained at the successive
iterations of this computation allowed to select the iteration that yields a plastic strain area that is large
enough to induce crack initiation in the observation area but that remains smaller than the specimen’s
width in order not to induce ductile failure. The macroscopic strain so identified was then used to define
the stress or load applied at the maximum of the first cycle in the in-situ LCF tests using the cyclic stress-
strain curve of the alloy. Considering the different pores distribution and specimens’ geometry, the

applied stress selected may differ among specimens.

2.2 In-situ fatigue setup

To observe and follow the damage micromechanisms in bulk and in-situ, isothermal LCF tests were
performed at ID19 beamline at the European Synchrotron Facility (ESRF, Grenoble in France). The
samples were loaded using a uniaxial in-situ fatigue test rig [23] developed at MATEIS laboratory. To
perform LCF tests at high temperature, a furnace with four halogen lamps, described in [48], was added
to this test rig by the “Centre des Matériaux” laboratory. Tests at 250°C were performed at a frequency of
0.1Hz, a stress ratio R = 0.1 and with a maximal force, which was adjusted by an imposed displacement
of the lower grip.

Tomographic scans were acquired in pink beam mode (E = 35keV) with a CMOS PCO Dimax
detector (2048x2048 pixels®) at 2.75um voxel size. At high temperature, the material has a partly viscous
behaviour that induces stress relaxation under displacement control. Hence, to reduce as much as possible
this effect, fast scans (45s duration for 2,000 radiographies) under maximum load were recorded after a
dwell time sufficiently long to reach macroscopic stress stabilization (= 5min). The phase contrast
provided by the coherent synchrotron X-ray beam enables to distinguish Al from Si despite their close X-
ray attenuation coefficient but it also induces spurious artefacts at the borders of pores and microstructural

constituents. Therefore, volume reconstruction relied on a Paganin algorithm [49] to improve contrast.
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2.3 High resolution strain field calculation

3D displacement fields were computed with YaDICs [50], an in-house open-source software for
Digital Image Correlation. YaDICs allows the use of many transformations to adapt to the tests
performed. These can be either local using inter-correlation and integrated local block correlation, or
global with a finite element basis. In the present study, an optical flow method on a finite element basis
was retained. Details about the correlation sequence that was chosen to achieve 3D displacement fields
with a cubic element of 4x4x4 voxels (11x11x11 um) can be found in [50] together with uncertainty
analysis.

A high spatial resolution of the displacement fields is necessary to analyse their heterogeneities at a
spatial resolution close to the size of the microstructure. Figure 3 shows this 3D microstructure, which
was characterized using a high resolution tomography volume with a 1.6pum voxel size, in a volume of
about 1mm?: the hard phases have many connected branches and form an intricate network so that a
smaller subvolume was needed for the 3D rendering of iron intermetallics (Figure 3c) and eutectic Si
particles (Figure 3d) to distinguish their morphology. For such complex networks, a granulometry
analysis [51] is the most appropriate method to rank the microstructural constituents by their size
distribution (Figure 4): the eutectic Si phase is the thinnest one (average=5um), the Fe intermetallics
phases have roughly the same thickness peak but with a distribution that extends towards larger values
(average=9um), finally, the Cu intermetallics phases are the thickest hard phases (average=~13um). Other
constituents, i.e. Al dendrites and pores, have thicknesses ten times higher, with average values of 67 and
80 um respectively. Please refer to [11] for a full description of the 3D pores in this material.

As strain is computed from the gradient of the displacement field, its spatial resolution (shown as a
green square in Figure 5) is based on a volume 27 times larger than the cubic element size (in red in
Figure 5) on which DVC is based. For thin particles, such as eutectic Si (Figure 4), the DVC volume
element, in which strain is calculated, will thus always include the selected particle but also Al matrix.
Only in the thicker Cu intermetallics (Figure 4) could “true” local strain measurements be obtained within
the particles. However, Cu intermetallics, either with the fine eutectic or blocky form are part of an Al-Cu

eutectic (see Fig. 17a and b in reference [52]) and if the Al eutectic is not resolved on the tomography
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images (see Figure 5), it can still influence the measured local strain. Therefore, Al will affect the

measurement for the three hard phases.

Figure 3: 3D microstructure of AlISi7Cu3Mg using high resolution tomography (voxel=1.6pm)

showing (a) pores and hard phases: (b) Al,Cu, (c) Al(Fe,Mn)Si and (d) Si; For the thin Al(Fe,Mn)Si
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and Si phases, zoomed regions on the right hand side of (c) and (d) give an insight into the network

complexity.
0.50 (| (| 0.05
—~AlFeMnSi -
-=-Al2Cu -
0.40 si - 0.04

—+Al dendrites

——pores

0.30 0.03

0.20 0.02

Volume fraction of Al and pores

o
[EEN
o

0.01

Volume fraction of the hard phase

0.00 ——

1
o

Local thickness (um)

Figure 4 : Thickness distribution in volume fraction of the considered phase; Analysis is based

on tomography images with a 1.6 um voxel size hence objects thinner than 3.2 um are not included.

E’ window
. ]
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¥

200 pm 200 pm

Figure 5: Illustration of the spatial resolution of local measurement (on the left, in red for

displacement and in green for strain) in an Al-Al,Cu particle that eventually breaks (on the right)

13



For several particles belonging to the three hard phases, the local strain was monitored until the
particle failed. First, the coordinates of a point at a particle fracture were identified on a tomographic slice
perpendicular to the plane of the crack at a number of cycles N (Figure 5 right-hand side). Then, an
ImageJ macro was used to retrieve the value of the cumulative von Mises strain at this point (Figure 5
left-hand side) for all scans recorded when the particle was still intact; the cumulative strain at N cycles
was obtained from DVC between the reference image at the minimum load of the 1* fatigue cycle and the

deformed image at the maximum load of the N cycle.

3 Results

3.1 Damage mechanisms

Three in-situ fatigue tests were conducted and analysed. Specimens C5 and A4, loaded at a maximum
stress of 70MPa, failed after 50 fatigue cycles, while sample LE7, loaded at 65MPa, failed after 1,800
cycles. In most of the fatigue tests, a crack initiated during the loading part of the 1% cycle near a large
micro-shrinkage, i.e. in an area of high stress concentration due to the pore's shape, usually below the
sample surface. Due to the similarity between samples C5 and A4, only samples A4 and LE7 are
discussed in what follows. Although X-ray tomography was performed with a medium resolution (voxel
size = 2.75um), it allowed detecting microcracks resulting from the failure of hard particles. Figure 6
compares a Scanning Electron Microscopy (SEM) image of the specimen surface post-mortem with a
tomography slice before specimen failure. Both techniques enable to detect the same mechanisms: broken
Al,Cu intermetallics and microcracks at failed eutectic Si particles. Phase contrast allows the detection of
microcracks and of the Si particles. Hence, X-ray tomography images obtained at different numbers of
cycles are considered reliable to analyse the fatigue mechanisms. However, as the distinction between
fracture and debonding of hard phases particles could not be done in the tomography images, in what
follows, the generic term of failure is used hereafter to describe any particle damage that led to the
creation of a microcrack.

In the two analysed samples, cracks initiated at the microshrinkage with the maximum Feret diameter:
1050 um for sample A4 and 781 um for sample LE7. In sample A4, after initiation during the first
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loading, an Al,Cu particle located near the largest microshrinkage (pore tip marked “la” in Figure 7c)
failed and then propagation occurred along the Si phase. After 5 cycles, other microcracks in Si particles
were observed around pore tip “1b”, which actually belongs to the same microshrinkage as pore tip “la”.
After 5 cycles, the microcracks already nucleated at eutectic Si particles (circled area in Figure 7¢) open
up more while newly formed microcracks multiplied in the zone that links adjacent pores 1 and 2 (see

Figure 7c) until they enlarged and coalesced to form a single cavity, which led to the sample fracture.

Si
e

Suipeo

WD14.1lmm lS.OkV‘x2OO 200um

Figure 6: Comparison of broken hard particles observed post-mortem at the surface with SEM
where the Si phase contour is underlined in yellow (on the left) and in the bulk with X-ray
tomography at the last scan before failure (on the right). The two images are shown at comparable

magnification.

The damage scenario was the same for LE7 despite a longer fatigue life. Fatigue cracks initiated close
to the largest subsurface pore via the failure of hard inclusions: mostly eutectic Si although broken Al,Cu
and iron intermetallics were also observed. EDS analysis of the fracture surface at 250°C (see p165 in
reference [53]) and at RT [54] confirmed that the surface fraction of Si phase dominates (= 29%)
compared to Al,Cu (= 7%) and AlFeMnSi (=9%). More microcracks at damaged hard inclusions were
observed when the number of cycles increased until they coalesced to form larger cracks that rapidly led

to failure of the specimen.
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The analysis of the surface fractions occupied by either fracture or decohesion in the different hard
phases showed that the decohesion/fracture ratio is higher for Si at 250°C (> 4.4) than at room
temperature (> 1.3 [57]) both on the whole fracture surface and on the crack initiation zone. At 250°C, the
post-mortem SEM analysis also confirmed that Si damage largely prevailed whereas Cu intermetallics
were rarely present on the fracture surface contrary to the RT results while Fe intermetallics showed the

same particles fracture/decohesion ratio as at RT.
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—_—
400 ym

Figure 7: Strain field at the 1* cycle (sample A4) in one slice about 700pm below the specimen
surface: (a) equivalent plastic strain computed from FEM for an elastoplastic porous model and (b)
von Mises total strain measured from DVC; A zone containing microcracks after 30 cycles is
encircled in red in the corresponding tomographic slice in (c); A focus in a rectangular area that
joins the pores and presents numerous microcracks at 30 cycles allows to highlight the microcracks

in red and the Si particles (arrow)
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3.2 Strain field heterogeneity

Figure 7a shows one slice within the 3D equivalent plastic strain field, which was computed with FEM
assuming an elastoplastic homogeneous material, and the corresponding slice (Figure 7b) in the &,wmises
total strain field from DVC at the first fatigue cycle for A4 sample; the microtomography images of the
microstructure, shown in Figure 7c, were superimposed on this field to compare the crack path with the
local deformations. In the equivalent von Mises strain field computed from DVC in Figure 7b, a strain
localization can be observed on a relatively large area between the two pores (red circles) before crack
initiation. Near Pore 1, a locally higher gyvises Strain corresponds to a crack that initiated at the tip “1a”
from eutectic Si; after 30 cycles, the crack has opened and propagated through an Al,Cu intermetallic
(Figure 7c).

The comparison of the computed equivalent plastic strain field with the measured von Mises strain
field at the same cycle shows a good correspondence between the shape of the highly strained area that
links the pores although with much higher experimental values. However, areas with large experimental
strain values also existed outside the pores strain localization area computed with FEM (see the dotted red
circle in Figure 7). These zones are observed at hard particles with strain values that may increase with
the number of cycles up to particles failure. Microcracks at Si particles were indeed observed to nucleate
far from the strain concentration area induced by pores. Therefore, a detailed analysis of the evolution of

strain at some particles until failure has been performed.

3.3 Analysis of local strain at hard particles

Deformation at the scale of the hard particles was analysed following the DVC strain measurement
method described in section 2.3. As explained before, at the spatial resolution of DVVC, Al influences the
strain measured in the three hard phases. Hence hereafter the measured strain is attributed either to
{Al+Al,Cu}, {Al+Fe} or {Al+Si} whether the studied hard phase particle belongs to Cu intermetallics,
Fe intermetallics or eutectic Si respectively. Selected points on some failed particles were monitored in
tomographic slices, as shown in Figure 8 for a Cu intermetallic particle in sample A4. The evolution with

cycles of the gyvises Strain at these points was measured. The maximum strain occurred where the particle
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failure is observed on the following scan as shown by the projection of the von Mises strain field at 6
cycles on a particle that appears broken at 30 cycles (Figure 8); the particle has failed between 6 and 10
cycles but the crack was better revealed at 30 cycles. Hence, in this example, the strain at or before failure

corresponds to the strain measured at 6 cycles.
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Figure 8: Evolution of the g,vises Strain within one particle with the number of cycles up to the
last cycle where the particle is intact. A red cross on the 3D particle, which is coloured by the strain
field at the corresponding cycle, indicates the measurement location. On the right-hand side, the

broken particle after 30 cycles (sample A4) is shown in 3D and within a 2D reconstructed slice.

The same study was carried out at several points (over ten) where a crack was observed for the three
hard phases. Figure 9 shows the evolution of local strains in several {Al-Al,Cu} particles that failed after
200 cycles in sample LE7. As sample LE7 had a much longer fatigue life (1,800 cycles), particles broken
after only 300 cycles were selected and studied. This allowed to study particles far from a growing crack
and its plastic zone. At 200 cycles, the von Mises strain values before failure show an important scatter
among the selected particles.

Figure 10 shows the average strain variation in the three types of hard particles before failure. For both
samples, local strains gradually increased with the number of cycles until failure whatever the particle

and, for each hard phase, the strain dispersion at a given number of cycles is significant as shown by the

19



standard deviations reported as error bars in Figure 10. However, a hierarchy emerges between the three

hard phases.
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Figure 9: Evolution of the g,y;ss Strain within several {Al+Al,Cu} particles with the number of

cycles up to failure (sample LE7). A 3D rendering shows the strain localization at 200 cycles for two

particles.

At a given cycle, {Al+Al,Cu} particles show the highest strains accumulation while being intact.
{Al+Fe} particles have slightly lower values while {Al+Si} are even below. The strain evolution for the

three types of hard particles follows the same hierarchy and shows consistency between specimens LE7

and A4.
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Figure 10: Mean evolution of the g,viss Strain before failure for the three types of hard particles
in specimen A4 (top) and LE7 (bottom) that failed after 50 and 1,800 cycles, respectively; the three

series are shifted on the abscissa to improve readability of the figure.

4 Discussion

4.1 Influence of temperature on damage mechanisms

At RT [11] and at 250°C, the fatigue crack initiation mechanisms observed during our tests are
identical. The first cracks often initiate before reaching the maximum load of the 1% cycle, i.e. during the

first pull. Crack initiation mechanisms in fatigue are therefore not different from those in monotonic
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tension [11,55]. The crack initiation site was either one or several subsurface large micro-shrinkages with
a tortuous morphology. These complex shapes resulted in a strain localization evidenced by both DVC
and FEM. Crack initiation also resulted from the presence of hard particles located near pores or near
other stress concentrations, e.g. the specimen fillet [11]. Propagation then followed the hard phases where
an increase in the cumulative von Mises strain, measured by DVC, was found before crack detection.

At 250°C, significant microcracking of the eutectic Si appeared at the 1* cycle (Figure 7 bottom).
Eutectic Si showed massive multi-cracking in areas close to the pores in the region of the sample where
the final fracture occurred but also elsewhere (see e.qg. the circled area in Figure 7). However, microcracks
or cavities generated at Si particles away from the pores or from a stress concentration did not coalesce to
form a macrocrack. This is consistent with the observation of Joyce [30] who reported that Si fracture
does not necessarily induce (macroscopic) crack initiation.

Since Si is the hard phase with the highest volume fraction, the number of failed Si particles in the
fracture surface is expected to be higher than for other phases like at RT. Besides, the morphology of Si
may explain why a fracture at one location of a network led, by a load transfer on the unbroken ligaments
via the matrix, to a greater stress and therefore a probable fracture of these ligaments or of the adjacent
unbroken particles. Post-mortem analysis has underlined the importance of Si decohesion at 250°C
compared to RT results in agreement with the change of failure mechanisms induced by temperature as
reported in [28].

At high temperature, the mechanical properties (Young's modulus and hardness) of the matrix decrease
more markedly than for rigid inclusions and among the hard particles, Si is the phase that maintains the
highest hardness up to 350°C [56,57] thus accentuating the Al/Si matrix incompatibilities and the damage
of the Si particles.

Another explanation given in the literature for the fracture/decohesion of Si is the presence of residual
stresses due to thermal expansion mismatch between matrix and particles. Indeed, when isothermal high
temperature fatigue tests are interrupted to measure fatigue cracks growth, Joyce [30] observed that this
“thermal cycle” induced numerous broken Si particles and reduced fatigue life compared to uninterrupted
tests [30].

Yet, in the present study, tomographic scans taken before and after heating to 250°C, while the

specimen was held at the minimum load before any fatigue cycles, did not show any increase of the
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number of damaged particles so that damage cannot be attributed to one thermal cycle but rather to
isothermal fatigue where local residual stresses could play a role. The casting process induces tensile
residual stresses in the matrix and compressive residual stresses in Si particles that become tensile upon
heating beyond 130°C, facilitating the failure of Si according to [58]. However, at 250°C, no residual
deformation was measured in Si by Pyzalla et al. [59] maybe because of the thermal relaxation of the
residual stresses that might still increase the effective stress in the Si particles as compared to RT while it
decreases it in the matrix for the same nominal stress hence promoting massive Si failure.

Itis likely that in the present study the massive failure of Si particles is due to the elastic/plastic
mismatch with the matrix whose role in Si particles fracture is already suggested by Gall et al. [31] at RT.

At 250°C, this mismatch increases and probably leads to an increased propensity to particles failure.

4.2 Measured vs computed strain in a homogenous material

Although the strain field obtained from FE simulations in Figure 7 matches the distribution of the
measured strain in the neighbourhood of pores, it underestimates the values of the measured strains.
Based on tomography images, another FEM computation was performed on a realistic 3D mesh of sample
A4 taking into account the pores in a homogeneous matrix by Dezecot et al. [23,60]. Contrary to the
computation presented in section 3.2, the loading was cyclic and the whole fatigue life, i.e. 50 cycles, was
computed. Besides, the constitutive model was an elasto-viscoplastic Chaboche model rather than a
simple elasto-plastic one. The aim was to assess the influence of pores on stress/strain concentration
effects under cyclic loading; damage was not considered in the computation. The cumulative inelastic
strain was averaged and followed with cycles in several spherical regions around the pores involved in the
final failure. The computed maximum stresses/strains at pores were found to correlate well with the crack
initiation sites observed.

One of these measurement areas (“SV4_R50” in Figure 10 of [23]) is close to the spherical Pore 2
shown in Figure 7. The local cumulative plastic strain is about 0.4% at the 1 cycle, 0.5% at the 2" cycle
and 1.07% at the 50" cycle. Again, this is less than the average value of about 6% measured in an
equivalent sphere in the von Mises strain field measured between the minimum of the 1* cycle and the

maximum of the 2™ cycle although no crack was observed at this location so early in the LCF test. Hence,
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computed strains obtained with a macroscopic constitutive behaviour law are consistently much lower
than those measured. This large discrepancy between computation and measurement could be attributed
to: (i) the elasto-viscoplastic constitutive model that underestimates the ratchetting, (ii) a homogenised
matrix harder than the local Al matrix or, (iii) microcracks or particles failure that may occur early at the
tip of pore and that are neglected in the computation, or any combination of those. Altogether this
underlines the necessity to measure strains to get a better understanding of the fatigue behaviour of this

complex microstructure.

4.3 Strains before failure of eutectic Si and intermetallic compounds

The studied AlISi7Cu3Mg LFC alloy does not behave like a homogeneous material but rather like
a composite with a ductile Al matrix and intermetallic and Si reinforcements that are like very long
fibres forming interconnected networks as shown in Figure 3. In a particle elongated in the loading
direction, Saigal and Fuller [34] reported that the stress increases and that in the matrix decreases,
fostering the rupture of the particle. The matrix then deforms plastically because of the ruptured
Si. This is consistent with what we observed and it justifies the need to analyse the heterogeneous

strain field in Figure 7 at a very local scale.

The hierarchy of strain levels evolution with cycles between the three families of hard inclusions in
Figure 10 remains the same as those previously obtained at RT (see Fig. 52 in [61]). Interestingly, it
matches the hierarchy of the hard phases' Young modulus measured by nanoindentation [56]. The fact
that Si failure strain is the lowest one corroborates the early and massive cracking of Si particles as
compared to Fe and Cu intermetallics. Contrary to what we might expect from literature, in the
present alloy the Fe intermetallics do not appear to be more deleterious to high temperature LCF
than eutectic Si.

For all phases, the scatter of the strain values before failure is large as revealed by the standard
deviations (Figure 10). This scatter may have several causes. First of all, the brittleness of hard phases
induces an intrinsic scatter in the local failure strength [62]. In the present study, dispersion could also be
due to the low acquisition frequency of the scans, which led to inaccuracy in the real number of cycles at

fracture and thus in the exact value of the strain at fracture. For example, the average strain before failure
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of a particle broken at 300 cycles in sample LE7 (Figure 9 and Figure 10b) was estimated via the average
strain at the point corresponding to the previously analysed scan, i.e. at 200 cycles, while failure may
have occur anytime between 201 and 300 cycles. Furthermore, the spatial resolution of field
measurements cannot be finer than the size of the speckle used for the correlation, i.e. the microstructure.
Even DVC elements where one of the hard phases prevailed contained a fraction of Al matrix. The
analyses could therefore not exclude measurements made on elements where the phase of interest is not
predominant as such a restriction would prevent any local measurement in Si. Indeed, the few elements
where Si is in majority may contain on average about 43% Al in volume so that the measurement includes
not only the eutectic Si deformation but also Al deformation, i.e. eutectic Al and perhaps dendritic Al.
The eutectic Al-Si constituent contains about 88% Al and 12% Si by volume and because of the low
thickness of the Si phase, measuring the deformation of Si alone is impossible. For the eutectic Al-Al,Cu,
the volume fraction of Al in the eutectic constituent can be estimated at about 53% by considering a
binary Al-Cu alloy. This lower ratio of Al in the eutectic Al-Al,Cu combined with a thicker Al,Cu phase
implies that the local values in Cu intermetallics reflected less the behaviour of Al and more that of the
intermetallics than in the Si case.

The main difficulty in validating our measurements is that there are no available data on the
deformation of the hard phases above RT. As mentioned before, failure strength values do exist for Si at
RT, but due to its inherent brittleness and the probability of having a defect in a “large particle”, these

values are highly scattered [62].

The scatter in failure strains among one phase may also come from the particle morphology as
seen in the introduction. Several 2D FEM analyses [31,34,63] try to explain the behaviour of Si
particles according to their morphology or distribution. Unfortunately, they are quite difficult to
transpose to the 3D network morphology of Si in the present study (Figure 3) because only
unconnected particles, isolated or in clusters, are considered whereas the interconnected
architecture of the eutectic Si has a reinforcing effect due to load transfer between matrix and

network.

When comparing the particles that fail at a given number of cycles, the strain before failure at RT tends

to increase with increasing particle size and decreasing sphericity [61]. The same trend was observed at
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250°C. Considering that large particles are more likely to belong to networks than smaller particles of
larger sphericity, this observation could agree with those of Requena et al. [64] who find that an
interconnected Si phase can withstand larger stress, hence a larger strain, than a Si phase whose
interconnectivity has been destroyed by heat treatment. It was not possible to evidence any influence of
particle/network orientation. More observations would be needed to confirm this point.

The particles showing the highest strain values at failure have longer fatigue lives regardless of the
phase. This observation corroborates Teranishi's observation that intact or late-breaking particles have
high values of maximum equivalent plastic strain [44]. Strain at failure is not independent of the number
of cycles. Hence, by dividing the cumulative strain at failure by the number of cycles before failure for
each studied particle, Manson-Coffin curves were plotted in Figure 11 assuming a linear evolution of the

cumulative strain with cycles.
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Figure 11 : Manson-Coffin curves of the different hard phases at 250°C.

To the best of the author’s knowledge it is the first time that such values of fracture strains are reported

for this type of alloy at high temperature.
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No data are available in the literature to validate these local Manson-Coffin curves. The only available
data in LCF at HT for this alloy come from LCF tests conducted at 250°C on macroscopic specimens of
the same AlSi7Cu3Mg LCF material (aged 200h at 250°C) [65]. The “local” Manson-Coffin curves in
Figure 11 present shorter fatigues lives compared to the macroscopic ones. This is consistent with the fact
that they correspond to microcrack initiation while macroscopic curves do correspond to the specimen
failure.

As shown in section 4.2 considering a homogeneous behavior fails to reproduce the local strains
measured in LCF. Having local Manson-Coffin curves for the microstructural constituents is a first and
necessary step to take into account the microstructural heterogeneity for any attempt of predictive

computation.

5 Conclusions

In-situ LCF tests were performed at 250°C on a Lost Foam cast AlSi7Cu3Mg alloy and damage
development was studied using synchrotron X-ray tomography. The 3D images obtained at different
cycles and the fracture strain analyses carried out give new insights on fatigue damage both qualitatively
and quantitatively.

The large microshrinkage pores control crack nucleation, by promoting failure of hard particles in
areas of high strain localization due to their complex morphology. However, at 250°C, the failure of hard
particles, mainly Si particles, occurs massively even at the 1% cycle. Damaged hard particles induce
microcracks whose coalescence in the stress concentration areas of pores, lead to final failure. Contrary to
the observation at room temperature, Si decohesion predominates over Si rupture at 250°C pointing at a
possible change in damage mechanisms with temperature.

Considering a homogenous behaviour for the FE computation of the 3D strain field in the porous
matrix, i.e. without considering hard phases, leads to a strong underestimation of the local strains close to
pores even when a sophisticated constitutive behaviour model is used. While computation of a realistic
AISi7Cu3Mg microstructure is out of reach, the high spatial resolution of the 3D strain fields achieved

with DVC has allowed to measure strains locally “within” the hard phases' particles of the microstructure
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and to establish for the first time a hierarchy in the failure strain; in descending order: Al,Cu
intermetallics, iron intermetallics and eutectic silicon.

The local strain values measured allowed to propose a Manson-Coffin curve for each hard phase.
Although efforts are still required to identify even more “local” values than those obtained, the
quantitative data obtained in this study could feed models of the mechanical behaviour of these alloys at

high temperature.
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