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Abstract

Synchrotron Radiation Computed Tomography (SR-CT) and Digital Volume Correlation (DVC)
method were used to investigate the damage micromechanisms of Lost Foam Casting (LFC) A319
alloy in Low Cycle Fatigue (LCF). LCF tests with SR-CT in situ observations allow visualizing the
damage evolution process in the bulk. DVC measures the mechanical fields and thus allows
establishing the relations between crack initiation and propagation, mechanical fields and
microstructure. Cracks initiate at and propagate along hard inclusions due to strain localizations. The
damage process, i.e. crack initiation and propagation, can be considered as a series of failure events
of hard inclusions under strain localizations. Pores’ size, shape, location, and number were observed
to have an influence on crack initiation, while the interconnected hard inclusion networks guarantee

the continuous failure events of hard inclusions and thus provide crack propagation paths.
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1. Introduction

Cast Aluminum Silicon (Al-Si) alloys, such as A319 alloy, feature high strength to weight ratio,
good machinability, optimum surface finish and high electrical and thermal conductivity, and are
thus widely used in automotive engine parts, such as cylinder head that is one of the key components
of the engine [1]. The main role of the cylinder head is to seal the cylinders and to form the
combustion chamber with pistons and cylinder block. Thus cylinder heads, especially the inter-valve
zones in fire deck, undergo severe thermomechanical stresses with temperature variation from 20 to
250°C. Accordingly, good material mechanical properties are required to adapt to the in-service
conditions, in particular to the thermomechanical Low Cycle Fatigue (LCF) loading due to the
engine startup and shutdown: LCF with plastic deformation in compression at high temperature and
in tension at Room Temperature (RT) [2].

In automotive industry, the Lost Foam Casting (LFC) process is supplanting the traditional
gravity Die Casting (DC) process to manufacture cylinder head with the aim of geometry
optimization and cost reduction [3,4]. However, the A319 alloy cylinder heads manufactured by LFC
present a coarser microstructure and a larger pore volume fraction than that manufactured by DC at
faster cooling rates [5]. As the fatigue life of material depends on the microstructure, the fatigue life
of LFC A319 alloy is much shorter than that of DC A319 alloy while the cyclic stress—strain
behavior almost remains unchanged [1].

Studies on damage micromechanisms of Al-Si alloys have generally been focused on High
Cycle Fatigue (HCF) regime [6-19]. In this case, cracks tend to initiate at large pore above a critical
size and the pores location, shape, and number can also play a role [6-12]. In the absence of large
pores, hard inclusions, i.e. eutectic Si, Iron intermetallic particles and Copper containing phases, may
also act as crack initiation sites [13-15,17,19]. A high iron content promotes crack initiation at iron
intermetallics [16], while crack may initiate at copper containing phases at low iron level [17]. No
matter where cracks initiate, they tend to propagate along hard inclusions [14,16,18] although
eutectic Si and Iron intermetallics are also observed to act as barriers for crack propagation [16,18].

Only a few studies [1,5,20-25] on the damage micromechanisms of Al-Si alloys have been
focused in LCF regime. Similar with HCF, in LCF, large pores are also considered as the most
probable initiation site [1,5], and the effect of eutectic Si and iron intermetallics is highlighted in the
absence of large pores [12,20-22]. However, if increasing the Fe content reduces life in HCF [16], it
slightly increases life in LCF [16,22]. Besides, spheroidisation of the eutectic silicon increases the
fatigue life in HCF [13], while it leads to a systematic decrease in LCF [20]. Moreover, these LCF

studies, based on indirect observations such as post-mortem analysis [1,20], did not allow following



in real time the damage evolution process and thus only provided limited evidences to conjecture the
damage micromechanisms. Hence, the damage micromechanisms of Al-Si alloys in LCF are still
unclear, especially for LFC Al-Si alloys with large pores and coarse microstructures.

In the same time, X-ray Computed Tomography (CT) began to be used as a 3D investigation
technique. X-ray CT is an attractive non-destructive way to characterize the microstructure of
material in bulk [26-28] and has already been used to follow damage evolution in-situ during
mechanical tests in recent years [29-34].

The objective of this paper is to understand the damage mechanisms of LFC A319 alloy in LCF
at Room Temperature. An experimental protocol has been developed in order to achieve this
objective. Synchrotron Radiation Computed Tomography (SR-CT) was employed to follow the crack
initiation and propagation in-situ in the bulk of the studied alloy during LCF tests. Compared to
Laboratory Computed Tomography (Lab-CT), the phase-contrast imaging provided by SR-CT [26]
allows to visualize the Si particles within the Al matrix. The volumetric mechanical fields were
estimated by using the tomographic images acquired during the tests. Then, the relations between
crack initiation and propagation, mechanical fields and the microstructures of LFC A319 alloy were
established in 3D in order to understand its damage micromechanisms in LCF at RT.

2. Material and experimental methods

2.1 Material
The chemical composition of the studied A319 alloy is given in Table 1. All specimens used in
this study were cut from A319 prototype cylinder heads manufactured using the LFC process; they

were taken from the fire deck area (Fig. 1a) that is the most critical area.

Zr,V, P, Sr

each | total

7.85]10.303.05|0.19|0.28 | 0.018 | 0.16 | <0.015 | <0.015 | 0.098 | 0.015 | =0.03 | =0.1
Table 1 Chemical composition of A319 (AISi7Cu3) LFC alloy (wt.%)

Si Fe | Cu | Mn | Mg | Ni Zn Pb Sn Ti Cr

cylinder spééﬁﬁéﬁ's'

#

Fig. 1. (a) Extractions of specimens from cylinder head;(b) The procedure of extraction, preparation and selection
of specimens.



2D characterizations performed using Scanning Electron Microscopy (SEM) together with
Energy Dispersive Spectroscopy (EDS) allowed identifying the microstructural constituents in the
studied material: pores and hard inclusions including eutectic Si, iron intermetallics and copper
containing phases. They were then characterized in 3D by using Lab-CT and SR-CT [35,36]:
® The pores could be classified as either rounded gas pores and tortuous shrinkage pores.
® Hard inclusions, i.e. Si, iron intermetallics and copper containing phases, present complex
coral-like interconnected network morphologies; the interconnected networks of Si and iron
intermetallics extend to the whole volume; the thickness of eutectic Si is smaller than other
hard inclusions, i.e. its average thickness is 6 ~18 pum.
The reader can refer to Ref. [35,36] for the details about the 2D and 3D characterizations.

2.2 Specimens

Fig. 1b summarizes the procedure of extraction, preparation and selection of specimens for LCF
tests. The dog-bone shaped specimens having the geometry shown in [36] were used for fatigue tests
with SR-CT in-situ observations. The high resolution that is necessary to reveal hard inclusions and
cracks results in a limited scan volume, thus a small size of specimen with a minimum cross-section
of 2.6x2.6 mm?was employed.

Large pores are assumed to be the most critical initiation sites and surface pores are considered
more critical than subsurface pores [6-10]. Thus Lab-CT was used to reveal pores in the bulk in
order to select the most suitable specimens among all the extracted specimens. The chosen specimens
have no large defects near their shoulders while both volume fraction and distribution of pores in the
selected specimen should be consistent with that characterized in a larger sample [36]. Ten of 36
extracted specimens were selected for LCF tests with SR-CT in-situ observation by using Lab-CT (in
MATEIS laboratory, Lyon, France) in the fast scan mode, i.e. the scan lasts about 6 minutes, at a 5
pum voxel size. The height of the tomographic image is 1400 pixels, i.e. 7 mm, so that it includes the
4 mm of the specimen’s gauge length. In order to check if the selected small size specimens are
representative for the studied material, each specimen was analyzed in 3D for comparisons of pores
between the selected specimen and the large size sample in [36]. Then, a scan with a higher
resolution (voxel size ~ 1.6 um) but in a smaller volume (reduced height) was taken at the beginning
of the in situ LCF test under synchrotron tomography [36] to characterize hard inclusions at a finer
scale.

Grinding was performed on four sides and each edge of selected specimens using abrasive
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papers of grades up to 4000 grits in succession to obtain smooth surfaces and prevent the generation
of stress concentration. A final polishing was performed using polishing cloths and diamond

suspensions up to 1um for surface observations.
2.3 Testing procedure

The tensile-tensile LCF tests, which are prescribed by the current available specimen clampings,
were performed step by step with periodic interruptions with SR-CT in-situ observations performed
during the hold stage of each step. The reader can refer to Ref. [36] for the detailed experimental
protocol of the in-situ LCF tests performed on TOMCAT beamline at SLS (Fig. 2).

“Specimen

Rotatingstage

Fig. 2. Fatigue tests with SR-CT in-situ observations.

Finite Element (FE) simulation of the pores in the fatigue specimen was used to select Region
Of Interest (ROI) where the in-situ observations were performed. The 3D mesh model representing
the solid matrix, i.e. considering indifferently Al matrix, eutectic Si, iron intermetallics and copper
containing phases all together, and the pores was obtained from the Lab-CT image [36]. A uniform
displacement was imposed on the upper and lower surfaces of the FE model as boundary conditions.
The average macroscopic deformation applied along the loading direction at the last iteration was set
at about 1%. The area where the largest strain localizations were observed was selected as the ROI.

Due to stress relaxation, cyclic softening and crack propagation, the load decreases during the
tests. A significant decrease may occur for the maximum and the minimum load; the latter may fall

close to 0 N. In this case, the sample will no longer be held in the grips [37]. Therefore, the



displacement was manually corrected during the test to maintain the overall stress at the initial set
level [35]. The tests were performed on eight specimens of which two representative specimens,
named as “Specimen 1 and 2”, are described and analyzed in this paper. The basic loading conditions

of each specimen are listed in Table 2.

Specimen 1 2
. Max. stress (MPa) 111 130
Loading :
.. R (Stress Ratio) 0.1 0.1
conditions -
Average max. strain® 0.26~0.28% 0.11~0.17%
Cracks initiation observed 15t cycle (during initial tensile stage)
Result Initiation site Pore ‘ Pore + Si
esults
Propagation path Hard inclusions (Si, iron intermetallics, copper containing phases)
Final failure (cycles) <15 | ~ 10 500

*This value is measured by DVC as it is cannot be measured by the in-situ test rig.

Table 2 Basic loading conditions and results of tests

2.4 Post-mortem analysis

A SR-CT scan was performed on one part of each broken fatigue specimen in order to identify
the final fracture path in 3D.

The failed specimens were also examined using SEM to identify the hard inclusions involved in
the crack and the damage mechanisms of hard inclusions. A chemical composition analysis was
performed using EDS in three regions of each specimen, i.e. (1) the crack area; (2) the whole fracture
surface; (3) an arbitrary region outside the fracture surface on the flat surface. The elements that were
analyzed are: Al- the matrix of material; Si- associated to Si phase; Fe/Mn- associated to iron
intermetallics; Cu- associated to Al.,Cu and AICuMgSi phases; Mg- associated to AICuMgSi phase.

The total acquisition time for one elemental map is about 2-3 hours using 30-50 images with a
dwell time of 20-30 seconds for each image. Each elemental map is superimposed on the Back
Scattered Electron (BSE) image in order to observe the relations between the microstructure of the
fracture surface and the distribution of the constituents. Both fracture surfaces images of each
specimen are analyzed as following. Symmetry, rotation and rigid registration using Image J plugins
(“Extract SIFT Correspondences[38]” to find the rigid transformation between matching features on
the two fracture surfaces and “bUnwarpJ[39]” to apply the transformation found on the X-ray map)
were performed on one of the two images to allow comparison of the constituents in the same
position on the two fracture surfaces. If the same constituents are identified in the same location on

both fracture surfaces, the failure mechanism of hard particles is assumed to be fracture. Otherwise,




it is supposed to be decohesion/debonding.

2.5 Volumetric full-field measurement

\Volumetric full-field measurement was performed by using Digital Volume Correlation (DVC)

method, which is an extension of the well-developed Digital Image Correlation (DIC) method. DVC

method was developed from the end of 1990s [40], and is now widely used due to the expansion of

3D advanced imaging devices [41]. It directly provides volumetric displacements and strains

full-fields by comparing the CT images of specimen volume in different deformed states. In this

study, it was performed using YaDICs — Digital Image Correlation 2D/3D software [42], an in-house

developed software. The presence of numerous and finely dispersed microstructural features,

particularly Si, is used as natural tracers for DVC. The reader is referred to Ref [35,43] for more

details. Several types of measurements were performed:

1)

2)

3)

DVC measurements were performed between the minimum load of 1% cycle and the
maximum loads of other cycles to obtain the cumulated displacement and strain fields in the
bulk at different cycles and the average cumulated deformation along the loading direction at
different cycles. Indeed, the latter was not monitored in real-time during the test as an
extensometer would have obstructed the X-ray beam during the rotation of specimen (shown
in Table 2). Only the applied instantaneous load was directly measured during the in-situ
fatigue tests.

DVC measurements were performed between the minimum and the maximum loads of the
same cycle in order to compute the intra-cycle displacement field along the loading direction
and extract the field of Crack Opening Displacement (COD). COD was computed using two
slices of the displacement field perpendicular to the loading direction: one above and one
below the studied crack. The subtraction operation between these two slices gives access to a
COD map. This method of COD calculation was used to study crack propagation in
References [30,44].

DVC measurements performed at the minimum load between the 1% cycle and the minimum
load of other cycles allow obtaining the residual plastic deformation zones at different cycles
[37].

Measurement uncertainty was used to assess the accuracy of DVC [45,46]. It is usually evaluated

through the comparison between a prescribed displacement and the one measured from DVC [47,48].

The displacement may be a translation of a virtual image or a translation of the physical object [37].

The first case is used to test the algorithm and the texture of the image [49] and the second allows in
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addition to take into account all the image acquisition system for example reconstruction artifacts
[31]. Therefore, the second method was used in this study. The uncertainty is estimated from the
standard deviation of the displacement field measured by DVC between two images, i.e. one at a
reference position and another one after a translation [49-51] (10 pm in the present case) of the
specimen in a direction perpendicular to the beam direction and to the axis of rotation of the stage.
Fig. 3 shows the comparisons between the accuracies of DVC measurement (A319 SR-CT) in
this study and that in the references [36] for A319 Lab-CT, [47] for A356 Lab-CT, [49] for
polypropylene solid foam SR-CT, [44] for cast iron Lab-CT, and [30] for cast iron SR-CT. A spatial
resolution of measurement close to the microstructural scale, i.e. with a cubic element having an
edge length close the thickness of the different phases, is required in order to establish relations
between microstructures and mechanical fields. At this high spatial resolution, the measurement
accuracies should be such that: (1) element size is much larger than uncertainties (about thousand
times), i.e. it is reliable to measure the deformations accurately in the order of percent and more; (2)
the uncertainties are generally smaller than that in the literature in the case of the same element size.
The measurement accuracy of DVC technique depends on the number and distribution of revealed
natural tracers in digital images. The natural tracers for DVC measurements in A319 alloy are listed
in Table 3. In DVC measurement using SR-CT, the Si phase, which occupies about half volume of
hard inclusions, is revealed thanks to phase contrast and acts as a natural speckle for the
measurement. Thus, 3D measurement using SR-CT has a higher accuracy than that using Lab-CT. In
contrast, for cast iron, the spherical graphite nodules are the only natural markers for DVC either by

using lab-CT or SR-CT, thus their measurement accuracies are virtually the same.

1

i
X
%
* .
—_ Y This Study:
g o m A319 SR-CT
= A
= References:
2 [36]
5 % A319 Lab-CT
£ oo01 " m g X A356 Lab-CT "7
polypropylene foam sp-cT!*!
# castiron SR-CT (43]
A castiron Iab—CTISOI
0.001
1 10 100

Size of element (um)

Fig. 3. Comparisons of measurements uncertainties as function of element size in this study and in the references
[30, 36, 43, 47,49].
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Natural tracers

Observation mode

Hard inclusions (except Si) Si Al matrix
3D (SR-CT) Yes Yes No
3D (Lab-CT)[36] Yes No No

Table 3 Natural tracers for DVC measurements on A319 alloy

Measurement uncertainty decreases with the increasing of element size, but as mentioned before
a large element size will reduce the spatial resolution. For a compromise between the measurement
accuracy and the spatial resolution, an element size of 8 voxels (about 13 um) was used in this study.
Therefore, the spatial resolution of DVC is close to the size of the thinnest microstructural
constituents while the uncertainty, which was estimated for Uz (displacement along the tensile

loading direction), remains low at 0.008 voxels (about 0.013um).

3. Results

The results of two representative specimens presented in this paper, i.e. “Specimen 1 and 27, are
listed in Table 2. Specimen 1 fractured in less than 15 cycles while Specimen 2 fractured after 10500

cycles.
3.1 SR-CT in-situ observations

The pores in the useful length of Specimens 1 and 2 were characterized by Lab-CT and their
rendering are shown in Fig. 4. The Feret diameter, which is defined as the maximum distance
between two parallel planes restricting the object perpendicular to that direction, is used to
characterize the size of pores in the studied material [35,36]. Pores A, B, C, D in Fig. 4b are the four
largest pores in the selected ROI for the in-situ observations; their main parameters are given in
Table 4. The largest pore in the selected ROI of Specimen 2 is shown in Fig. 4d.



20 727.5 1435
[ L seen—

; ’t Largest !m
m ‘ pore kv !

Fig. 4. 3D rendering of pores in the useful length of (a, b) Specimen 1 and (c, d) Specimen 2. The internal pores
(subsurface pores) are shown in red and open pores (surface pores) are shown in blue in (a, ¢); the pores are colored
by the Feret diameter (colorbar in um) in (b, d).

Pore | Feret diameter (mm) | Sphericity(F) Type On fracture surface
Subsurface pore
A 1.5 0.09 Min. distance to surface: 0.3 mm yes
B 0.81 0.19 Surface pore yes
C 0.76 0.28 Surface pore yes
D 0.71 0.33 Surface pore no
others <0.51 - - -

Table 4 Parameters of large pores in Fig. 4b and 5b.

Fig. 5 shows the slice by slice analysis of the SR tomographic images of Specimen 1 at different
cycles as well as 3D rendering of pores, cracks and fracture surface. Fig. 5a reveals that cracks are

located at hard inclusions around pores, including eutectic Si, iron intermetallics (both o and P
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phases) and copper containing phases. However, no crack propagation was observed from the 1%
cycle to the 10" cycle, which was the last scan taken before failure. In Fig. 5b, Pores A, B, C and D
are the four largest pores in the ROI of Specimen 1. Other pores are either far away from final
fracture surface and small (Feret diameter less than 0.51mm) or close to the final fracture surface but
much smaller, i.e. less than 0.39 mm which is one quarter of the size of the largest pore (1.55 mm).

The majority of cracks nucleated around the second largest pore, i.e. Pore B, while only some small

cracks nucleated around the largest pore, i.e. Pore A.

I r »
.“" TN
% :
(ST A
J T o ks
N ; )
AR, 4
W X ¢

Iron intenmetallics-

Max. loading of 10t cycle
= Final fracture surface

Surface 1 -
1mm

Fig. 5. Specimen 1: (a) two examples showing cracks in the same slice of SR-CT images at different stages (top:
one slice about 1.1 mm below the flat surface; down: about 0.8 mm below the flat surface, i.e. Surface 1 in (b)); (b)
3D rendering of pores, cracks and final fracture surface.

Fig. 6a shows the SR-CT slices with the 3D rendering of pores and fracture surface in Specimen
2. It indicates that the final fracture of Specimen 2 was caused by two main cracks initiated at the 1%
cycle: Crack 1 initiated at a eutectic Si particle on the surface; Crack 2 initiated at a eutectic Si
particle close to a large subsurface shrinkage pore that is the largest pore (Feret diameter = 1.22 mm)
in Specimen 2,

Fig. 6b shows Cracks 1 and 2 of Specimen 2 in 3D at different cycles viewed along loading
direction. Cracks were observed to propagate along eutectic Si, iron intermetallics and copper
containing phases. Crack 2 propagated around the largest pore, while Crack 1 propagated from
surface towards this largest pore. When Crack 1 and Crack 2 coalesced after 10 500 cycles, the final
fracture occurred in a few cycles.

In addition, eutectic Si inclusions were observed more often than other hard inclusions both at

crack initiation sites and crack propagation paths for both Specimen 1 and 2 in the SR-CT slices.
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<« Crack1
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=crack 2 initiated at pore
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Crack 2 L

Varea (mm)
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Fig. 6. Specimen 2: (a) Comparison of 3D rendering of pores and fracture surface and tomographic image slice
revealed the two main cracks initiated around a large pore (Crack 2) and at hard inclusions at a corner of specimen
(Crack 1); (b) 3D cracks around the 3D rendered pores at different cycles (view along the loading direction); (c)
cracks length evolution with the number of cycles with the projection plane used for the cracks measurements (top).

3.2 DVC measurements

The cumulated displacement and strain fields at different cycles were analyzed slice by slice by
comparing with cracks and microstructures in SR-CT images. The quantitative deformation values
are reliable before the initiation of cracks while they correspond to the displacement discontinuity
across the crack’s faces once cracks have nucleated. Strain fields are obtained from the displacement
fields through derivative operations so that a discontinuity will yield a high value of “strain”.
Consequently, local strains could only be analyzed at a given point before a crack nucleates at this
point or reaches it by crack growth. Once cracks are nucleated, the displacement discontinuities
could be used to quantify the cracks, as they allow measuring the Crack Opening Displacement
(COD). One example for Specimen 2 is shown in Figs. 7 and 8. One slice of tomographic image,
which is about 84 um below surface, is considered and shown with 3D rendering of pores and
fracture surface in Fig. 7c. The displacement fields in Figs. 7a and b and strain fields in Figs. 8a-f
show the fields of this slice at different cycles in translucent with the tomographic image slice in
behind.

In the displacement field in Fig. 7, at 20 cycles in the slice shown in Fig. 8a, Crack 2 has not
nucleated yet so that no displacement discontinuities could be identified; Crack 1 is still so short that
its limited opening makes the displacement discontinuity hardly visible. However, with crack
propagation and increasing of crack opening under cyclic loading, at 10 500 cycles (Fig. 7b), these
displacement discontinuities at crack path become quite visible. In addition, at 10500 cycles (Fig. 7b)
even if no cracks are observed on the final fracture path between Crack 1 and Crack 2, a stronger

displacement gradient is visible in this area.
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Crack 2

=

Slice shown in (a, b)

Fracture surface

Fig. 7. Cumulated displacement field along the loading direction of Specimen 2 in one slice (about 84 um below
the flat surface): DVC measurements were performed between the minimum load of 1%t cycle and the maximum
loading of (a)20 cycles and (b) 10 500 cycles; the selected tomographic slice is shown behind the translucent
measured field in (2) and (b) and shown with a 3D rendering of pores and fracture surface in (c).

In order to quantify the displacement discontinuities, COD maps [30,44] are obtained from DVC
performed between the minimum and maximum load of each cycles (Fig. 9). In Fig. 9, the outside
areas are shown in black and the projections of pores located between the two selected slices are also
shown in black in order to cover the deformation of pores. Unfortunately, some small cracks located
in the vertical direction to the projection of pores are also covered. Even if crack propagation was not
observed from the 1st cycle to the 10th cycle for Specimen 1, Fig. 9a shows the increasing of COD
with cyclic loading. Fig. 9b shows that the COD of both Crack 1 and Crack 2 in Specimen 2, which

were observed to propagate, increase with the cyclic loading.
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(b)
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y) : o
« Strain localization
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(f)

154 0.0025

§-0.005

Fig. 8. Cumulated strain field along the loading direction of Specimen 2 in the same slice as Fig. 7: DVC
measurements were performed between the minimum load of 1% cycle and the maximum load of other cycles. The
selected tomographic slice at the corresponding cycle is shown behind the translucent measured field; the 3D
rendering of segmented cracks at the corresponding cycle is shown in black; (a)-(d) are shown with a constant
range of color bar for the comparisons between different cycles while (e) and (f) are shown with decreased range of
color bar in order to highlight the strain localizations.

The displacement fields allow only observing the relations between the displacement
discontinuities and the existing cracks. The strain fields are then necessary to better analyze the
heterogeneities and localizations such as the strongest displacement field gradient in Fig. 7b. In the

strain field (Fig. 8), strain localizations were mainly observed at hard inclusions around or far away
14



from pores, thus hard inclusions are responsible for strain localizations certainly due to local strain
incompatibilities. The relations between strain localizations and crack nucleation and growth at hard
inclusions could also be established. Slight strain localizations are observed both at Crack 1 and 2 at
20 cycles and are then observed to grow in size with crack propagations until the last step before

final failure, i.e. 10500 cycles.

3.25pum

|

10500

“Crack 2

—S.EQim 32]5pm
Fig. 9. Cracks opening displacement maps with number of cycles for (a) Specimen 1 and (b) Specimen 2 (top:
crack 1, bottom: crack 2).

In Fig. 8a and b as well as in Fig. 8e, Crack 2 has apparently not nucleated at the current slice,
however, strain localizations have already been observed. Once cracks nucleated in the current slice,
i.e. Crack 1 in Figs.8a-f and Crack 2 in Figs. 8c, d and f, strain localizations were also observed
ahead of the crack tip in areas where crack propagated in the following cycles. At 10500 cycles (Fig.
8d), strain localizations are observed on the final fracture path as indicated by arrows. Strain
localizations were often found at hard inclusions sometimes out of the final fracture area (such as the
area marked with an arrow in Fig. 8f) even if microcracks cannot always be identified (under the
current resolution of SR-CT).

The cumulated residual strain field at minimum load (Fig. 10) are due to cumulated plastic
deformation before crack nucleation or ahead of the crack tip. The red color localizations in Fig. 10b
are produced by residual crack opening/discontinuity and should not be confused with deformation.
Even if Crack 2 has not nucleated at 20 cycles, plastic deformation localizations have already been
observed. Once crack nucleated, plastic deformation localizations ahead of crack tip were observed
at areas that will correspond to the crack growth path in the following cycles.
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Fig. 10. Residual strain field along the loading direction of Specimen 2 in the same slice as Fig. 7. DVC
measurements were performed between the minimum load and the maximum load of the same cycle. The selected
tomographic slice at the corresponding cycle is shown behind the translucent measured field.

3.3 Post-mortem analysis

Comparison of chemical compositions of the fracture surfaces with that of the specimen (Table
5) shows that the content of Mg, Si, Fe, and Cu is higher in the fracture surfaces. It implies that
cracks and final fracture are more prone to occur at Si phase, iron intermetallics, Al.Cu and
AICuMgSi phases than in Al dendrites in agreement with previous observations. As the different
areas on the fracture surface have similar chemical compositions, hard inclusions play the same

important roles whether in crack initiation during tensile stage, crack propagation and final fast

fracture.
Elements Mg Si Fe Cu
Ratios (mass fractior? on fracture surface) 27 2-3 3~5 27
mass fraction on flat surface

Table 5 Ratios of elements mass fraction on fracture surface and on flat surface

The distinction between the fracture of hard inclusions and their decohesion in SR-CT images is
often difficult due to the limited resolution and especially to the phase contrast. Thus, elemental map
by EDS is more precise for this distinction although, as a post-mortem analysis, it does not allow to
determine which mechanism occurs first, i.e. fracture then decohesion or the reverse. Fig. 11 shows
the example of Si in Specimen 2. The areas in orange correspond to fracture and those in purple to
decohesion; the outlines of the cracks 1 (on the left) and 2 (on the right) are superimposed. Fig. 12
shows the corresponding quantitative analysis of the failure mechanisms. In general, the surface

fractions of decohesion and fracture are almost identical when considering the whole fracture surface.
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However, crack initiation at Si particles on the corner of the test specimen (Crack 1) is followed by
the fracture of Si particles in several places but with a predominance of decohesion outside the
initiation site. This coexistence of the fracture and the decohesion of Si particles is also found on the

crack 2 initiated on an internal micro-shrinkage and on the final fracture area.

Fig. 11. Example showing the zone of fracture (in orange) and decohesion (in purple) of the eutectic Si identified
on the EDS cartography with the outline of the crack 1 on the left and the outline of crack 2 on the right (Specimen
2)

Failure mechanisms on the fracture surface
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Fig. 12. Quantitative statistics of failure mechanisms on the fracture surface of Specimen 2

4. Discussions

SR-CT in-situ observations allow visualizing the process of crack initiation and propagation in
the bulk. DVC estimates the mechanical fields and establishes the relations between cracks,
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mechanical fields and microstructures. The comprehensive analysis of damage mechanisms will be

dealt with in this part based on the established relations.
4.1 Crack initiation
4.1.1 Pores

Cracks initiated around large pores for both specimens, thus pores are undoubtedly the most
important microstructural feature for crack initiation in the studied material under LCF loading, as
observed in HCF [6-12]. This is firstly due to the large size of pores in LFC alloy, which is much

larger than the critical sizes, i.e. about 25 pm, reported in the literature for crack nucleation in high

cycle fatigue [6,7]. In Specimen 1, cracks initiated at the two largest pores, i.e. Pore A (Feret
diameter = 1.55 mm) and B (Feret diameter = 0.81 mm). In Specimen 2, the shrinkage pore, around
which Crack 2 initiated, is the largest pore where large strain localization occurred in FE simulation
results for ROI selection. Its Feret diameter is about 1.22 mm, while the size of other pores is
smaller than 0.6 mm. Its volume stands for almost 40% of the whole porosity in Specimen 2.
Cracks initiating from these large pores with the Feret diameter larger than 0.8 mm instead of from
the numerous small pores proves that the size of pore is an important factor on crack initiations.

The importance of the location of pores is also highlighted. In Specimen 1, main cracks
nucleated around surface Pore B, while only some small cracks nucleated around subsurface Pore A
although it is the largest pore. Therefore a surface pore is more dangerous than a subsurface pore
[8,9]. In Specimen 2, although the largest pore around which crack initiated is subsurface, its
minimum distance to the surface is only about 0.02 mm. Thus, it is not surprising that large cracks
initiated around such a large shrinkage pore, which is very close to surface, in the absence of other
large surface pores.

Shape of pores could have been considered important if the morphology of Pore B was sharper
than Pore A in Specimen 1. The sphericity (F) value [36] in Table 4 shows that Pore A has actually a
sharper morphology than Pore B. However, the value of Sphericity does not reflect the local shape of
a pore, which may introduce a local stress concentration. In order to check the influence of the local
shape of large pore on crack initiation, FE simulation was performed based on the porous model of
Specimens 1 and 2 in monotonic tensile condition [20]. The porous model involves pores and solid
matrix while hard inclusions are not taken into account. The material property was set as
elastoplastic with an isotropic hardening, and the yield strength, Young modulus and strain hardening
law for FE simulation were identified from macroscopic monotonic tensile tests on A319 LFC alloy
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with extensometer measurements. The average maximum strain listed in Table 2 was used as the
macroscopic total deformation of FE simulations. One example in Fig. 13 shows that the strain
localizations from FE simulations arise around a large pore at areas where cracks are observed in the
tomographic image. Fig. 13 also shows that a locally strong curvature at the pore induces a locally
high strain that favor crack nucleation.

E, E33

(a)

— +1.5
+—= -1.000e-04

— -4.521e-04
185

(b)

Fig. 13. Comparison of a same slice (390 um below the flat surface) between (a) FEM simulation results of the
strain field along the loading direction and (b) the tomographic image at 10500 cycle (Specimen 2).

The comparison between Specimen 1 and 2 also indicates the influence of the number of pores
on crack initiation and fatigue life [11] : in the case of a lower overall applied loading, Specimen 1
has a much shorter life than Specimen 2 (Table 2); in addition, even if cracks nucleated at 1% cycle
for both specimens, COD measurements in Fig.12 show that COD at the crack mouth (CMOD) in
Specimen 1 reached 3.25 um even at the 1% cycle while COD in Specimen 2 was quite small at the
1% cycle and did not reach 3.25 um until 8000 cycles when it has broken through the free surface.
The above two mentioned abnormal phenomena could be ascribed to a larger volume fraction of
pores in Specimen 1 (0.79%) than in Specimen 2 (0.42%).

4.1.2 Hard inclusions

In the FE simulation in Fig. 13, it should be noted that the strain localization areas around large
pore include Al matrix and hard inclusions (Si phase, iron intermetallics and copper containing
phases). However, in SR-CT observation, cracks always initiate at the hard inclusions around large
pores instead of at Al matrix. This emphasizes the role of hard inclusions on crack initiations: cracks
nucleate at hard inclusions in areas where the strain is the highest due to the pore’s geometry and
orientation. The mechanical field measurement using DVC in section 3.2 (Crack 2 in Figs. 7 a and b)

confirms that crack nucleated at hard inclusions in strain localizations areas.

19



In literature, pores are often considered as the most probable crack initiation site. Pores,
specimen’s edge or even surface roughness generate a notch effect that provides a strain localization
where crack can initiate as shown in Specimen 1 and 2. Even when large pores exist in a specimen,
cracks were also observed to initiate at eutectic Si on the surface away from pores. In Specimen 2,
Crack 1 was found to initiate from eutectic Si in the edge of flat surfaces close to the specimen’s
shoulder. Eutectic Si is reported [20] as potential crack nucleation site in the absence of defects
above a critical size[6,7]. Even though there are large pores in Specimen 2, no pores whose size is
larger than 0.02 mm are less than 0.5mm far away from Crack 2 nucleation site. In addition, in
Specimen 1, a large iron intermetallic was observed in the area around Pore B where cracks
nucleated in the tensile stage of 1% cycle (Fig. 5a). It is located in the plane perpendicular to the
loading direction and thus is easy to fracture during the tensile loading. Hence, this may also be one
possible reason why more cracks initiated around Pore B.

In summary, cracks are prone to initiate at hard inclusions in areas where there is a high enough
stress concentration, which may be induced by large pores (majority case in the present study) or by
specimen geometry such as the edge of the specimen.

In the strain localization area of a pore, the most probable reason why cracks initiate at hard
inclusions instead of Al matrix is that a larger stress concentration is generated at hard inclusions
than in Al matrix because hard inclusions have a higher elastic modulus and are more fragile than Al
matrix [52,53]. Moreover, they have locally sharp morphologies. This assumption can be supported
by theoretical analysis using continuum mechanics and FE simulations in literature [19,54-56]. In
fact, strain localizations were indeed observed at hard inclusions in the experimental strain field from
DVC measurements (Figs. 8 and 10) in this study and in a previous analysis [36].

In the present study, eutectic Si inclusions were observed more often than other hard inclusions
at crack nucleation sites. Several reasons may be proposed:

(1) Volume fraction of eutectic Si is larger than that of other hard inclusions so that the
probability of having a eutectic Si particle close to the corner of a critical pore is also larger.

(2) In unmodified alloy, the morphology of Si phase is coarse [57], and the thickness of eutectic
Si is smaller than other hard inclusions according to 2D characterizations [35]. Thus, eutectic Si may
be more likely to generate pronounced stress concentration.

(3) Because of the high Mn content in the studied material, the content of  iron intermetallic,
which is more brittle, is reduced and the morphology of a iron intermetallic is refined [58,59].

However, more specimens should be tested using SR-CT in-situ tests in order to confirm the

above assumption.
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As expected from the literature, no crack initiation was observed at slip bands. Actually, crack
initiations in a cast HIP (Hot Isostatic Pressing) A319 alloy are observed at slip bands for thin SDAS
(Secondary Dendrite Arm Space) and at rigid particles for coarse SDAS [60] . Crack nucleation at
slip bands is generally reported in Al-Si alloys without pores under HCF [13,60]. When defects above
a critical size or large defect-like particles are present, such as in the LFC A319 alloy of the present

study, cracks will initiate at these defects rather than at slip bands in the Al matrix.
4.2 Crack propagation

Once cracks nucleated at hard inclusions in highly strained areas, they propagated along hard
inclusions. However, more eutectic Si than iron intermetallics or copper containing phases was
observed in crack path (Fig. 12). It could be explained by the three possible reasons previously
discussed for the assumption that eutectic Si is more prone to crack nucleation than other hard
inclusions plus an additional fourth reason. Indeed, eutectic Si is an interconnected phase that may
extend to the whole volume while copper containing phases form less extended networks [35], thus
the former provides a more continuous path for crack propagation than the later.

Crack propagations along hard inclusions can be ascribed to strain localizations ahead of crack
tip at hard inclusions (e.g. in Figs. 8 and 10). Strain localizations were indeed observed in areas
where crack propagations were observed in following cycles. The comparisons between DVC and
FE in [36] confirms that the measured strain localizations could not be ascribed to the sole pores.

In order to study the propagation of the two cracks in Specimen 2 quantitatively, each crack
segmented manually from SR-CT images [36] was projected on a plane perpendicular to the loading
direction as shown in the top of Fig. 6¢c. The measured cracks lengths, i.e. the root square of the
projection area, in Fig. 6¢ show that the propagation rate of Crack 1 is a little bit higher than that of
Crack 2 before 8000 cycles. This may be due to a higher stress level at the surface corner than inside
the specimen and a larger COD of Crack 1 than Crack 2 before 8000 cycles in COD map as shown in
Fig. 9b.

4.3 Damage mechanisms at hard inclusions

The fractions of decohesion and fracture are almost identical in the fracture surface (Fig.12),
except for the predominance of decohesion over fracture for Crackl. In the literature [61-63],
particles in Al-Si alloys are reported to fail via a debonding mechanism at low applied strains and by
both fracturing and debonding at high strains. However, the mechanisms may also depend on the

type of particle, i.e. its size, shape and orientation, as well as the loading conditions and the strength
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of the Al matrix-particle interface. High strains were induced in the present study in the regime of
LCF, thus both fracturing and debonding are observed in general. Local variation in size, shape and
orientation of hard inclusions should be responsible as Crack 1 initiated first by breaking a ligament
of a eutectic Si particle that forms a coral-like interconnected network and then it propagated by

decohesion of this same network.
4.4 Scenario of damage evolutions

From the above analysis, cracks initiate at hard inclusions and propagate along hard inclusions
due to strain localizations that eventually lead to inclusions failure. Understanding why such an event
occurred is important to understand the damage mechanisms.

The fracture strength of individual Si particles in Al-Si alloys has already been studied in the
literature [64—66] by using experimental and simulation methods. The stress at which Si particle
fracture occurs is much higher than the ultimate strength of alloy, but the stress concentration sites
induced by the presence of defects lower substantially particle strength. The fracture of Si particles
also depends on their sizes, shape, orientations, and their connections with the neighbor particles.

Crack nucleates during tensile stage of 1% cycle in the present study. In LCF, the loading applied
to the specimen is high. In addition, in LFC alloy, large porosity volume fraction could increase the
actual stress level and large pore or specimen edge induce high strain localization. Due to the
coupling influences of the above two cases, the high local plastic strain level during tensile stage of
1% cycle results in the failure of hard inclusions.

For crack necleation at hard inclusions, the local cumulated plastic strain increases with cyclic
loading before crack initiation (e.g. Crack 2 in Fig. 8). Hard inclusions failed and cracks nucleated
once the local cumulated plastic strain was high enough.

Once a crack has initiated, a strain localization area is induced around the crack tip. If the local
strain level due to the coupling influence of crack tip and microstructure, i.e. pores and hard
inclusions, arrives to a high enough level in one cycle, the hard inclusions at crack tip fail and thus
result in crack propagation.

In Specimen 1, even if cracks did not propagate before 10 cycles, COD increases with cyclic
loading so that the strain level at crack tip increases concomitantly. Thus, once the local strain
localization at crack tip is high enough, hard inclusions failed suddenly after 10 cycles.

Hard inclusions form highly interconnected networks in the volume of alloy. These networks
guarantee the continuous failure events of hard inclusions once crack has nucleated. Thus, crack

propagates along hard inclusions.
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5 Conclusions

In order to study the damage micromechanisms of LFC A319 alloy in LCF, SR-CT in-situ
observations and DVC measurements were employed. The damage process in the bulk of material
was visualized in 3D and the relations between crack initiation and propagation, mechanical fields
and microstructures was established. The main conclusions are the followings:

e The relations between cracks and final fracture, and displacement discontinuities / strain
localizations in the measured fields from DVC are indeed observed. These relations provide
evidences to explain the damage mechanisms.

e Due to pore-induced stress concentration, most cracks nucleated at hard inclusions around large
pores. Size, location, number and shape of pores have influence on crack initiation. Hence, the
control of pores should be paid much attention in the following LFC process.

e Cracks initiate at hard inclusions and propagate along those inclusions due to strain localizations.
Thus the damage process, i.e. crack initiation and propagation, can be considered as a series of
failure events of hard inclusions under strain localizations.

e The interconnected hard inclusion networks guarantee the continuous failure events of hard
inclusions and thus provide crack propagation paths. More eutectic Si than iron intermetallics or
copper containing phases were observed to act as crack nucleation site or crack propagation

path.
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