In situ synchrotron ultrasonic fatigue testing device for
characterisation of internal crack initiation and growth
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1 | INTRODUCTION

Casting is a widely used industrial

process allowing to
produce geometrically complex components with rela-
tively low production costs. However, this manufacturing

Abstract

This work presents a new ultrasonic fatigue testing device for studying the ini-
tiation and propagation mechanisms of internal microstructurally short fatigue
cracks using in situ synchrotron tomography.Its principle is described as well
as the method used for automatically detecting crack initiation and its subse-
quent growth. To promote internal crack initiation, specimens containing inter-
nal casting defects were tested between the high cycle and very high cycle
fatigue regimes (10™-10° cycles). Preliminary results show the ability of  this
new device to initiate an internal microstructurally short crack in a reasonable
testing time and monitor its growth.
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shrinkages) inducing local stress concentrations and con-
sequently a lower fatigue resistance compared with
wrought alloys. Several authors have highlighted the
fatigue strength reduction because of the presence of
defects '°> Numerous studies have used X-ray

process produces casting defects (such as pores, oxides, omicrotomography for studying crack propagation mecha-

Nomenclature®, area of the defect projected on the plane perpendicular to the loading axisHCF, high cycle fatigue; LCF, low cycle fatigue; N,
number of cycles; N, number of cycles in the ith loading sequence; N, total number of cycles; U;, amplitude of the fundamental frequency of the
displacement of the specimen extremity;U,, amplitude of second harmonic of the displacement of the specimen extremity;VHCF, very high cycle
fatigue; B, non-linearity damage parameter; AT, temperature variation



nisms 7 or damage development &. But only very few

works either in low cycle fatigue (LCF) ®'°or high cycle

fatigue (HCF)'"'?have been published on internal crack
initiation and propagation monitoring with a nondestruc-
tive technique.

These studies show that (i) both internal and external
cracks can initiate in the same specimen and (ii) surface
crack growth rates are higher than internal onesSurface
cracks prevail over internal ones in LCF and HCF
regimes, that is the main reason why only restricted
observations of internal crack propagation®'"'? have
been done so far but this is different in very high cycle
fatigue (VHCF) regime where internal cracks dominate.
Furthermore, there are only very limited experimental
data of internal crack growth rate available at the
moment® 112 Several authors'>'® have already
underlined that internal failure can be promoted by low
stress loadings leading to a very large number of cycles
to failure. Such tests,in the VHCF regime, can be per-
formed in a realistic testing time using ultrasonic testing
machine.

These machines are based on the vibration, at approx-
imately 20 kHz, of their components which are excited by
a piezoelectric convertet® Even if all physical reasons are
not well-known, most researchersagree that internal
crack initiation is due to the very high number of fatigue
cycles applied at a very low stress levEl'"®As a matter of
fact, internal crack initiation in the VHCF regime has
been observed at lower loading frequencies (10-100
Hz).'®2° Severalauthors have shown that acoustic mea-
surements allow to monitor damage accumulation in
fatigue specimens 2'"2 During ultrasonic fatigue tests,
the piezoelectric converter produces the ultrasonic sta-
tionary wave, which generates the cyclic loadin§’. Dislo-
cations and cracks interfere with this ultrasonic wave,
thus, generating higher harmonics than the fundamental
one?*This distortion of the ultrasonic signal can be mea-
sured through modal analysis?® Such in situ monitoring
techniques have been used,for example, on aluminum
alloy,?® TiBAI4V, and 2000 series Al specimer$to detect
crack initiation. Moreover, infrared thermal analysis has
also been used to characterize fatigue crack initiation in
cast aluminum alloys and steels 242° Nevertheless, all
those studies used a postmortem analysis with no direct
evidence of internal crack initiation.

The purpose of this work is to study in-situ the 3D ini-
tiation and propagation of internal microstructurally
short fatigue cracks (named short crack in the following)
using synchrotron X-ray phase contrast tomography,
modal analysis and infrared thermal analysis. For pro-
moting internal fatigue crack initiation, the fatigue tests
were conducted between the HCF and VHCF regimes at
20 kHz on specimens with internal artificial defects.An

automatic crack initiation detection system based on real
time FFT processing has been developed for stopping the
cyclic loading in the early stage of internal short fatigue
crack initiation and subsequently allows 3D imaging.

2 | EXPERIMENTAL TESTING
DEVICE

2.1 | Principle

An ultrasonic fatigue testing machine was developed in
order to perform in situ synchrotron fatigue tests  (see
Figure 1). The ultrasonic part of the machine is a “classi-
cal” setup'® composed of a piezoelectric converter
powered by an ultrasonic generator and cooled by com-
pressed air (in grey on Figure 1). A hornis used to
mechanically amplify the ultrasonic signal generated by
the piezoelectric converter. This machine is connected
to a mechanical system in order to apply a quasi-static
load to hold the crack open during imaging (in yellow on
Figure 1). The horn vibration node is set on top of the
static loading system, which is composed of a worm
wheel driven by a stepper motor able to produce 1 kN
load with +1 N accuracy. The loading system is displace-
ment controlled; the force imposed to the specimen is
monitored by a load sensor.In the experiments reported
in this paper, the static load used to open the internal
cracks during imaging was 80% of the maximum stress
applied under cyclic loading at 20 kHz. The specimen
stays at the same place for imaging under static load
and cycling: a crucial issue for analyzing the series of
3D images which do not need to be realigned.

This testing machine was used in continuous mode, ie,
without pulse-pause,for carrying out the experiments
presented in this paper.However, the software is able to
operate in pulse-pause mode to avoid a possible self-
heating of the specimen as observed for instance for some
steels®® The specimen can also be cooled by using an air
gun with dry compressed air. Cooling was not needed in
this work.

The specimen geometry is designed to vibrate in a ten-
sion compression mode at 20 + 0.5 kHz and its extremi-
ties adapted to the static loading system (Figure 2).

2.2 | Instrumentation of the testing device

A Polymethylmethacrylate (PMMA) tube makes a full
360° tomographic scan possible without missing views.
An aperture in the upper part of the tube supporting the
horn allows the observation of the mat black painted
specimen with an infrared camera (FLIR SC4000).Like-
wise, an aperture in the lower part of the loading system
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FIGURE 1 (A) Picture of the in situ synchrotron experimental setup as installed at the TOMCAT beamline at Swiss light source (SLS), (B)
scheme of this setup with the in situ ultrasonic fatigue machine (in grey), static loading system (in yellow) and its instrumentation (in blue).
The mass of the machine installed on the synchrotron rotation stage is approximately 6 kg [Colour figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 3 Schematic illustration of the testing procedure

allows measurement of the velocity of the free standing
extremity of the specimen with a laser vibrometer. The
velocity signal given by this vibrometer is treated by a
real-time FFT routine implemented in a Polytec data
acquisition system. The laser conditioner is directly
linked to the ultrasonic testing machine controller
allowing to automatically interrupt the fatigue test when
the amplitude of the second harmonic, at approximately
40 kHz, exceeds a predefined adjustable value.

2.3 | Testing procedure

The crack initiation detection and propagation monitor-
ing procedure is as follows. First, a reference tomographic
scan is recorded.An ultrasonic fatigue test is conducted
under fully reversed loading until the real-time FFT sys-
tem detects crack initiation and automatically interrupts
the fatigue test. During this stage (and all the other ones
as explained later), an infrared camera monitors the tem-
perature field in the specimen central part. When the
fatigue test is interrupted, a tomographic scan of the spec-
imen under static load is carried out to confirm the pres-
ence of a crack. If no crack is visible in the reconstructed
volume (test stop due to noisy signal was rare but
possible),cycling is resumed until the system detecting
crack initiation is triggered again and so on until a crack
is visible in the reconstructed volume.

Then a crack propagation stage starts under the same
loading conditions for a given number of cycles. During
every propagation sequence, the temperature in the

central part of the specimen is monitored by the infrared
camera and the real time FFT analysis is also carried out.
The aim of the temperature measurements is to record
the temperature increase due to both mesoscopic plastic-
ity and cyclic plasticity when a crack initiates and propa-
gates as reported for instance by Krewerth et al?® and
Wagner er al®® At the end of each propagation sequence,
a tomographic scan of the specimen gauge volume is per-
formed to observe the crack propagation incrementThis
sequence is repeated severdimes (Figure 3). The num-
ber of cycles of the propagation sequences can be adapted
depending on the crack progressionBecause of the high
loading frequency, most of the test duration corresponds
to the tomography scan (between 5 and 10 min depending
on the beam line) and preliminary data treatment (the
cyclic loading only needs 5s at 20 kHz for 10 ° cycles
against approximately 1 h23 minat 20 Hz, whereas
reconstruction of a full volume takes around 20 min).
The infrared camera has an acquisition frequency of 30
Hz with a 20-mK NETD (noise equivalent temperature
difference) at 20°C and an exposure time of 450 ps.

Two synchrotron X-ray tomography setups have been
used:one at Tomcat beamline (SLS) and one at PSICHE
beamline (SOLEIL); a detailed description of the two
setups can be found in the papers by King et al®' and
Lovric et al.32 The tomographic scans were recorded with
a specimen to detect the distance of the order of 15 cm.
With this  relatively large distance, imposed by the
machine, on both beamlines, a significant amount of
phase contrastis obtained on the projections thanks to
the large spatial coherence ofthe beam. This allows to
image the eutectic silicon particles in the Al matrix and,

*The real-time FFT analysis of the velocity signal is not used as a mon-
itoring technique itself but as a detecting technique only. The
nonpositive detection is because of the very high sensitivity of the laser
velocimeter. For instance, a small parasitic vibration or shock on the lab-
oratory ground is enough for a nonpositive stop. Although the sample
environment in the experimental hutch is very stable, from the experi-
ence of the authors, such variations are almost unavoidable!

more importantly, increases crack detectionOn Tomcat
beamline, the voxel size used (1.6 pm) allows to image
the whole section of the sample at the defect vicinity
and radiographs are recorded during a 180° rotation. At
PSICHE, one 360 degree rotation with the rotation axis
off center is used (half acquisition configuration). A



TABLE 1 Imaging conditions used at TOMCAT and PSICHE beamlines (FOV = field of view in pixels x pixels)

Voxel Detector Size

Beamline Beam Configuration Energy Number of Views Exposure Time FOV
TOMCAT Multilayer 30 keV 2501 70 ms 2560 x 2160 1.6 um
PSICHE Filtered white beam 29 keV 3900 20 ms 2750 x 2048 1.3 um

Artificial casting
defect

Cast rod Specimen

FIGURE 4 (Top) Schematic drawing of
the specimen location in the cast rod with
the artificial defect, (bottom) picture of the
microstructure with an optical microscope
after electropolishing and chemical
etching with the Barker's reagent [Colour
figure can be viewed at wileyonlinelibrary.
com]
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multilayer at Tomcat and a filtered white beam at
PSICHE provide enough flux to reduce efficiently the
exposure time (70 and 20 ms, respectively) and obtain
scanning times of the order of 5 minutes. A classical fil-
tered back projection reconstruction algorithms was used
to obtain the 3D images because it gives better results
than the Paganin approach for reconstructing the phase
with a single distance. The detailed imaging conditions
used on each beamline are summarized in Table 1

The amplitude of the second harmonic, U, of the dis-
placement at the free specimen end is checked in real

[Colour figure can be viewed at
wileyonlinelibrary.com]

time for detecting crack initiation but  also recorded
together with the amplitude of the fundamental, U4, to
compute a non-linear parameter,3, representative of the
damage accumulation in the specimen under cyclic load-
ing as proposed by Kumar et af®:

¥4 20 | 2 -201 2 (1
B12010g,g 115 —2010Gg 775
0 72 0 U2

0

The value of this parameter is normalized by its value
at the beginning of the fatigue tests when the specimen

TObtained by integrating the velocity signal  measured by the laser

vibrometer.

is undamaged (0 subscript in Equation 1).After the test,
crack propagation can be eventually analyzed using X-
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FIGURE 6 (A), 3D rendering of the defect in red and the internal crack after different number of cycles for the S56 specimen. (B), 2D
projected view on plan perpendicular to the loading direction of defect and crack in specimen S56(C,D), Same type of pictures but for
specimen S49. (E,F), 3D rendering of defects and short crack for specimen S42 and S46 (respectively) after different number of cycles [Colour
figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Variation of the
nonlinearity parameter during the
initiation stage as a function of the
number of cycles (specimen S56)Crack
initiation detection is indicated at 1.84 x
107 cycles by the green vertical line
corresponding to the first tomographic
scan (scan 1).The vertical dashed line
shows the number of cycles at which a
significant change in the increase rate of
the beta parameter is observed which
might indicate “real” crack initiation
[Colour figure can be viewed at
wileyonlinelibrary.com]
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ray tomography, infrared thermography, and modal
analysis.

2.4 | Material and specimen

The studied material is an AlSi7Mg0.6 cast aluminum
alloy used to produce automotive or aeronautical compo-

nents. Specimens are machined from cast rods (produced

by CTIF) in which a controlled artificial casting defect
was introduced inthe central part as explained by
Serrano-Munoz et af*® (Figure 4). A salt (NaCl) particle
is used in the mold as a seed for creating a defect when
the liquid metal is poured. This, artificial defecthas no
cohesion with the surrounding Al material and can there-
fore be considered as a porosity within which the pres-
ence of salt might produces environmental conditions
different from those of natural defects®” A T6 heat treat-
ment is performed on the as cast rods and the material
has a coarse dendritic microstructure (equivalent grain
size of approximately 500 pm, Figure 4).3” The central
part of the dog bone specimen, where the artificial defect
is located, has a 3-mm diameter (Figure 2 and 4).

3 | ANALYSIS OF THE
EXPERIMENTAL DATA

Four internal cracks were observed in four specimens
containing an internal artificial defect. The fatigue test
results under fully reversed tension at 20 kHz are pre-
sented in Figure 5. Specimens S42and S46,were tested
at TOMCAT beamline of SLS whereas specimens S49
and S56 were tested at PSICHE beamline of synchrotron
SOLEIL.

Specimens S42 (Figure 6E) and S49 (Figure 6C,D) with

respective defect sizelsof v A = 887 pm and Vv A = 965
um were loaded at a nominal stress amplitude of 70
MPa. Specimens S46 (Figure 6F) and S56 (Figure 6A,B)
with respective defect sizes ofV A=939 pmand Vv A=
870 um were tested under 75 MPaTo illustrate how the
experimental device can be used and its  possibilities,
two typical specimens are considered hereafter.

On specimen S56, the crack initiation stage was
interrupted by the laser vibrometer system after 1.84 x
10" cycles. The corresponding detected crack can be
observed in green in Figures 6A and 6B. The evolution
of the 3 parameter as a function of the number of cycles
for the crack initiation stage is shown in Figure 7. It can
be seen that a significant increase (4 dB) in the 8 param-
eter value can be observed between 1.78 x18nd 1.84 x

10" cycles (6 x 10° cycles).This is representative of the
short crack initiation. However, further investigations
have to be carried out to precisely establish the size of
the smallest detectable crack from the B parameter
evolution.

After detecting crack initiation, the specimen was
tested for 14 propagation sequences of10° cycles under
the same conditions. All the sequenceswere relevant,
for sake of simplicity, only a few of them are presented
hereafter. A more detailed analysis will be published in
a next paper. The 3D and projected evolution of the crack
can be observed in Figure 6A,B (respectively). The evolu-

tion of the temperature variation, T, averagedin a
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FIGURE 8 On specimen S56 (A) temperature variation
evolution, T, as a function of the total number of cycles during the
crack initiation stage. (B) Temperature variation evolution, T, as a
function of the number of cycles after the beginning of the fatigue
tests. The red “Initiation” curve corresponds to a magnified view on
the first 10° cycles of the temperature variation during the initiation
stage.Scan 8 (orange) and scan 15 (blue) curves correspond to the
states of the internal crack observable in Figure 6A,B and to
temperature variation fields observable in (C).(C) Temperature
variation field at 10° cycles after the beginning of (C.1) the initiation
stage, (C.2) sequence 8, and (C.3) sequence Tkhe white circle
represents the area where the temperature variation is averaged and
plotted in A and B. Each surrounding frame color and markers
correspond to the states of the internal crack observable in Figure 6

*Where A is the area of the defect projected on the plane perpendicular
to the loading axis®*

A,B and to the averaged temperature variations plotted in A and B
[Colour figure can be viewed at wileyonlinelibrary.com]



circular zone (1 mm diameter) in the specimen central
part is plotted in Figure 8A for the initiation stage and in

be directly correlated to the observation of an internal
short crack initiation and growth.  Furthermore, at the

Figure 8B for two propagation sequences (scans 8 and 15).end of the initiation stage, a strong correlation can be

The temperature variation during the initiation stage
(Figure 8A) shows a significant increase 6 x 10° cycles

observed between the 3 increase (Figure 7) and the tem-
perature increase (Figure 8A), which both have a dura-

before the end of the fatigue test. In Figure 8B, the bottom tion of 6 x 10 ° cycles. Using this as an estimated

curve corresponds to a magnified view on the first 10°
cycles of the temperature variation illustrated in
Figure 8A (initiation stage: no crack); while “scan 8”

propagation duration between the undamaged state
and the detected short crack (green crack in Figure 6
A,B) leads to an average crack growth rate of d(v A)/

and “scan 15” curves correspond, respectively, to the tem- dN ~ 10° m/cycle which is near the threshold region

perature variation because of the propagation of the

of crack growth. The last observed stage of the crack

orange and blue cracks shown in Figure 6A,B. As a conse- (blue stage), after 1.33 x 10° cycles of propagation, has

quence of the interrupted fatigue tests, the specimen cools an average size of v A =823 um.

down during the tomographic scans.Therefore, the tem-
perature variation needs to be compared at the same
number of cycles after the beginning of cyclic sequences.
Figure 8C shows the temperature variation field in the
specimen central part 10° cycles after the beginning of

the cyclic sequences. The recorded temperature variations alloys. The strong inclination of

Between the first
(green) and last (blue) crack stage, the crack has an
averaged growth rate of d(v A)/JdN ~ 107" m/cycle
which is, once more, near the nonpropagating thresh-
old. Indeed, the corner of the da/dN versus AK curve
is of the order of this crack growth rate on metallic

the short crack with

are of the order of 0.1°C to 0.5°C (Figure 8B,C). The tem- respect to the macroscopic maximum principle stress

perature variations after 10° cycles of fatigue are also
increasing during crack growth (see Figure 8B,C). This
can be explained by the increasing plastic dissipation
resulting from the enlargement of the reverse cyclic plas-
tic zone at the crack tip due to crack growth. 3% How-
ever, the temperature variation field in the central part
of the specimen (Figure 8C) appears homogeneous
because of the combined effect of the slow internal crack
growth and the high conductivity of the aluminum alloy.
On specimen S56 the crack detected after 1.84 x 10/
cycles has an average size of A =675 ym, which is of
the order of the grain size of the material (500 pm). To
the best of the authors knowledge, it is the first time
that a thermographic and real-time modal analysis can

FIGURE 9 Tomographic slice
(corresponding to the black line in

Figure 6B) of the internal crack at the end

of the initiation stage N = 1.84 x 10 cycles
(scan 1) on specimen S56 tested at PISCHE
beamline of synchrotron SOLEIL

(Figure 9) is typical of a stage | short crack growth in
mode Il as already observed in this material. 3-8

Once initiated, the crack remained arrested for 1.33 x
10° cycles (green crack on Figure 6A,B) and propagation
resumed in a different direction (orange and blue cracks
on Figure 6A,B) probably because of the presence of grain
boundaries which are known to be very efficient obstacles
at this very low stress level. It is not possible to observe
grain boundaries in the reconstructed images in spite of
the fact that the phase contrast allows to image the eutec-
tic particles within the alpha matrix. = Complementary

analysis involving sample sectioning and EBSD are cur-
rently being carried out to check this assumption. How-
ever, the length of the arrested cracks is consistent with




the measured grain siz&” (mean value 500 um and stan-

dard deviation 190 um).

Finally, the very planar crack path observed on
Figure 6 (3D) and Figure 9 (2D) is in agreement with
cracks propagating in vacuum as observed in other Al
alloys® However, solidification defects in cast Al alloy
are known to contain some hydrogen and therefore one

cannot exclude that this species could play a role on the

crack growth by diffusing through the crack to the crack
tip.
On specimen S49/irst, the initiation of a short crack

has been detected and observed (in green on Figure 6C,

D) but this crack stopped and another one initiated on
the other side of the artificial defect was detected and
observed (in blue on Figure 6C,D). From the complex

3D shape and very planar features of the observed cracks,

one can assume again a strong interaction of the short
crack growth with microstructural barriers (grain bound-
aries probably). But further investigations are needed to
elucidate this point.

4 | CONCLUSION AND PROSPECTS

A new experimental setup has been developedlt allows
to perform in situ synchrotron ultrasonic fatigue tests, to
automatically detect in real-time short crack initiation
and to monitor early crack growth on synchrotron
beamlines. Compared with previous studies performed

at synchrotrons at approximately 20 Hz '2, this system

allows to use very low stress amplitudes (G nax ~ Rpod

4). 10" cycles corresponds to 139 hours at 20 Hz but 500

s only at 20 kHz. With our new experimental setup, the
initiation and propagation of an internal fatigue crack
has been observed while only surface cracks were
observed during similar experiments in LCF or HCF
regimes in the same material containing the same type

of artificial defects’. Reducing the applied stress ampli-

tude to work between HCF and VHCF regime allowed
to efficiently promote internal crack initiation.

For the first time, synchrotron tomography has
allowed the following:

 adirect observation of internal fatigue crack initiation

detected through an in situ real-time FFT analysis,
* Internal microstructurally short crack growth
monitoring.

The crack interaction with the microstructure (rela-
tively large grains) during initiation and propagation is
strong and requires further investigations.An increasing

homogeneous temperature variation in the specimen cen-

tral part is observed with the expansion of the crack.

Overall, tomographic, modal and infrared thermography
analysis are well-correlated and reveal themselves as
three complementary nondestructive techniques to study
internal microstructurally short crack initiation and
propagation.
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