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Abstract

Low cycle fatigue crack growth tests have been performed at 250 °C in order to study fatigue crack growth
under large scale yielding conditions in a material widely used at high temperature by the automotive
industry for cylinder head applications. The studied material was a cast aluminum alloy AlSi7Cu3Mg (close
to A319) produced by Lost Foam Casting. Two different microstructures were investigated: one containing
large natural pores and another where pores have been removed by Hot Isostatic Pressing (HIP). Fatigue
Crack Growth Rates (FCGR) have been measured by in situ surface optical microscopy for different loading
conditions all inducing generalized plasticity and compared to assess the influence of pores on the FCGR.
In situ observations coupled to post mortem analysis revealed strong crack interactions with both pores
and large hard particles on specimen surfaces and in the bulk. FCGR ranging between 1076 and 10~*
m/cycle appear to be mainly sensitive to applied strain amplitudes. Although pores promoted secondary
crack initiations and crack coalescences, they seemed to have a limited effect on steady-state FCGR which
has been analytically modeled using energy densities.

Keywords: Low Cycle Fatigue, Cast Aluminum Alloy, Fatigue Crack Growth, Large Scale Yielding, High
temperature

1. Introduction

Aluminum alloys are widely used by the automotive industry in order to reduce the weight of cars and
particularly for engines parts design where the aluminum market penetration reaches 90% [I]. Engine
parts such as cylinder heads are mostly produced by foundry processes like die casting or sand casting
[2]. The aluminum AlSi7Cu3Mg aluminum alloy (close to ASTM A319) which shows high values of Silicon
and Copper contents is a good choice to produce cylinder heads [3, 4, 5] as it exhibits a good castability
and keeps relatively high mechanical properties at elevated temperatures [0l [7]. Many car manufacturers
recently tend to develop the use of alternative casting processes that allow optimizing part shapes such as
the Lost Foam Casting (LFC) aiming at activating a second lever to save weight and reducing the number
of machining operations after casting. LFC process however leads to coarser microstructures in terms of
Secondary Dendrite Arm Spacing (SDAS) and intermetallic/eutectic particles due to its inherent slow cooling
rate [89]. It also tends to increase the number and size of casting defects such as shrinkage cavities and gas
pores [8, [9] that mainly result from gas entrapment during sublimation of the polymeric model by the liquid
metal during mold filling [10, 11]. Many studies have shown that pores and intermetallics reduce the fatigue

*Corresponding author
Email address: vincent.maurel@mines-paristech.fr (Vincent Maurel)

Preprint submitted to Elsevier March 17, 2018



properties of cast aluminum [I2] [I3]. More precisely, hard particles (e.g. Si particles) ruptures/decohesions
are observed on initiation areas and/or on crack paths for a large range of fatigue loading [I4), [15, [16 [17].

Cylinder heads are subjected to severe loadings during start/stop operations that turn cylinder head
inter-valve bridges into critical areas regarding Thermal-Mechanical Fatigue (TMF) [3 18] 19]. Surface
observations during Low Cycle Fatigue (LCF) and TMF tests performed on a LFC A319 alloy have shown
strong crack/microstructure interactions: cracks were found to initiate at the vicinity of pores and propa-
gated through the complex network of hard particles [9, 20]. It is however difficult to clearly understand
fatigue damage mechanisms and to propose a reliable damage chronology from more 2D observations of
fracture surfaces. Recent researches conducted by the authors have allowed to understand crack initiations
mechanisms using in situ LCF testing (in large scale yielding conditions) at 250 °C on miniature specimens
monitored by X-ray synchrotron tomography [2I]. It was found that crack initiation takes place in the
specimen bulk and are caused by the rupture of hard particles located near large shrinkage pores which
induce high inelastic strain localization and high stress triaxiality levels in their vicinities [22]. The resulting
short cracks tend then to propagate along the hard particles network. It was also shown that a criterion
based on the local dissipated inelastic energy densities allows to correctly predict crack initiation areas at
the scale of the microstructure [22]. However, because of the small specimens dimensions, it was not possible
to investigate the influence of the pore network on crack propagation.

LCF tests are generally used to study fatigue lifetimes (number of cycles to failure) of structural materials
such as aluminum alloys under severe loading conditions in order to identify fatigue lifetime criteria that can
be used by designers [20] 23] 15, 24]. Fatigue crack growth within cast aluminum alloys under large scale
yielding conditions and at high temperature is however barely studied: analyses are usually restricted to
specific domains where aluminum alloys are not used for critical parts. This kind of tests may however be an
attractive tool to study engine inter-valve bridges rupture. Few fatigue crack growth models are therefore
available for LCF tests at high temperatures [25], 26, 27]. Fatigue crack growth modeling is classically
based on elastic loading and/or on the J integral concept. However, this kind of approach is not valid for
cases where plasticity cannot be neglected. Shih and Hutchinson proposed to decompose J in an elastic
and a plastic part as J = J. + J, [28]. They first approximated the plastic behavior assuming non-linear
elasticity and then extended it to fully elastic-plastic behavior using a Ramberg-Osgood law. However, this
kind of approach cannot be used with more complex mechanical behaviors such as viscoplasticity. Recently,
fatigue crack propagation rate in elastic-plastic materials has been successfully modeled using the J-integral
concept but it requires complex tools such as configurational mechanics [29]. Based on the idea of energy
partitioning, Maurel et al. also proposed a model based on the energy decomposition into an elastic and
a dissipated inelastic part that allowed to correctly model fatigue crack growth for a ferritic stainless steel
[30], a nickel-based and a cobalt-based superalloys [31], [32] for a large range of applied strain levels. As it
was done in these studies, Single Edge Notch Tension (SENT) specimens are a straightforward test that
can be used to observe fatigue crack growth and to identify the model parameters under large scale yielding
condition.

In this paper we first describe the fatigue crack growth mechanisms observed in situ on SENT fatigue
specimen tested under large scale yielding conditions at 250 °C on a LFC AlSi7Cu3Mg alloy. The influences
of pores and hard particles networks on the crack paths are identified by comparison with a pore-free
material. Fatigue Crack Growth Rates (FCGR) are measured for both materials. In a second part, an
analytical model based on an energetic approach is proposed and used to model FCGR.

2. Materials

A cast aluminum AlSi7TCu3Mg (close to A319) alloy has been tested in this study. Its chemistry was
analyzed by spark optical emission spectrometry and is reported in Table[I} This material is used to produce
cylinder heads by the Lost Foam Casting (LFC) process. The process parameters (mainly cooling rates)
have been here adapted in order to obtain a coarser microstructure which allows to easily observe damage
mechanisms and to understand the role played by microstructure and pores [22]. This reference material
was overaged during 500 h at 250 °C after solidification in order to obtain stabilized microstructures and the



targeted mechanical properties [33]. Its resulting microstructure is typical of hypo-eutectic cast aluminum
alloys with a dendritic structure [22].

Although these alloys are mainly characterized (for static mechanical properties) by their SDAS - here
76.1 £ 9.4um - numerous other microstructural features are known to have an impact on their fatigue be-
haviors: this is especially the case of secondary hard phases and pores [34] [35] [14], [20]. Since no solutionizing
was carried out during the material thermal history, eutectic silicon particles are interconnected and keep
acicular shapes [36]. The size of those Si particles is relatively large: forty percents of the Si particles have
a Feret diameter above 20 pm and, despite an exponential decrease, some exceed 100 pm. Fe- and Cu-rich
phases have even more complex 3D shapes [2I] and their Feret diameters can reach several hundred microm-
eters. Pores are however known to have the more detrimental effect on the cyclic properties of cast alloys.
In addition to SDAS, the porosity or the pore size distribution are therefore the common microstructural
parameters used to estimate/model fatigue lifetimes. The studied material presents a porosity of 1.07 %. It
was estimated on a volume of 360 mm? acquired by Computed Tomography (CT) with a 7pum voxel size.
Figure [T] allows a more exhaustive description of the pores population. It reveals on subfigure [Th that the
pore equivalent spherical diameter @gg’w”’ml reaches up to 650 pm and that pores with an equivalent diam-
eter below (or equal to) 100 pm represent 98.65 % of pores in number. However, the 1.35 % remaining and
largest pores (over 100 um, mainly shrinkage cavities) generate approximatively 91 % of the total porosity
as visible on figure [Ip which shows the cumulative porosity fraction curve.

Elements  Si Fe Cu Mn Mg Ni Zn Ti Cr
Wt % 730 0.10 3.45 <0.004 0.31 0.048 <0.02 0.10 <0.012

Table 1: Chemical composition of the studied alloy.
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Figure 1: (a) Histogram of pore equivalent spherical diameters @?gh”ical the insert shows a zoom on the tail of the curve

(pores larger than 100 pm). (b) Distribution of the porosity fraction as a function of @SE"™*°. the right axis shows the

cumulative distribution function of the porosity fraction.

A second material was developed for this study to determine the role of hard phases and pores on the
fatigue behavior of materials produced by LFC. A Hot Isostatic Pressing (HIP) treatment was performed
on bars of the previously described LFC overaged material in order to remove pores before machining
[37]. During this treatment, a pressure of 1000 + 30 bars is applied at 485 + 10°C during 2h under Argon
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atmosphere. Both cooling and depressurization steps were then carried out naturally. Temperatures reached
during the HIP treatment are too low to cause an alteration of the eutectic hard particles (e.g. Si particle
spheroidization). No change of their sizes and shapes were indeed observed [38]. As reported in table [2| a
hardening, probably due to a partial solutionizing of nanometric #-AlyCu precipitates is observed after HIP
treatment. It is then necessary to transform resulting 6’ (or ") into 6 by an appropriate over-aging heat
treatment to proceed to robust comparisons. An additional aging heat treatment which consists of 60 hours
at 250 °C was therefore applied to the HIP-ed material to obtain mechanical properties (hardness in intra
dendritic regions) similar to those of the non HIP-ed material.

Macro Hardness HV (10 kg) Micro Hardness HV (50 g)

Average Standard deviation | Average Standard deviation
LFC 57 5.1 45 1.9
LFC + HIP 83 5.4 71 4.6
LFC + HIP + 60 h at 250°C 56 2.0 44 1.8

Table 2: Macro- and micro- Vickers hardness for three material configurations. Micro-Hardness tests were performed directly
in the dendritic phase in order to be able to observe modifications of the aluminum matrix precipitation state.

3. Experimental protocols and measurements

3.1. Specimen preparation

Fatigue crack growth specimens used for this study are of SENT type. All dimensions are reported on
figure[2l Specimens have been machined by electro-discharge machining (including notches) from cylindrical
bars which have been directly extracted from cylinder head inter-valves bridges [38]. Sample surfaces were
prepared by mechanical polishing down to a 1pm diamond solution to avoid crack initiation on surface
scratches. The root of the notch is left unpolished because of its small radius of curvature (100pm).
Specimens were finally separated into two categories referenced as P and PF for respectively Porous and
Pore-Free materials. Specimens are not pre-cracked as the presence of the notch produces a strain localization
large enough to control the first crack initiation area.
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Figure 2: Geometry of SENT specimen used for the LCF tests (if not precised dimensions are in mm.

3.2. Pre- and Post-mortem characterization

All samples were characterized by laboratory X-ray Computed Tomography (CT) before and after tests
in order to control their microstructures (mainly pores for the P material) and to analyze the crack path
after cycling. A GE Phoenix V|tome|X 3D X-ray tomograph equipped with an X-ray microfocus source
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has been used with an acceleration voltage of 80 kV and an intensity of 180 pA. Scans were performed with
a 7pm voxel size. Because of the polychromatic cone beam, Si particles are not visible on tomographic
reconstructions. The specimen gauge lengths have been entirely imaged. Figure [3] shows a 3D rendering
of the pores and the external surfaces of two specimens from P batch. Post mortem surface observations
have been carried out on the two faces of each specimen ((x,y) planes on figure [3) by optical microscopy in
order to analyze cracks interactions with microstructural features which are identified by a morphological
analysis. Particles are then compared to literature studies [9] 39} 40] and a reference EDX analysis[38] in
order to validate the choices previously made.

Figure 3: 3D renderings of the pores within the gauge length of specimen P3 [Ae/2 = 0.125% | R. = 0] (a) and P1 [Ae/2 =
0.0625% | R = 0] (b) before testing.

3.8. Low cycle fatigue crack growth tests

Isothermal LCF crack growth tests have been carried out on SENT specimens at a constant frequency of
0.1 Hz using an electro-mechanical INSTRON 8561 machine. A lamp furnace was used to heat the specimens
at 250 °C in the gauge zone and the thermal regulation was performed via a type K thermocouple directly
fixed on one of the notch side. The tests were controlled by longitudinal total strain measured on a 10 mm
reference length using a high temperature extensometer fixed on the sample edge opposite to the notch. A
triangular shape signal was used for strain control. Table [3] reports the loading conditions for each studied
specimen. Their strain/stress curves after two cycles are reported on figure [4] exhibiting large scale yielding
condition (except for P1). Tests were conducted in air environment.

Specimen Material R:  emas (%) Ae/2 (%) g (s7h
P1 LFC 0 0.125 0.0625 2.5 x 1074
P2 LFC -1 0.125 0.125 5.0 x 1074
P3 LFC 0 0.250 0.125 5.0 x 1074
P4 LFC -1 0.250 0.250 1.0 x 1073
PF1  LFC+HIP+Aging -1 0.125 0.125  50x 104
PF2 LFC+HIP+Aging 0 0.250 0.125 5.0 x 1074
PF3 LFC+HIP+Aging 0 0.350 0.175 7.5 x 1074

Table 3: Loading conditions applied to SENT specimens at 250 °C.
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Figure 4: Strain/Stress loops at N=2 for the (a) porous material -P- and (b) the pore-free material -PF-.

3.4. Crack growth monitoring
A video of one side of the specimen was acquired during the tests in order to follow the crack propagation.

Pictures were taken at each maximum and minimum load, through a hole machined in the furnace, using

a numerical microscope Keyence VHF-700F equipped with a Z00 optic which is compatible with high focal
The camera was fixed on a rigid structure to the machine frame and

distance (around 8.5mm here).
consistently records pictures on the same area (a surface of 7.2mm x 5.4 mm) in order to easily detect the

crack growth. The magnification was limited due to the large analyzed area and the pixel size was fixed at
5pum. In accordance to the Nyquist sampling criteria the spatial resolution was equal to 11.5um [41].

3.5. Crack length measurement
Crack length measurement is of primary importance when dealing with fatigue lifetime modeling. Al-

though crack length a is commonly estimated by the length of the crack projection ay.,; on the plane
orthogonal to the loading direction during uni-axial fatigue tests, a curvilinear crack length ac,., better
represents the real crack length when large and numerous crack deviations are observed (see figures |§| and
. For specimen P2, acy. is 27 % longer than aproj at the end of the test for instance. acyuro is thus chosen

to represent the crack length in this study.
FCGR have been calculated using the relation da/dN = Adacyr /AN with a prescribed incremental

Adacyry. AN values have been identified for each iteration from the crack propagation movies. Figure [
exhibits three different crack measurement protocols for a specimen containing pores (P2) and for a HIP-
ed specimen (PF2). The first technique, called AN best shape, consists in dividing crack into as many
segments as necessary in order to preserve its shape, while others consist in dividing cracks at fixed crack
length increments Aa. Coalescence phases are systematically excluded from the measurements in order to
only obtain the FCGR of the main cracks. Crack coalescences are visible on curves representing the crack
lengths as a function of the number of cycles by crack length jumps. In accordance with subfigures and
the spatial increment was here fixed to 200 pm in order to be less sensitive to cracks interactions with
microstructural features such as Si particles, intermetallic phases, and pores which lead to important and
sudden FCGR fluctuations. This relatively large increment of crack length acts as a filter and allows to

extract the steady-state FCGR on experimental performed tests [38].
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Figure 5: Comparison of different measurement protocols for crack lengths and for crack growth rates estimations. Sub-
figures (a) and (c) respectively show the evolution crack length as a function of the number of cycles for a P (P2 specimen,
[Ae/2 = 0.125% | Re = —1]) and a PF (PF2 specimen, [Aec/2 = 0.125% | R. = 0]) specimen. Sub-figures (b) and (d)
correspond to the evolution of the crack growth rates as a function of the crack length for both previous specimens.

3.6. Fatigue crack growth rates modeling

A model describing steady-state FCGR is proposed to account for the experimental data: it relies on
the proposition of Maurel et al. and is based on an energetic approach [30]. The energy was decomposed
into an opening elastic part W, and a dissipated inelastic energy W,,. In the general case, those two terms
can be written as:

1
W, = 3 / <tr(g) >< tr(dge) > (1)
cycle
Wp = / s:de, (2)
cycle

where s is the deviatoric part of the stress tensor, ¢7() is the first invariant and <> is the Macaulay bracket
(<->=-if->0and < ->=01if - <=0).



In the case of uni-axial tests and a macroscopic approach, these energies are similar to those previously
proposed by Xia and Ellyin [42], 43] and can be estimated from the experimental data by the following
equations:

1
W= (- 2) / o dz, (3)
cycle
W, = / o -dep (4)
cycle

0, €. and €, are respectively the nominal stress (o = oy, ), the elastic and plastic longitudinal strain (e = ey,
measured by the extensometer).
FCGR are given by the following relationship which is a sum of two power law functions:

CRCORNCON ©

A is a material characteristic length, 7. and +, are two material dependent surface energies and, m. and m,
are two material exponents. m. is considered as equal to half the Paris exponent and the value of the m,,
parameter should be close to 1 [30].

In order to take into account the surface reduction, associated with the crack growth, in the nominal
stress estimation, the remaining material ligament has been evaluated for each cycle. A linear crack front
has been assumed through the sample thickness to estimate the effective surfaces by the relationship S(N) =
w - (L — aproj(N)) (L and w are detailed on figure 2).

The value of A was chosen equal to the SDAS value (76.6 pm) and the elastic exponent m, was evaluated at
2.8 from the work of Mehry et al. [I5]. The plastic exponent m,, which corresponds to the slope of the FCGR
curve of a fully plastic test (where W, can be neglected), was estimated at 1.6. Other model parameters
(Yes ¥p) have been identified using an iterative optimization process based on a residual minimization by
least square method [30] for each material.

4. Results

4.1. Fatigue crack growth mechanisms

This section describes the LCF crack growth and highlights cracks interactions with the local microstruc-
ture in order to identify fatigue mechanisms. Pictures obtained from the in situ surface crack monitoring
are analyzed first for two specimens of representative behavior detailed in figure [f]

Figure [6] shows the crack evolution at numerous number of cycles in specimen P2. On all subfigures,
yellow arrows without labels highlight cracks fronts (including fronts of secondary cracks). As visible on
the subfigure [Bh, it is necessary to apply 152 loading cycles on the P2 specimen to observe the main crack
initiation from the notch tip (label al). From that point, a complex crack path is observed (until N=546
cycles, see figure @f) which is typical of strong crack/microstructure interactions. The first main interactions
occur in areas identified by label bl and cl. After the main crack initiation, a second micro-crack labeled
bl initiates on a shrinkage cavity located around 600 pm in front of the notch (subfigure @)) The subfigure
|§|c shows the coalescence of the main crack (marker c1) with this new one at N=300 cycles. It is important
to notice that this second crack also grows between cycles N=214 and N=300. It is likely that this crack
coalescence occurs earlier in the bulk of the specimen. A large crack deviation (marker d1) observed on
subfigure [6l and [6f is also the result of strong interactions with microstructure. The local bright area at
N=400 cycles corresponds to an abnormal light reflexion due to a large specimen surface disorientation which
is the consequence of the high level of inelastic strain localization. The crack goes directly through this area.
Secondary cracks initiate on the left part of subfigure @3 One of them appears in the aluminum matrix (label
el) and another one in the vicinity of a shrinkage cavity located in the top left corner (label €2). The main
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Figure 6: Optical micrographs recorded in situ at the maximum load that illustrate crack propagation in the material containing
pores (P2 specimen). All markers labeled from al to e2 (white plain arrows) point on main events. Other arrows (in yellow)
highlight successive cracks fronts positions. (Ae/2 = 0.125% and R = —1)

crack then deflects to coalesce with those secondary cracks, underlining again the microstructure/cracks
interactions.

Figure [7] shows a similar crack path for the pore-free material submitted to different loading conditions,
specimen PF2. Crack initiation here occurs after several hundred of cycles (363 cycles), see label al’ on
subfigure [Th. Although this specimen is free of pore, the final crack path also appears to be strongly
tortuous when a lot of secondary cracks initiates at markers b1’, ¢2’ and, el’. The main crack coalesces with
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these secondary cracks in areas presenting the highest crack deviations. The angle by which the crack is
deflected relative to the plane orthogonal to the loading direction can reach up to around 90° as shown by
marker c1’ (subfigure Iﬂc) The ”sawtooth” path visible after the 786" cycle (labels d1’ and el’) corresponds
to successive micro-crack initiation/crack coalescence phenomena. The crack has a complex shape that
is formed by rupture/debonding of hard particles. Once microcracks are formed in the vicinity of hard
particles, the main crack can be deflected (coalescence) and causes an irregular crack shape.

Figure 7: Optical micrographs recorded in situ at maximum load that illustrate crack propagation in the pore-free material
(PF2 specimen). All markers labeled from al’ to el’ (white arrows) point on main events. Other arrows (in yellow) highlight
successive positions of the cracks fronts. (Ae/2 = 0.125% and R. = 0)

Post mortem optical analysis of crack paths allow to perform complementary observations to determine
more precisely the role of the microstructural features on the crack behavior. Figure reveals the crack
path on the P2 specimen surface which was not monitored in situ. Comparison with figure [6] shows that the
crack does not have the same morphology on each face of the sample. Many crack/pores and crack/hard
particles interactions are highlighted on subfigures and [Bk. These enlarged images correspond to areas
shown in red on subfigure [Bh. They reveal that the crack is mainly driven through the local microstructure
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by rupture/decohesion of hard particles (Si particles, AloCu, Fe-rich intermetallics) located in front of the
crack tip. Crack branching is also observed on subfigure [Bp. These fragmentations of particles are, in
addition of pores for P specimens, also a source of secondary crack initiation that lead to crack coalescences,
especially on the PF material.

Figure 8: Post mortem optical micrographs (a) of specimen P2 containing pores (opposite side of the face observed figure @
Subfigures (b), (c) and (d) are magnifications of areas shown in red on subfigure (a).

Post mortem CT analysis gives supplementary details about crack behavior through the whole volume
of the specimen. Figure [9] shows numerous tomographic slices in the plane orthogonal to the main crack
growth direction (X axis of subfigure @]a) located at a distance L from the notch root. Si particles are not
visible on these tomographic slices due to the close X-ray attenuation coefficients between aluminum and
silicon but one can assume they also play a major role. Pores intersecting the crack are highlighted in
boxes in red. Using the 3D information, one can infer that pores strongly affect the crack path as the crack
progressively joins the pores located close to its front. Crack height variations larger than 1 mm (along y
axis) are consecutively observed. When no pore is located close to the crack front, large AloCu phases cause
crack deviations like in the cases of specimen P2 (see yellow ellipses on figure @

4.2. Fatigue crack growth rates

Figure shows experimental FCGR evolutions on the basis of FCGR obtained for a Aa = 200 pm
as described in section 3.5 and considering only FCGR. in a ”steady-state” approximation where sudden
accelerations due to pores are ignored. Subfigures and respectively give results for P and PF
materials. The first noticeable result is that larger applied strain amplitudes, result in larger FCGR. For
instance, subfigure shows FCGR in the range of 1078 to 107% m/cycle in the case of limited plastic
strain (see P1 curve on figure [4). However FCGR range between 107% m/cycle and 10~* m/cycle for
loading conditions corresponding to extended plasticity. No major differences are observed between the two
materials: pores seems to have a limited effect on FCGR when using the ”steady state” FCGR measurement
for specimens tested under large scale yielding condition (especially at Ae/2 = 0.125%). It also appears
that for a given strain amplitude, FCGR does not depend on the R ratio value as shown for specimens
P2/P3 and PF1/PF2: this reinforces the idea of using an energy densities based model. Stress/strain loops
of P2/P3 and PF2/PF3 specimens also appear similar on ﬁgurereinforcing the assumption that pores only
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Figure 9: Tomographic analysis of the crack path for specimen P2: (a) 3D rendering of the pores within the gage length, and
(b)-(q) tomographic slices parallel to YZ plane located at different distances L from the notch root. Crack interaction with
pores are highlighted by rectangular boxes (in red) on subfigures (b) to (q) and by ellipses (in yellow) for crack interactions

with larges Copper-rich intermetallics.
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influence the crack path. A crack acceleration is visible for cracks smaller than 2 mm. Beyond that size,
the curve slopes tend to decrease and a FCGR saturation is observed for the longest cracks (a > 3.5 mm,
except for P1 specimen). Furthermore, for the tested conditions, it appears that there is a steady-state
regime independent of local fatigue crack growth accelerations induced by coalescences as visible on figure
In the case of the PF material, it also appears that FCGR fluctuations are less large that in P material

(see subfigures [5b and [Bk).

®P1: Ag/2=0.0625% | R=0 x P3: Ag/2=0.125% | R=0 ® PF1: Ag/2=0.125% | R=-1 +PF3: Ag/2=0.175% | R=0
*P2: Ag/2=0.125% | R=1 AP4: Ag/2=0.250% | R=-1 W PF2: Ag/2=0.125% | R=0
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Figure 10: Fatigue crack growth rate as a function of the crack length for (a) porous material and (b) pore-free material.
Markers symbolize experimental data, curves correspond to the model [30].

4.3. Energetic approach

As only strain amplitude and hysteresis loops seem to have an influence on FCGR the model of Maurel et
al. has been used for FCGR modeling [30, 44]. Numerical results correspond to the curves shown on figure
As described on section 3.6 the elastic (W.) and inelastic (W),) energies have to be estimated as inputs to
the model. Figureshows the evolution of W, and W), as a function of the crack lengths based on equations
and 4] Inelastic energies are logically higher than elastic energies for both materials: the ratio W, /W, is of
the order of 100 in the case of large plastic strains. This ratio is however of the order of 10 for P1 specimen
which corresponds to the smallest strain amplitude. The energy levels increase with the strain amplitudes:
W, varies between 10% and 3.5-10* Jm™ while W, varies between 3.8-10* and 5.0-10% Jm™>. For a specific
strain amplitude, W), however increases to a limit during crack growth although W, tends to decrease. The
model parameters were optimized for both porous and non porous materials and the corresponding values
are reported in Table [d Figure allows to see the good agreement between experimental and numerical
results. Despite the chosen macroscopic approach, considering remaining ligament to determine energy
evolution is straightforward both to model FCGR decrease observed for long crack and FCGR oscillation
observed on PF1 and PF2 specimens.

13



Material m, m, v (J/m?) v, (J/m?)
LFC 2.8 1.6 100 1.14- 10713
LFC+HIP+aging 2.8 1.6 13.4 1.98-10%3

Table 4: Model parameters (equation for P and PF materials. A was fixed to 76.6 x 1076 m.
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*P2: Ag/2=0.125% | R=-1 AP4: Ag/2=0.250% | R=-1 B PF2: Ag/2=0.125% | R=0
10°E T T L . 10°E

T TTTTTT
—_
b
b
b
-
b
b
L1
T

L rienal 4
T
é\\
vl

_|

|

|

|

|

|

|

|

|

|

; ]
L1 111l

T T 11717
o

L1 111l

§&=3azﬁ§;raz.§*€@gﬁﬁ o

Ll
W (J/m)
S
LR
ul

L
L1 1111

103 _Eee’Qb———@me.e

‘W

€

ol

T

L1 11111l

I 1 1 I 1
5%10°° 10 2x10”° 5%107°
a) a (mm) b) a (mm)

—
o

¢
[y
o

3

Figure 11: Elastic W, and inelastic W), energies as a function of the crack length for the (a) porous and (b) the pore-free
material. The effective section reduction of each specimen due to the crack propagation is taken into account for these energies
estimations. We and W), evolutions are respectively located inside the bottom box (in light gray) and the upper box (in black).

5. Discussion

The high temperature LCF tests performed in this work allow to measure FCGR on material vol-
umes representative of cylinder head inter-valves bridges as the size of those regions is similar to that
of the SENT specimens. Large FCGR variations are observed experimentally due to the numerous local
crack/microstructure interactions: cracks are "attracted” by pores and eutectic zones (as validated by 3D
observations). Secondary cracks are also observed to initiate on pores and hard phases and cause crack
accelerations when they coalesce with the main crack. After these accelerations, the main crack returns to
its "steady-state” growth rate. As visible on subfigures and ok the use of a 200 pm crack growth incre-
ment to estimate the ”steady-state” FCGR is however consistent with the fact that large hard particles sizes
drive the crack growth. Nevertheless, crack coalescences and secondary crack initiations are not taken into
account here for FCGR modeling. The proposed model was instead based on the assumption of cumulative
damage that corresponds to the growth of a single crack [30]. Results are however encouraging.

Crack growth monitoring has shown that crack paths are located within areas that present numerous
damaged hard particles. When the material contains pores, crack paths mainly correlate with inelastic
strain localizations resulting to the structural effect induced by the largest pores [22]. It is conventionally
accepted that strain incompatibilities between the aluminum matrix and hard particles induce particle
cleavage/debonding [45] [46]. The mechanical properties (Young modulus and hardness) of the aluminum
matrix decrease more than those of other phases at high temperature (Si, AlFeSi intermetallics, AloCu) [47].
Strain incompatibilities are therefore more pronounced at high temperatures and increase the probability
of initiation of particle damage. However similar crack paths and particle damage are observed for PF
material. Even if no pore is present, particles are damaged due to the very high level of applied strain:
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micro-cracks are associated with broken large particles. The influence of these micro-cracks is comparable
to those of pores in the PF material.

Under the studied loading conditions, fatigue crack growth appears to be a successive particle damag-
ing/crack coalescence process. Particles located in front of the crack tip are damaged and the main crack
then grows through this damaged zone. The damage localization can be explained by the high levels of
inelastic strain in front of the crack tip and by the location of the maximum hydrostatic stress peak just
ahead of the crack tip [48]. Particle damage is therefore confined in this area. Similar mechanisms have been
observed by Maurel et al. for more microstructurally homogeneous materials during fatigue crack growth
testing at high temperature under LCF conditions [44]. Zhao at al. have also observed the same phenomena
on stainless steel and have proposed a FCGR model based on a micro-crack density ahead of the crack tip
[49]. Finally, the damage mechanisms observed on the SENT test specimens, at the scale of the industrial
structure, are similar to those observed in situ by X-ray synchrotron tomography on miniature specimens
containing only two or three large pores: crack is mainly driven by pores which induced high inelastic strain
localizations and are more locally driven by damaged particles [22].

A FCGR model that can be used for part design has been identified. The model proposed by Maurel et
al. [30] allows to correctly quantify FCGR for the P and PF materials. Strain amplitudes and strain ratios
are numerically well taken into account using the uni-axial model formulation. Moreover, FCGR variations
observed on the curves of figure [10| demonstrate that W, and W), are good potential driving forces to model
LCF crack growth. These energies are in fact the only quantities used in the model that can explain these
variations. The decrease of W, can be explained by the loss of specimen global stiffness due to the cross
section reduction induced by the crack growth. Similarly, the same structure effect is responsible of the W,
increase: plasticity becomes more and more important with the increase of the crack length. Furthermore,
W, and W, variations are also observed on figure for the longest cracks. Similarities between fatigue
crack growth rates and mechanical responses (equivalent to W, and W,) for specimens subjected to the
same strain amplitudes Ae/2 reinforce the interest of an energetic approach even if the influence of porosity
on stress values are neglected.

In the case of the pore-free material, 7. and 7, parameters have been re-identified [38] (exponents in
equations [5| were kept as constant) because P and PF materials does not have the same global mechanical
behavior (figure [4)) while their matrix behaviors (hardness) are similar. This is due to the structural effects
induced by large pores that have been previously observed [2I, 22]. The global stiffness of a PF SENT
specimen is higher than that of a P SENT specimen. It has been observed in table |4| that the v, parameter
has to decrease while the v, parameter has to increase in order to better fit experimental curves of figure
That means that the elastic energy contribution becomes more important for the PF material. In
other words, the plastic part plays a major role on crack growth modeling when the material contains pores
that induce high strain localizations in their vicinity [22]. Although the crack growth modeling gives good
results, model parameters identification was rather difficult due to a coupling between the exponents m;
and the surface energies ;. That is particularly true for the plastic part: m, gives the curve slopes and
also influences the gaps between curves. As a result, and as visible on figure [I0h, the best parameters are
a trade-off between P1 FCGR slightly overestimation and P4 FCGR underestimation. Deviations between
the experimental results and the predicted values can also be explained by the fact that the model does not
take into account crack coalescence and secondary crack propagation phenomena.

6. Conclusions

Low Cycle Fatigue Crack Growth tests at 250 °C have been performed to study the influence of the
microstructure on crack paths and to identify fatigue crack growth rates in the case of specimens submitted
to large scale yielding conditions. Two different microstructures of the same cast aluminum alloy have been
studied: one containing pores and one without pore obtained by HIP in order to analyze the influence of
the casting defects on fatigue crack growth. The main conclusions of this research work are the following:

e Crack paths are globally driven by pores and locally by hard particles for the porous material. In the
pore-free material crack paths are only driven by crack/particles interactions.
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e Secondary crack initiations located on large hard particles (larger than ~ 100 pm) and crack coalescence

events are observed.

e Larges values of crack growth rates are measured for both materials in the case of large scale yielding:

between 107% m/cycle and 10~* m/cycle.

e Experimental crack growth rates present a relatively large scatter due to crack/microstructure inter-

actions.

e "Steady-state” fatigue crack growth rates appear to be mostly sensitive to the applied strain amplitude.

e Maurel et al. energetic approach allows to successfully model experimental fatigue crack growth rates.

The inelastic and elastic energies proposed by these authors appear to be relevant driving forces for
LCF growth rates modeling.
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